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Large-scale land-use change across the tropics has led to the decline of animal populations and
their habitat. With large investments into mining, hydropower dams and industrial agriculture
this trend is likely to continue. Consequently, there is a need for systematic land-use planning
to set aside areas for protection and allocate scarce conservation funding effectively. Even
though primates are relatively well studied, data-driven systematic planning is still rarely
implemented. The overall aim of this dissertation was to investigate population parameters
needed for evidence-based conservation planning for the critically endangered western
chimpanzee (Pan troglodytes verus) in West Africa. To this end, | compiled density datasets
covering the entire geographic range of this taxon from the IUCN SSC A.P.E.S. database and
modeled chimpanzee densities as a function of 20 social-ecological variables. | found that
western chimpanzees seemingly persist within three social-ecological configurations:
rainforests with a low degree of anthropogenic threats, steep areas that are less likely to be
developed and are harder to access by humans, and areas with a high prevalence of cultural
taboos against hunting chimpanzees. The third configuration of reduced hunting pressure is not
yet reflected in commonly implemented conservation interventions, suggesting a need for
designing new approaches aimed at reducing the threat of hunting. Based on the modeled
density distribution, | estimated that 52,811 (95% CI 17,577-96,564) western chimpanzees
remain in West Africa, and identified areas of high conservation value to which conservation
interventions should be targeted. These results can be used to inform the expansion of the
protected area network in West Africa, to quantify the impact of planned industrial projects on
western chimpanzees, and to guide the systematic allocation of conservation funding. In
addition, this thesis highlights the unique position of taxon-specific databases of providing
access to high-resolution data at the scale needed for conservation planning. Data-driven
conservation planning has the potential to enable conservationists to respond more proactively

to current and emerging threats, and ultimately improve conservation outcomes.
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Summary

Summary

Introduction

The need for evidence-based conservation planning

In the past decades land use changed strongly across the globe, driven by unsustainable
resource exploitation, infrastructure development and expansion of settlements and agriculture
(Alamgir et al., 2017; Curtis et al., 2018; Laurance et al., 2014; Song et al., 2018). Large-scale
degradation of natural ecosystems has led to the decline of animal populations and their
habitats, and in turn also resulted in degraded ecosystem services (Dirzo et al., 2014), a trend
likely to continue (Newbold et al., 2015). With increasing pressure on remaining natural
habitat, there is a need for informed land-use planning to identify those areas which should be
set aside and put under protection (Margules and Pressey, 2000). At the same time,
conservation planning can help to distribute scarce funding systematically and will thus make
conservation interventions more effective (Mace et al., 2007).

For comprehensive conservation planning, specific data and information are needed. First,
population parameters such as abundance, temporal change in abundance, and spatial
distribution, describe the conservation status of the targeted taxon (Mair et al., 2018). Second,
large-scale planning has been shown to be more efficient in terms of required area than
prioritization for each country separately (Moilanen et al., 2013). While density distribution
data are still rare for many species, it can inform on the intra-specific variability across a
species’ geographic range and thus help to identify those areas that are of high conservation
value. Third, understanding social-ecological conditions enabling species persistence can be
used to design conservation activities that mimick such favorable conditions (Post and
Geldmann, 2018).

Systematic conservation planning is particularly warranted in West Africa where 80% of
forests were deforested since 1900 and planning of conservation interventions is still often not
systematic (Aleman et al., 2018). The region is one of the poorest globally, and with several
armed conflicts and the recent Ebola epidemic, large investments into social infrastructure and
economic growth are needed (AfDB, 2018; WHO, 2016). West Africa is rich in mineral
deposits and remaining forests are of interest to international corporations (Edwards et al.,
2014; Malhi et al., 2013). At the same time all West African countries are signatories to the
Convention on Biological Diversity and the Aichi Target 11 aiming to protect 17% of terrestrial

area, but most have not achieved this goal (UN, 2019).
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Conservation planning for western chimpanzees

The geographic range of western chimpanzees (Pan troglodytes verus) extends across eight
West African countries. Threatened by habitat loss and poaching, the population declined by
80% in 24 years (Kihl et al., 2017). They were uplisted to Critically Endangered by the IJUCN
Red List of Threatened Species (Humle et al., 2016). One of the main conclusions from the last
conservation action plan for western chimpanzees was that large data gaps persist (Kormos and
Boesch, 2003). Consequently, the identification of conservation priority areas was based on
expert opinion. The evaluation of the action plan revealed that this selection process was
contentious and participants emphasized the need for pre-defined selection criteria (Kormos,
2008).

