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Environmental variability supports chimpanzee
behavioural diversity

Ammie K. Kalan® et al.”

Large brains and behavioural innovation are positively correlated, species-specific traits,
associated with the behavioural flexibility animals need for adapting to seasonal and
unpredictable habitats. Similar ecological challenges would have been important drivers
throughout human evolution. However, studies examining the influence of environmental
variability on within-species behavioural diversity are lacking despite the critical assumption
that population diversification precedes genetic divergence and speciation. Here, using a
dataset of 144 wild chimpanzee (Pan troglodytes) communities, we show that chimpanzees
exhibit greater behavioural diversity in environments with more variability — in both recent
and historical timescales. Notably, distance from Pleistocene forest refugia is associated with
the presence of a larger number of behavioural traits, including both tool and non-tool use
behaviours. Since more than half of the behaviours investigated are also likely to be cultural,
we suggest that environmental variability was a critical evolutionary force promoting the
behavioural, as well as cultural diversification of great apes.

#A list of authors and their affiliations appears at the end of the paper.
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ariation in the brain size of many nonhuman primates
(hereafter primates) and birds is strongly associated with
behavioural flexibility and innovation propensity!~°.
Moreover, higher rates of behavioural innovation and large brain
size correlate with markers of technical, cultural and social
intelligencel>>4-810.11 Species with larger brains are also found in
habitats that are more seasonal and are thus able to survive
during times of resource scarcity!>>7, for example, nonmigratory
birds®. Collectively, this research suggests that larger-brained
species have greater innovative capacities and are better able to
adapt and survive in novel, or more variable environments!-2->7:9,
Although brain size and innovation rate are positively corre-
lated across primates!>08, there is limited evidence linking these
traits to sources of environmental variation (e.g. seasonality). One
study found support for innovation rate being positively asso-
ciated with climatic variability, including coefficient of variation
in precipitation!?, whereas a replication of this study, with a
larger number of primate species, failed to confirm the correla-
tion?. The authors suggested that their measures of climatic
variability failed to capture historical processes that might influ-
ence present-day behavioural variation among primates.
Similarly, many human behavioural innovations are thought to
have evolved in response to the changing and fluctuating envir-
onments endured throughout the Plio-Pleistocene!3-16, As such,
multiple environmental hypotheses have been proposed for
hominin evolution. Among these, habitat-specific hypotheses!7-1?
stress the importance of moving from ancestral environments,
most notably from closed, wet rainforests to more open and arid
savannah grasslands2%-21, Other hypotheses emphasize the degree
of climate and habitat unpredictability over time as the primary
ecological force promoting behavioural diversification, such as the
variability selection hypothesis?%?2. Nevertheless, it is generally
agreed that environmental variability, whether in the short or
long-term, shaped the adaptive suite of characteristics found in
the genus Homo: habitual bipedalism, a large neocortex, tool use
and manufacture, cooperative hunting of large game, control of
fire, ~and complex social and cultural  cognitive
abilities!316:18:20.23 However, the degree to which more open and
arid habitats, rather than the severity of ecological fluctuations
over time, were a driving force for hominin behavioural diversi-
fication is difficult to reconstruct using the limited fossil record.
Instead, using a comparative approach?»2>, the influence of
environmental variability on behavioural diversity can be tested
in nonhuman great apes, for which empirical data are available.
Due to the limited geographic range or the lack of behavioural
variation present in a single species, previous studies have tested
for the effect of seasonality on behaviour across multiple taxa*®.
However, this approach limits inference about external effects due
to species-specific variation in intrinsic traits. Therefore by
focusing on one of humankind’s closest living relatives, chim-
panzees, we can test the influence of environmental variability on
within-species traits, given that these great apes have a wide
geographic range across Equatorial Africa, ranging from forested
to savannah woodland habitats, whilst also exhibiting substantial
population variation in behaviours2®27, These include tool use
behaviours for extractive foraging, some of which have also been
shown to be cultural (i.e. group-specific social traditions)?28-30.
One previous study examined the effect of annual rainfall on the
distribution of cultural behaviours in chimpanzees and found
mixed support using cladistic analyses’!. Building on this
research, we use a much larger dataset on chimpanzee beha-
vioural diversity and conduct regression analyses to test multiple
sources of ecological and environmental variation.
We find that chimpanzee communities experiencing greater
seasonality, living further away from historical Pleistocene forest
refugia, and predominantly located in a savannah woodland

