Science

REPORTS

Cite as: H. S. Kiihl et al., Science

10.1126/science.aau4532 (2019).

Human impact erodes chimpanzee behavioral diversity

Hjalmar S. Kiihl'2*, Christophe Boesch', Lars Kulik', Fabian Haas', Mimi Arandjelovic!, Paula Dieguez!, Gaélle
Bocksberger!, Mary Brooke McElreath!, Anthony Agbor!, Samuel Angedakin!, Emmanuel Ayuk Ayimisin', Emma
Bailey!, Donatienne Barubiyo', Mattia Bessone!, Gregory Brazzola'!, Rebecca Chancellor*, Heather Cohen’,
Charlotte Coupland', Emmanuel Danquah®, Tobias Deschner', Orume Diotoh¢, Dervla Dowd?, Andrew Dunn’,
Villard Ebot Egbe', Henk Eshuis!, Rumen Fernandez!, Yisa Ginath!, Annemarie Goedmakers®, Anne-Céline
Granjon', Josephine Head', Daniela Hedwig?'?, Veerle Hermans", Inaoyom Imong’, Kathryn J. Jeffery'2'314,
Sorrel Jones''>6, Jessica Junker', Parag Kadam'’, Mbangi Kambere', Mohamed Kambi', Ivonne Kienast', Deo
Kujirakwinja’, Kevin Langergraber'®, Juan Lapuente!, Bradley Larson!, Kevin Lee'%, Vera Leinert?, Manuel
Llana'®, Giovanna Maretti!, Sergio Marrocoli!, Tanyi Julius Mbi!, Amelia C. Meier!, Bethan Morgan2%2!, David
Morgan??, Felix Mulindahabi’, Mizuki Murai', Emily Neil', Protais Niyigaba’, Lucy Jayne Ormsby!, Liliana
Pacheco'?, Alex Piel??, Jodie Preece!, Sebastien Regnaut?, Aaron Rundus?*, Crickette Sanz?’, Joost van
Schijndel'?, Volker Sommer?%, Fiona Stewart?3, Nikki Tagg", Elleni Vendras’?’, Virginie Vergnes?, Adam Welsh!,
Erin G. Wessling'2, Jacob Willie'2¢, Roman M. Wittig}2??, Kyle Yurkiw!, Klaus Zuberbuehler3°3!, Ammie K.
Ka.la.nl*

Max Planck Institute for Evolutionary Anthropology, Deutscher Platz 6, 04103 Leipzig, Germany. German Centre for Integrative Biodiversity Research, Halle-Leipzig-Jena,
04103 Leipzig, Germany. 3Wild Chimpanzee. Foundation, Deutscher Platz 6, 04103 Leipzig, Germany. “West Chester University, Departments of Anthropology and
Sociology and Psychology, West Chester, PA 19382, USA. 5Department of Wildlife and Range Management, Faculty of Renewable Natural Resources, Kwame Nkrumah
University of Science and Technology, Kumasi, Ghana. ®Korup Rainforest Conservation Society, Korup National Park, P.0. Box 36 Mundemba, SW Region, Cameroon.
’Wildlife Conservation Society, 2300 Southern Boulevard, Bronx, NY 10460, USA. 8Chimbo Foundation, Amstel 49, 1011 PW Amsterdam, Netherlands. °The Aspinall
Foundation, Port Lympne Wild Animal Park, Hythe, Kent, UK. 1°Elephant Listening Project, Bioacoustics Research Program Cornell Lab of Ornitholoy, Cornell University, 159
Sapsucker Woods Road, Ithaca, NY 14850, USA. “Centre for Research and Conservation, Royal Zoological Society of Antwerp, B-2018 Antwerp, Belgium. ?School of Natural
Sciences, University of Stirling, FK9 4LA, Scotland, UK. *Agence Nationale des Parcs Nationaux, Batterie 4, BP20379, Libreville, Gabon. “Institute de Recherche en Ecologie
Tropicale, Libreville, Gabon. ®Royal Holloway, University of London Egham Hill, Egham, Surrey TW20 OEX, UK. *Royal Society for the Protection of Birds, Potton Road,
Sandy SG19 2DL, UK. YUniversity of Cambridge, Pembroke Street, Cambridge CB2 3QG, UK. ®School of Human Evolution and Social Change and Institute of Human Origins,
Arizona State University, 900 Cady Mall, Tempe, AZ 85281, USA. ¥Instituto Jane Goodall Espafia, Station Biologique Fouta Djallon, Dindéfélo, Région de Kédougou, Senegal.
2Ebo Forest Research Project, BP3055, Messa, Yaound¢, Cameroon. Zinstitute for Conservation Research, San Diego Zoo Global, Escondido, CA 92025, USA. ??Lester E.
Fisher Center for the Study and Conservation of Apes, Lincoln Park Zoo, Chicago, IL 60614, USA. 22School of Natural Sciences and Psychology, Liverpool John Moores
University, Liverpool L3 3AF, UK. #*West Chester University, Department of Psychology, West Chester, PA 19382, USA. ®Washington University in Saint Louis, Dept. of
Anthropology, One Brookings Drive, St. Louis, MO 63130, USA. %University College London, Department of Anthropology, London WCIH OBW, UK. #Frankfurt Zoological
Society, Bernhard-Grzimek-Allee 1, 60316 Frankfurt, Germany. ®Terrestrial Ecology Unit, Ghent University, K.L. Ledeganckstraat 35, 9000 Ghent, Belgium. *°Tai
Chimpanzee Project, Centre Suisse de Recherches Scientifiques, BP 1301, Abidjan 01, Cote d'Ivoire. *Université de Neuchéatel, Institut de Biologie, 2000 Neuchétel,
Switzerland. *!School of Psychology & Neuroscience, University of St Andrews, St Andrews, Fife KY16 9JP, Scotland, UK.