habitat, are more likely to possess a diverse set of 31 behavioural
traits. These results are robust to the categorization of behaviours
and do not depend on the inclusion of particular chimpanzee
field sites. Overall, seasonal and unstable environmental condi-
tions are associated with greater within-species behavioural
diversity, providing comparative support for variability acting as
an evolutionary force favouring behavioural and cultural diver-
sification more generally.

Results

Environmental variability in the past and present. We investi-
gated the potential influence of environmental variability on the
behavioural diversity of chimpanzee communities, considering
both recent and historical ecological-evolutionary processes32.
We used spatially explicit data to capture environmental varia-
bility for each chimpanzee community (or social group) on three
different timescales: the short-, mid-, and long-term. First, to
capture short-term ecological variability, we used precipitation
seasonality (ie. coefficient of variation in monthly rainfall)
averaged across 30 years (1970-2000) extracted from the
WorldClim database3® where larger values represent greater
variation in rainfall. Precipitation is a primary factor for assessing
ecosystem productivity>43%; therefore, it may be considered a
proxy for food resource availability. Rainfall has also been linked
to multiple life history traits across primate species, including
gestation length and lifespan®. Important to note here is that
precipitation seasonality is not acting as an environmental con-
straint (i.e. it does not in itself prevent certain behaviours from
being expressed by chimpanzees due to the lack of suitable
resources being present) but is rather a proxy for short-term
ecological conditions (see ref. 3! and Methods for more details).

Second, as a proxy of mid-term variability, we assessed the
predominant habitat type as either closed forest (forest) or
relatively open savannah woodlands (savannah), assuming that
present-day habitats and their ecosystems took longer to establish
than a few decades. We considered savannah habitats as more
ecologically variable than forested habitats given they have more
pronounced seasons and greater fluctuation in climate3’.
Although this dichotomization likely underestimates the full
spectrum of environmental variation®, we constrained the
classification to these two categories since the shift from a closed
and wet, to an open and arid habitat has been emphasized
repeatedly as a critical tipping point for human evolution!®-21.
We classified any community where fragmented, tropical, low-
land, wet, or montane forest is present as forest and all others as
savannah woodland (see Methods for additional details).

Lastly, to assess long-term effects of environmental variability,
we tested the distance to Pleistocene forest refugia (Fig. 1) using
Maley’s designations for Africa during the last glacial max-
imum3®. Pleistocene forest refugia are estimated to have been
present from 10,000 to ~2.5 million years ago?, an epoch marked
by repeated forest expansion and contraction during cycles of
glaciation, and an overall drier and cooler climate*!. As such,
tropical forest refugia that remained intact throughout the
Pleistocene provided a stable climate and habitat for some
populations over thousands of years*2. Therefore, as with other
primate taxa32, the subsequent shifts in vegetation and range
limits of forest refugia are expected to have left a historical signal
on the distribution and adaptations of species today*!-44. The
stable nature of Pleistocene forest refugia can be described as
either cradles or museums of biodiversity. As cradles, refugia act
as diversification pumps, as seen in many tropical regions where
species richness is high>46. Alternatively, as museums, refugia
offer stable environmental conditions that favour the persistence
of species over time with low extinction rates*>%’. Importantly,
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Fig. 1 Distance of chimpanzee communities to Pleistocene forest refugia. The green areas depict the Pleistocene forest refugia as described by Maley3?,
purple lines show straight-line distances calculated between the center point of a chimpanzee community to the limit of the nearest forest refuge, and dots
represent a unigue chimpanzee community in a predominantly forest (blue) or savannah woodland (orange) habitat. Chimpanzee geographic range plotted

according to the I[UCN 201877,

the size and duration of refugia, as well as the behavioural ecology
of a species, will interact in space and time to create evolutionary
cradles or museums of biological diversity*>48. Using this
framework, we predict that chimpanzee behavioural diversifica-
tion occurred in one of two ways; under relatively stable
conditions, characteristic of forest refugia, or under increasingly
variable environments as populations dispersed and moved away
from refugia, innovated new behaviours to adapt, and colonized
new habitats42:45:48,

Chimpanzee behavioural and cultural diversity. To test whether
the behavioural diversity of a chimpanzee community is a func-
tion of the degree of environmental variability, either in the past
or recent present, we updated a previously published dataset?’ of
144 distinct chimpanzee communities. We coded 31 behaviours
for each community (1/0) as either present (direct or indirect
evidence) or else not observed2’. These 31 behaviours are not
universal to all chimpanzees; rather they exhibit population-level,
including cultural variation?8-30. Importantly, this dataset
includes behaviours that have been shown to be adaptive to local
environmental or ecological conditions, such as the use of caves
and bathing in savannah chimpanzees to aid thermoregulation
during times of heat stress?>3’. The 31 behaviours also include a
number of foraging traits where chimpanzees in some commu-
nities learn to extract particular resources, often with the use of
tools (e.g. algae fishing®®, ant dipping®®1, pestle pounding®?, nut
cracking°>%4, and tool-assisted hunting>>). Although the adaptive
nature of these behaviours has largely been assumed to be
nutritional benefits and dietary flexibility, there is currently no
evidence linking these behaviours, directly or by proxy, to
reproductive success. We do know that nut cracking provides
chimpanzees with a substantial net energy gain®®, and tool-
assisted hunting observed in one community of chimpanzees
permits individuals with less strength, namely females and young,
to capture and consume energetically-rich vertebrate meat°°.

In our analysis, we modeled the probabilistic occurrence of
behaviours (out of a possible 31) per community as a function of
one of the three environmental variability predictors. We
controlled for the expectation that more behaviours are likely to
be documented if a community has been observed for longer?’.
Using R (R Core Team 2017, version 3.5.3), we fitted Bayesian
Regression Models (BRM) with a Bernoulli response distribution
and logit link function. In total, we fitted three BRMs, one with

each predictor, since it was not possible to test all three
simultaneously due to collinearity. Additionally, we included in
all BRMs as fixed effects the four currently recognized
chimpanzee subspecies, number of observation months per
community, and the human-footprint value®’ at the center of
each community, as this was already found to negatively impact
chimpanzee behavioural diversity?’. Furthermore, we accounted
for spatial autocorrelation in each model. We present all results
using weak priors and further investigate the influence of priors
on the results (see Methods for details; Supplementary Fig. 1).

The probability of occurrence across all behaviours per
chimpanzee community was positively affected by all three
environmental variability predictors (Table 1; Fig. 2) with the
most prominent effects found for distance to Pleistocene forest
refugia. Chimpanzee communities located further from historical
Pleistocene forest refugia had a higher probability of the 31
behaviours being present (estimate (mean of the marginal
posterior distribution) + sd (standard deviation of the marginal
posterior distribution) = 0.523 + 0.228; 95% credible interval (CI)
=[0.072, 0.977]). Chimpanzee behaviours were also more likely
to occur in environments with greater precipitation seasonality
(i.e. larger coefficients of variation; 0.314 + 0.255, [—0.199, 0.794])
and in predominantly savannah woodland habitats relative to
forested habitats (0.608 + 0.596, [—0.591, 1.745]; Table 1; Fig. 2),
but these effects were less pronounced. The proportion of the
posterior distribution supporting a positive association between
each environmental variability predictor and chimpanzee beha-
vioural diversity ranged from 99% for Pleistocene forest refugia,
89% for CV precipitation, and 85% for a savannah woodland
relative to forested habitat (Table 1).