*Corresponding author. E-mail: kuehl@eva.mpg.de (H.S.K.); ammie_kalan@eva.mpg.de (A.K.K.)

Chimpanzees possess a large number of behavioral and cultural traits among non-human species. The
‘disturbance hypothesis’ predicts that human impact depletes resources and disrupts social learning
processes necessary for behavioral and cultural transmission. We used an unprecedented data set of 144
chimpanzee communities, with information on 31 behaviors, to show that chimpanzees inhabiting areas
with high human impact have a mean probability of occurrence reduced by 88%, across all behaviors,
compared to low impact areas. This behavioral diversity loss was evident irrespective of the grouping or
categorization of behaviors. Therefore, human impact may not only be associated with the loss of
populations and genetic diversity, but also affects how animals behave. Our results support the view that
‘culturally significant units’ should be integrated into wildlife conservation.

Many animals show population specific behavioral variation,
with chimpanzees (Pan troglodytes) exhibiting exceptionally
high levels of behavioral diversity (7, 2). This diversity has
been documented in a variety of contexts, including commu-
nication, thermoregulation and extractive foraging (table S1).
Chimpanzees are also proficient tool-users, using sticks,
leaves and stones to access honey, insects, meat, nuts and al-
gae (table S1). Many of these behaviors are inferred to be
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socially learned and therefore cultural (2), although the influ-
ence of genetic and environmental variation cannot always
be ruled out (3). Culture in chimpanzees is supported by the
occurrence of local traditions irrespective of resource or tool
abundance (7, 2), and controlled experiments demonstrating
that naive chimpanzees can socially learn new behaviors (4,
5). Moreover, new behaviors, or variants, are regularly discov-
ered when observing previously unstudied populations (5)
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(table S1).

Cultural behaviors in great apes, notably chimpanzees (1)
and orang-utans (6), are maintained by cultural processes in-
cluding innovation, diffusion, and vertical and horizontal
transmission (2, 7). These behaviors are vulnerable to envi-
ronmental disturbance, in that if crucial conditions are mod-
ified, the overall rate of opportunities for social transmission
may be reduced (7). This proposition, named the ‘disturbance
hypothesis’, predicts that under anthropogenically disturbed
conditions behavioral traditions in great apes may disappear
not only with the complete extinction of a population, but
also when the population remains, due to resource depletion
or a breakdown in opportunities for social learning (7). Major
elements of human impact include habitat loss, degradation
and fragmentation, which reduce population size, gregarious-
ness and long-distance dispersal, weakening behavioral
transmission (7).