To assess the robustness of these results, we fitted the models
with three alternative response variables for quantifying chimpanzee
behavioural diversity: the number of behavioural categories, tool use
behaviours, and non-tool use behaviours occurring per community.
We constructed 13 behavioural categories according to the resource
targeted by foraging behaviours (e.g. ants, termites, and algae) or
with respect to its general presumed function (e.g. communication,
water extraction, and thermoregulation)?’. We further classified
behaviours as tool use, non-tool use, or otherwise unknown
(Supplementary Data 1). For the 13 behavioural categories, all three
predictors had considerable influence although effects were again
most pronounced for distance to Pleistocene forest refugia. There
was a higher probability of finding more behavioural categories in
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Table 1 Results of three Bayesian Regression Models based on weak priors testing the probability of occurrence of all 31
behaviours in a chimpanzee community (N =144) as a function of three predictors of environmental variability.

Estimate Sd Cl 2.5% Cl 97.5% Post. dist. >0
Intercept? —4.410 0.499 —5.428 —3.463 -
Environmental variability Distance to refugia 0.523 0.228 0.072 0.977 0.990
predictors CV precipitation 0.314 0.255 —0.199 0.794 0.888
Habitat_savannah 0.608 0.596 —0.591 1.745 0.849
Control predictors? Human footprint —0.300 0.161 —0.630 0.004 0.031
Observation months 0.905 0.294 0.327 1.491 0.998
ssp_ellioti 0.112 0.692 —1.302 1.402 0.577
ssp_schweinfurthii -0.173 0.547 —1.258 0.876 0.400
ssp_troglodytes 0.227 0.645 —1.085 1.445 0.544

aAverage given across all three models.

proportion of the posterior distribution greater than zero are given.

The mean of the marginal posterior distribution (estimate), standard deviation of the marginal posterior distribution (sd) and the 2.5% and 97.5% credible intervals centred on the mean (Cl) and
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Fig. 2 The probability of occurrence for 31 chimpanzee behaviours per community as a function of environmental variability. These behaviours are
more likely to occur when chimpanzees live in habitats a further away from Pleistocene forest refugia, with b greater precipitation seasonality, and ¢ a
predominantly savannah woodland landscape. The size of the circles in plots a and b indicates the sample size, or number of chimpanzee communities per
value of the predictor where the total n =144 chimpanzee communities. The coloured areas depict the 67, 87, and 97% credible intervals centred on the
mean predicted posterior distribution (a, b dashed line, ¢ horizontal line) for the probability of occurrence across all 31 behaviours.

chimpanzee communities further away from Pleistocene forest
refugia (0.473 £0.359, [—0.262, 1.156]), and to a lesser extent, in
environments with larger variation in precipitation (0.331 + 0.327,
[—0.337, 0.930]), and in savannah woodland habitats (0.710 +
0.723, [—0.729, 2.070]). The proportion of the posterior distribution
supporting a positive association between each environmental
predictor and chimpanzee behavioural diversity, measured via
behavioural categories, ranged from 95 to 84% (Supplementary
Table 1). We found similar effects for distance to Pleistocene refugia
on the occurrence of tool use and non-tool use behaviours while the
other two environmental predictors had more variable and smaller
effects (Fig. 3; Supplementary Table 1). For all models, the control
variable of observation months positively affected chimpanzee
behavioural occurrence whilst human footprint had a negative
impact as already shown in a previous study?’ (Table 1,
Supplementary Table 1, Supplementary Fig. 2).

Discussion

This study supports the general prediction that environmental
variability fosters greater behavioural diversity. Specifically, we find
evidence for historical, long-term effects of environmental varia-
bility, namely distance from Pleistocene forest refugia, to have a
more pronounced and consistent influence on the probability of
occurrence of 31 chimpanzee behaviours, compared with the mid-
or short-term variation in habitat type or precipitation seasonality,
respectively. However, both precipitation seasonality and a savan-
nah woodland habitat, relative to a forested one, were also positively
associated with chimpanzee behavioural diversity. Although sea-
sonality has been shown to correlate with behavioural innovation
and flexibility in cross-species comparisons of birds!27 and to some
extent across primates!? (but also see ref. 4), this study shows that
environmental variability generally promotes within-species beha-
vioural diversification as well.
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Fig. 3 Effects of all three environmental variability predictors on chimpanzee behavioural diversity. \We tested precipitation seasonality, savannah
woodland versus forest habitat, and distance to Pleistocene refugia on the probability of occurrence for 31 chimpanzee behaviours as well as various
subsets of the data to verify robustness of the results. The plot shows the mean of the marginal posterior distribution (dots) and the 67, 87, and 97%

credible intervals centred on the mean (coloured areas).

Since the behaviours targeted in this study include group-
specific and cultural traits2’-30, we infer that behavioural and
cultural diversity of chimpanzees is supported by environmental
variation in ecological conditions. Consequently, a large number
of behaviours, cultural or otherwise, are found in chimpanzee
communities living under conditions that are more seasonally
variable in the short-term and historically more unstable and
unpredictable environments. There may also be the potential for
chimpanzees modifying their habitats via cultural behaviours.
Such cultural niche construction processes are characteristic of
human societies>®. Additional data on the role of social learning
for the behaviours investigated in this study, and their interac-
tions with the environment, could provide further opportunities
for investigating cultural niche construction in chimpanzees.

The positive association between distance from Pleistocene forest
refugia and behavioural diversity suggests that populations of Pan
troglodytes that dispersed and moved away from refugia over time
may have been more likely to innovate, and retain (including cul-
turally), additional behaviours that facilitated adaptation to novel
habitats. Meanwhile, chimpanzee communities that remained
within the more stable forest refugia, may have been more static in
their behavioural diversity, a process that potentially reflects the
museum hypothesis whereby minimal population differentiation
and diversification is predicted within refugia®>~48. Alternatively,
these refugial populations may have suffered a loss of behavioural
diversity due to a lack of sustained selection pressures or stochas-
ticity. Both processes could explain why chimpanzee communities

within or close to forest refugia show comparatively little beha-
vioural and cultural diversity.

There is also the possibility that chimpanzee populations
throughout the Pleistocene may have survived in the savannah
habitats surrounding forest refugia, which would have expanded
as refugial forests contracted*’.. These savannah refugia are
known to have shaped the biogeography of present day African
savannah ungulates®®. Therefore, it is plausible that select chim-
panzee populations, with behavioural adaptations for living in dry
savannah woodlands, may have survived repeated glacial and
climatic extremes of the Pleistocene in non-forest refugia. Indeed,
present-day chimpanzees exhibit behavioural and physiological
adaptations to aid survival in both forest and savannah2°>37, To
disentangle these different evolutionary scenarios, we need
detailed data on chimpanzee genetic diversity and population
history across their geographic range2. Only then will we be able
to track the migration of populations and test whether dispersal
patterns support repeated colonization by chimpanzees origi-
nating from Pleistocene forest refugia over chimpanzee popula-
tions remaining within savannah refugia and adapting to
changing environmental conditions. Previous research on chim-
panzees at some regional scales show that genetic differentiation
among populations is correlated with environmental variation®0.
However, sampling often restricts broad species-level inferences
from such smaller-scale studies®! and furthermore, genome-
behavioural trait associations remain largely unknown for
chimpanzees.
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Overall, our results suggest that changing or variable envir-
onments were more important than climate or habitat stability
for supporting chimpanzee behavioural diversity. For example,
the majority of the tool use behaviours considered in this study
are used for extractive foraging, whereby these behavioural
innovations likely conferred a selective advantage>®, as in nut
cracking®>°¢ and tool-assisted hunting®>. More specifically,
chimpanzee populations dispersing from refugia to colonize new
environments, or those adapting to changing environments, may
have benefited from expanding their dietary breadth to include
new or unpredictable food resources. This may explain why
environments with more pronounced seasonality (savannah
woodland habitats and larger coefficient of variation in pre-
cipitation) tend to support more behaviours. Behavioural adap-
tations for thermoregulation are also particularly useful in drier
habitats and are not observed in chimpanzee communities living
in forests2>37, Such behavioural flexibility has already been linked
to invasion success of novel habitats by birds>® and has been
suggested to widen ecological tolerance and facilitate niche
expansion in chimpanzees3’.