In the current Anthropocene era, Earth’s biosphere is be-
ing heavily degraded by unsustainable resource use and high
rates of biodiversity loss (8). This overexploitation is substan-
tially impacting chimpanzees and their habitat, namely Afri-
can tropical forests and savanna woodlands (9). All four
chimpanzee subspecies are severely threatened by deforesta-
tion and poaching, caused by a rapidly growing human pop-
ulation (8-10). These factors have already led to major
population declines, fragmentation and regional extirpations
(10) and reduced genetic diversity (11).

The large behavioral diversity of chimpanzees coupled
with rapid population decline makes investigation of the dis-
turbance hypotheses timely: to what extent are chimpanzee
behavioral and cultural diversity affected by habitat fragmen-
tation and population loss resulting from human activities?
To address this question, we applied a range of non-invasive
techniques to collect a wide spectrum of environmental, so-
cial, demographic and behavioral information on previously
unstudied chimpanzee communities, or communities not
fully habituated to human observers, at 46 locations (Fig. 1).
The actual number of chimpanzee communities represented
is likely to be higher, as individuals from more than one com-
munity may have been observed at a location. Therefore, we
define a chimpanzee community as those individuals which
occur at a specific geographic location, with associated obser-
vations on behaviors. With few exceptions, we collected data
over a minimum of one annual cycle (observation period be-
tween 12-30 months at 37 locations; observation period 1-10
months at 9 locations) in a systematic grid design (grid size
range: 9-143 km?).

We compiled presence and absence data on 31 known
chimpanzee behaviors (table S1) from these 46 chimpanzee
communities and complemented the data set with additional
information about these same behaviors on another 106
chimpanzee communities from the published literature. In
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total, 144 unique chimpanzee communities comprised the
full data set (Fig. 1, data file S1). We recorded observations on
these behaviors via 1) extensive camera trapping; 2) fecal
samples that provided evidence of ingestion of insects, algae
and honey, resources often exploited with the aid of tools; 3)
artifacts of tool use identified during reconnaissance, line
and strip transect surveys. We selected behaviors that were
detectable via indirect evidence (e.g., tools and artifacts) or
direct evidence from camera traps, and that exhibit variation
across populations rather than being universal traits of chim-
panzees (1, 2, 12) (table S1). Importantly, although we do not
explicitly test for cultural transmission, we infer that much of
chimpanzee behavioral diversity reflects cultural diversity
owing to an accumulation of observational and experimental
evidence (1, 4, 5, 13). Moreover, many behaviors included here
have already been classified as cultural (7).

According to the disturbance hypothesis, potential behav-
ioral diversity loss is expected to manifest across multiple
chimpanzee generations, so human impact should be as-
sessed over long time periods. We used the ‘human footprint’,
a spatial composite layer integrating human impact over time
by combining infrastructure, human population density, for-
est cover and remoteness, to provide a geographically explicit
variable quantifying the overall effect of humans on the envi-
ronment with a 1km grid resolution (14). We used both Bayes-
ian Regression (BR) and Maximum Likelihood (ML) mixed
models to test the hypothesis that variation in human impact
among chimpanzee populations predicts variation in the
number of behaviors present (12). We controlled for observa-
tion effort in number of months, spatial autocorrelation, and
chimpanzee subspecies in the analyses (12) (tables S2 to S6
and figs. S1 to S5).

We found that chimpanzee communities located in areas
with a high degree of human impact exhibited an 88% lower
mean probability of occurrence, across all behaviors, com-
pared to communities with the least human impact observed
(Fig. 2, Estimate (mean of the posterior distribution) = -0.40,
CI (95% credible interval) = [-0.73, -0.10], P =0.009). We
found this effect irrespective of the grouping of behaviors, i.e.,
when behaviors were grouped into broader categories such
as foraging for termites or thermoregulation (table S1, Esti-
mate = -0.30, CI =[-0.80, 0.139], P=0.006), or when consider-
ing non-tool use behaviors only (Estimate = -0.75, CI =[-
1.77,0.03], P=0.018), or tool use behaviors only (Estimate = -
0.37, CI =[-0.73, -0.01], P =0.018; Fig. 2 and tables S1 to S4).
We assessed the reliability of our analyses by testing various
subsets of the data and by removing a single behavior at a
time, which showed that no single behavior was responsible
for our results (figs. S3 and S4; table S6). The control predic-
tor ‘subspecies’ showed highly overlapping effects, indicating
minimal subspecies specific effects. As expected, the control
variable observation months revealed a strong positive effect
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for all models (figs. S1 and S2; tables S2 to S5).