Chimpanzee habitats are dramatically changing as human-
modified landscapes become increasingly common across
Africa®2. Such anthropogenic disturbance also affects climatic
conditions, exemplified by global warming and extreme local
weather fluctuations that are drying out environments®34. This
study suggests that chimpanzee behavioural and cultural flex-
ibility may be valuable for responding to climate change and
enabling survival in new habitats. The reliance on cultural traits
in some animal taxa, such as whales, elephants, and chimpanzees,
has recently garnered attention for its urgent consideration into
species conservation2”-0%66, Unfortunately, previous research has
shown that chimpanzee behavioural and cultural diversity is
currently threatened due to widespread human impact?’.
Therefore, some chimpanzee communities may struggle to sur-
vive in the near future as behaviours are lost due to increasing
fragmentation caused by human activities and shifting ranges due
to greater aridification®3:65:67,68,

We find that the distribution of chimpanzee behavioural
diversity has been clearly affected by both historical and recent
sources of environmental variability. If we assume that our last
common ancestor with nonhuman primates was similar to
present-day chimpanzees, then this suggests that they too may
have used a diverse toolbox of behaviours to adapt and survive.
Since behaviour is difficult to reconstruct from fossils alone, a
comparative framework using nonhuman primates for insight
into human evolution can facilitate empirical research. For
example, baboons (Papio sp.) have been proposed as a model for
human evolution because of their continental-wide species
radiations as well as behavioural and ecological speciali-
zations®®70. However, it is difficult to separate genetically
inherited predispositions from flexible adaptations when com-
paring across species. Therefore, the present study provides a new
perspective into intraspecific behavioural diversity using chim-
panzees, demonstrating that fluctuating environments over space
and time may have been important drivers of behavioural and
cultural diversification, in addition to speciation, for other great
apes, including humans!>20,

In summary, the evolution of chimpanzee behavioural diversity
and flexibility across their range was likely influenced by a
combination of adapting to novel environments while being
constrained by multiple historical effects (e.g. genetic, beha-
vioural, and physiological), from past climate and habitat changes
experienced by previous populations. Therefore, focusing on a
single catalyst for human evolution is likely trivial since envir-
onmental variability, over both recent and historical timescales,
may have had compound consequences on extinct and living

hominins, as is evident for chimpanzee behavioural diversity
observed today.

Methods

Behaviour data. We used a behavioural dataset compiled for 144 chimpanzee
communities already used in a previous publication?” and updated here with
additional information (Supplementary Data 1). The data for 46 of these com-
munities come from the Pan African Programme: the Cultured Chimpanzee
(hereafter PanAf) while we compiled data for another 106 (eight of which also
include PanAf data) from the published literature. PanAf data were collected in the
field for a minimum of one full year whenever possible (observation period
12-30 months for 37 chimpanzee communities; 1-10 months for 9 communities),
using a systematic grid design of 1 by 1 km cells. which covered an area that varied
in size depending on the habitat and topography of the landscape (9-143 km?2).
Since chimpanzees were unhabituated to human presence during PanAf data
collection, we primarily used remote, infrared sensor camera traps (Bushnell
Trophy cameras) to collect behavioural observations as well as a uniform data
collection protocol applied at all PanAf sites (for full details of the methods applied
in the field, see http://panafrican.eva.mpg.de/english/approaches_and_methods.
php). We installed at least one camera-trap per grid cell and complemented this
with additional camera trapping, targeting locations regularly visited by wild
chimpanzees such as animal trails, natural log bridges, fruiting trees, and tool-use
sites. For this study, we selected behaviours that were detectable using our PanAf
methodology, i.e. could be observed on camera traps and/or indirectly via obser-
vable traces that are left behind in the faeces (e.g. feeding remains) or artefacts (e.g.
discarded tools). Additionally, we selected behaviours that show variation across
chimpanzee populations, with many of the 31 behaviours also qualifying as cul-
tural?8-30 in previous studies (Supplementary Data 1).

For the remaining 106 chimpanzee communities, we extracted behavioural data
from the published literature by screening both printed and electronic articles,
books, and dissertations. We used Google Scholar to search for publications by
pairing chimpanzee with key words such as “tool” and “tool-use”, as well as the 31
different behaviours chosen for the study. We would also identify additional
publications by screening the reference lists of articles and books already compiled.
In total, we screened approximately 450 primary resources published from 1951 to
2017, with the majority published after the 1980s (see Supplementary Data 1 for
full list of reference materials).

The behavioural dataset comprised 31 possible combinations for all 144
chimpanzee communities with the occurrence (1/0) of a particular behaviour coded
within it. We coded presence (1) whenever direct observations (via camera-trap or
human observer) or indirect observations (artefacts, feeding remains, and faecal
samples) provided evidence for a particular chimpanzee community engaging in a
particular behaviour. Whenever no evidence was documented or found, we coded
the behaviour as not observed (0). We do not use the term absent, as these do not
reflect true absences since observations of behaviours are contingent upon
observation effort, which is a critical control in the analysis (see below). This is also
why our analysis uses a probabilistic approach. Moreover, with respect to
environmental constraints, if there were data reported to suggest that particular
resources targeted by a given behaviour were not available within the territory of a
given chimpanzee community, we coded this as NA (not applicable). In total, we
coded 31 behaviours for each community including foraging for insects, algae,
honey, or nuts, extracting water, thermoregulation and communication. We
broadly categorized all behaviours into one of 13 categories and further defined
them as tool use, non-tool use behaviour or tool use unknown (e.g. when termites
or ants were found only in the dung). See also ref. 27 and Supplementary Data 1.

Environmental variability data. We used three predictors of environmental
variability to capture its effects on three different timescales: short-, mid,- and long-
term variation. For short-term variability, we extracted precipitation seasonality
from the derived bioclimatic variable (BIO15) of the WorldClim database (https://
www.worldclim.org/) version 1.4 with a 1 km? spatial resolution. This value was
calculated by averaging monthly coefficients of variation in precipitation between
1960 and 1990, with a minimum input of 10 years per location®3.

To capture mid-term environmental variability, we classified chimpanzee
communities as predominantly savannah woodland or forest by overlaying
classifications based on freely available GIS layers (WWF Terrestrial-Ecoregions of
the World: https://www.worldwildlife.org/publications/terrestrial-ecoregions-of-
the-world; The Nature Conservancy’s Terrestrial-Ecoregions and Biomes of the
World: http://www.landscope.org/map_descriptions/ecosystems/
tnc_ecoregional_boundaries/15602/; and the European Commission’s Global
Landcover Data for Africa: https://forobs.jrc.ec.europa.eu/products/glc2000/
products.php). For the majority of communities, the separation between forest and
savannah woodland habitats was clear. The forest category included any site where
fragmented, lowland, montane, tropical or humid forest was present according to
the layers. For 11 of the 144 chimpanzee communities the consensus across layers
suggested a mosaic between savannah woodland and forested habitat. Here, we
referred to descriptions of the habitat used by chimpanzees in the literature, or via
PanAf field observations, to assign the area as being predominantly savannah
woodland or forest (Supplementary Data 1).
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To capture effects of environmental variability on a longer time scale, we used
the distance of present-day chimpanzee communities from the nearest Pleistocene
forest refugia as designated by Maley®® since his map offers the greatest spatial
resolution for African forest refugia. More specifically, we calculated in kilometers
the straight-line distances to the limit of the nearest Pleistocene refuge3® from the
center coordinates of each chimpanzee community (Supplementary Data 1; Fig. 1).
The distance was zero if a community was located inside a designated forest refuge.

Statistical analysis. To analyze the impact of environmental variability on the
observed behavioural diversity in chimpanzee communities, we used Bayesian
Regression Models (BRMs) with Bernoulli response distribution and logit link
function. As the response variable, we used four different measures to account for
behavioural diversity. First, we used the occurrence (1/0) of a behaviour per
community; second, we categorized the behaviours into 13 categories and used the
occurrence of a category per community; third, we considered only the occurrence
of tool use behaviours, and fourth, we used only the occurrence of non-tool use
behaviours.