Several potential mechanisms may explain the observed
pattern. First, areas with high human impact generally have
decreased chimpanzee density and abundance (10). As has
been shown for humans (3, 15), population size can play a
major role in maintaining cultural traits although this rela-
tionship is debated (16). A similar mechanism may occur in
declining chimpanzee populations (17). Second, chimpanzees
may reduce the frequency of conspicuous behaviors as hu-
man impact increases (7). Third, climate change may play a
role. For example, nut production is strongly dependent on
weather conditions and a changing climate is causing greater
inter-annual variation in nut availability (I8), stochastically
increasing the potential loss in nut cracking behavior over
time. Fourth, habitat degradation and resource depletion
may lead to a lower carrying capacity of individuals, thereby
reducing opportunities for social learning. This may eventu-
ally lead to the disappearance of the behavior. Most likely, a
combination of these mechanisms interacts with environ-
mental stability, demography and population connectedness,
to create the overall loss of chimpanzee behavioral diversity
associated with human impact.

Some studies on chimpanzees living in human-dominated
landscapes suggest that a reduction in behavioral diversity
will eventually be partially compensated for by new inven-
tions (9). Moreover, genetic and ecological variation are ex-
pected to continue to be important drivers of behavioral and
cultural diversity (3). Chimpanzees do show adaptations to
modified environments (9) and one may ask whether the pro-
cesses of behavioral loss and innovation act on similar, or dif-
ferent, timescales, and at which point they might reach
equilibrium (7).

We are currently witnessing a decline in great ape popu-
lations at a rate of 2.5-6% per year due to human impact (10,
19). Our results suggest that chimpanzee populations are los-
ing their characteristic sets of behavioral traits and that a
number of not yet discovered behaviors may be lost without
having ever been described. Considerable effort is urgently
needed to protect these populations if we are to fully under-
stand the underlying mechanisms and drivers of their cul-
tural diversification. As such, our findings support the
concept of ‘culturally significant units’, whereby a more inte-
grative approach to conservation is needed which considers
behavioral diversity in addition to population size and trends
for wildlife management (20, 21I). Given our limited under-
standing of the potentially adaptive value of local traditions,
we advocate using the precautionary principle of aiming for
maximal protection of behavioral variation. We suggest that,
for chimpanzees, specific interventions are needed to protect
their natural resources and tool-use sites in order to maintain
behavioral plasticity and safeguard their capacity for cultural
evolution. Therefore, we anticipate the necessity for a new

First release: 7 March 2019

www.sciencemag.org

concept, ‘chimpanzee cultural heritage sites’, with which the
behavioral and cultural diversity of this species might be rec-
ognized and protected. Such a concept could easily be ex-
tended to other species exhibiting a high degree of cultural
variability, such as orang-utans (6) and whales (20). This
proposition is in accordance with the Convention on Biologi-
cal Diversity, as well as recent recommendations by the Con-
vention on the Conservation of Migratory Species of Wild
Animals, of the United Nations Environment Programme
(22), which calls for the protection of physiological, genetic
and behavioral diversity of culturally rich wildlife.
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Fig. 1. Locations of all 144 unique chimpanzee communities for which information on select behaviors was
collected for this study. This includes 46 communities from the Pan African Programme (PanAf) and 106
communities for which information was also available from the published literature (non-PanAf). Of these, eight
communities had both PanAf and non-PanAf data available. Habitat type represented as biomes modified from the
Terrestrial Ecoregions of the World Map 2001.
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Fig. 2. The probability of occurrence of a behavior per chimpanzee
community decreases with human impact. Human impact negatively
affects the probability of occurrence of behaviors (top left), irrespective
of grouping behaviors by category (bottom left), or by tool use and non-
tool use behaviors (top and bottom right, respectively). The probability of
occurrence across behaviors is depicted by 67%, 87%, 97% credibility
intervals (green areas) of the mean predicted posterior distribution
(dashed), plotted excluding random effects and for all subspecies
combined. The area of the points corresponds to the respective number
of chimpanzee communities constituting that data point (range: 1-36

communities).
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