The three environmental variability predictors were highly correlated (Pearson
correlation coefficients between distance to refugia and coefficient of variation in
precipitation (rP = 0.720, N = 144, P < 0.001), distance to refugia and habitat type
(rP =0.660, N = 144, P <0.001), and coefficient of variation in precipitation and
habitat type (rP =0.613, N =144, P <0.001). Therefore, we fit three different
models comprising one predictor at a time. Additionally, we included in each
model, as control effects, the human-footprint value for each community based on
the coordinates at its center>”’!, the number of months the community was
observed, and the currently recognized chimpanzee subspecies (Pan troglodytes
verus/ellioti/schweinfurthii/troglodytes). As random effects, we included the site and
behaviour into the model. Additionally, we included as random slopes the
environmental predictor, the human footprint, the number of months of
observation within the site, and the chimpanzee subspecies within behaviour, as
well as the correlation parameters between the random intercepts and random
slope terms’%73. To control for spatial autocorrelation we included a Gaussian
process over the longitude and latitude for each community’4 by using the function
gp from the R package ‘brms’”>. This revealed that the spatial covariance among
communities declined towards zero after a 50-70 km distance (Supplementary
Table 2; Supplementary Fig. 4). Prior to fitting the models, we checked all
predictors for their distribution and, consequently, square-root transformed
distance to refugia to achieve a more normal distribution. After this we z-
transformed all numerical predictors to a mean of zero and a standard deviation of
one’3. Since we fit Binomial and Bernoulli response distributions, we did not
transform the control variable observation time. However, we did check the effect
of observation time if it had been log transformed, as is commonly performed for
Poisson distributed models, and found negligible change in the results
(Supplementary Fig. 3). See Supplementary Code 1 for the complete specification of
the full models.

We fitted all models in R (R Core Team 2017, version 3.5.3) using the function
brm from the R- package ‘brms’ (version 2.8.0)7°, which runs by default 2000
iterations over four MCMC chains, including a warm-up period of 1000 iterations per
chain resulting in 8000 usable posterior samples’>. We are confident in the accuracy
of the MCMC results because: (1) visual inspection showed stationarity and
convergence to a common target, (2) all Rhat’6 values were below 1.01, and (3) there
were no divergent transitions after warm-up. We used the default flat priors and in
addition, we tested all models with a weak and wide prior for all predictors and
control variables. As a weak prior, we chose a normal distribution with a mean of 0
and a standard deviation of 1 and for a wide predictor we used a mean of 0 and a
standard deviation of 10. Since environmental variability was predicted to positively
influence, and favour behavioural diversification, we hypothesized it would positively
affect the occurrence probability of chimpanzee behaviours and therefore report the
percent of the posterior distribution that supports a positive association between the
predictors and chimpanzee behavioural diversity. Additionally, we assessed support
for each predictor via the distribution of credible intervals centred on the mean
estimate of the marginal posterior distribution.

We verified the robustness of our results by removing PanAf sites where video
data were not yet fully cleaned at the time of data analyses (23 communities lost). We
also verified that results did not hinge upon the inclusion of long-term research sites,
which includes all chimpanzee communities that have been habituated to observers,
by excluding them and rerunning models (26 communities lost), and also by
excluding all communities with the lowest observation effort of 1 month (45
communities lost). In all cases, model estimates did not vary considerably other than
for non-tool use behaviours, which were underrepresented in this study (Fig. 3).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data used for this paper are available in Supplementary Data 1. The publicly available
datasets used in this study are available at the following links: WCS, CIESIN and Columbia
University Last of the Wild Project, Global Human Footprint Dataset v.2, https://doi.org/
10.7927/H4M61H5F; https://sedac.ciesin.columbia.edu/data/set/wildareas-v2-human-

footprint-geographic; WorldClim database, https://www.worldclim.org/; WWF Terrestrial-
Ecoregions of the World, https://www.worldwildlife.org/publications/terrestrial-ecoregions-
of-the-world; Nature Conservancy’s Terrestrial-Ecoregions and Biomes of the World, http://
www.landscope.org/map_descriptions/ecosystems/tnc_ecoregional _boundaries/15602/;
European Commision’s Global Landcover Data for Africa, https://forobs.jrc.ec.europa.eu/
products/glc2000/products.php.

Code availability
The R code used to run the analyses for this study is available in the file Supplementary
Code 1.
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