Aims of the research

The overarching aim of my dissertation was to contribute to the scientific basis for the future
protection of western chimpanzees regarding spatial planning. Since 2003, more than 50
chimpanzee surveys have been conducted by various NGOs and researchers across West Africa
and the data were shared with the ITUCN SSC A.P.E.S. database (Kuhl et al., 2007).
Consequently, with plans to update the conservation action plan for western chimpanzees and
the data now available to inform a systematic planning process, the aim of my thesis was
threefold. First, to investigate the drivers of chimpanzee densities and examine under which
social-ecological conditions some western chimpanzee populations seem to be able to persist,
while others have declined strongly. Second, to estimate population parameters needed for
evidence-based conservation planning and third, to provide information for the systematic
identification of priority areas for western chimpanzee conservation. To this end, | modeled
chimpanzee densities as a function of different social-ecological factors to identify drivers of
chimpanzee densities, predict the density distribution across their geographic range and
determine areas of high conservation value. The three chapters were based on 52 chimpanzee
nest count surveys that I compiled via the IUCN SSC A.P.E.S. database with a total sample
size of 17,109 transects covering 10,929 km across nine countries. | extracted 20 predictor
variables expected to influence chimpanzee densities from the categories habitat, topography,
and anthropogenic influences, from publicly available satellite data and aggregated household
surveys.

In the first chapter, I identified which social-ecological factors influence chimpanzee densities

in West Africa. As threats to chimpanzees are already well understood (Campbell et al., 2008;
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Kormos et al., 2003; Kuhl et al., 2017; Tranquilli et al., 2014), | was interested to understand
why chimpanzees are able to persist in some areas (Kuhl et al., 2017) and whether specific
social-ecological conditions could explain this. I used the ‘positive deviance approach’, a
framework developed in the social sciences and only recently adapted to conservation to study
such positive outliers and understand the heterogeneity within species in terms of species
persistence (Cinner et al., 2016; Post and Geldmann, 2018). This chapter was the first study
applying this approach to terrestrial animals. Specifically, | first identified factors that
significantly influence chimpanzee densities based on a Generalized Linear Mixed Model, and
then compared configurations of significant social-ecological factors across a total of 66 sites.
For the second chapter, | predicted the density distribution of western chimpanzees across
their geographic range using spatial modeling techniques to infer total population size and
landscape-scale metrics. I also used the predicted density distribution to derive a presence layer
and, based on minimum distance between presence pixels, estimated which areas likely have
low population connectivity. Lastly, | determined the proportion of western chimpanzees in
areas designated as high-level protected areas (i.e., national parks and IUCN category | and Il
protected areas).

In the third chapter, | systematically identified areas of high conservation value to western
chimpanzees based on the predicted density distribution. As a diversity of stakeholders is active
across the western chimpanzee range, including government agencies, NGOs, researchers,
corporations, and community representatives, it is now widely acknowledged that the
prioritization of conservation areas is not a purely technical exercise resulting in one ‘best’
solution but as much a political process in which all stakeholders need to be involved
(Grantham et al., 2010; Hadorn et al., 2006; Pressey and Bottrill, 2008). Thus the aim of this
chapter was to identify areas of high conservation value to chimpanzees as a first technical step
to inform the consultation process among all parties involved in chimpanzee conservation to
find a common position. Consequently, | used several scenarios and criteria that accounted for

various abundance and area targets and for different spatial scales.

Results

In the first chapter, I found that forest loss had a strong negative impact on chimpanzee
densities and for the first time | was able to quantify this effect. No chimpanzee nests were
found in areas that were characterized by more than 10% forest loss. The model also revealed

that chimpanzees were more abundant in flat terrain. However, in areas characterized by a high
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intensity of human activity (a compound factor consisting of human density, settlements,
nighttime light and armed conflicts), chimpanzee densities were higher in steeper terrain,
indicating a refuge effect. Lastly, | found that chimpanzee densities were higher in areas with
a high prevalence of hunting taboos and low degree of human activity. Hunting taboos are
social customs against killing a specific species based on cultural traditions (Colding and Folke,
2001).

The comparison of the configurations of significant social-ecological factors across all sites
revealed that three configurations seem to enable chimpanzee persistence: rainforest areas with
low degree of forest loss, steep areas (i.e., areas that are less likely to be developed and are
harder to access by humans), and areas with high prevalence of hunting taboos and low degree
of human impact. The first two configurations are already reflected in interventions that are
commonly implemented in conservation in general and that focus on threat exclusion. These
interventions typically restrict access to certain regions by establishing protected areas and
through law enforcement. However, conservation interventions aimed at threat reduction, as
reflected in the third configuration of reduced hunting pressure, are rare in primate conservation
(Junker et al., 2017).

In the second chapter, | first predicted the density distribution of western chimpanzees across
their range at 1 km? resolution and estimated a total abundance of 52,811 (95% CI 17,577-
96,564) individuals. The population analysis revealed that two large populations can be
distinguished: one across the Fouta Djallon (a highland region across Guinea and reaching into
neighboring countries), characterized by savanna mosaics and a high prevalence of hunting
taboos; and a second population across Liberia and neighboring countries mostly characterized
by rainforest habitat. | also identified three areas that likely have low population connectivity.
Currently, 17% of western chimpanzees occur in high-level protected areas.

In the third chapter, | identified areas of high conservation value to western chimpanzees.
Across all scenarios typically less than one third of the areas that | identified as being important
are currently designated as high-level protected areas. The comparison to the priority areas
from the 2003 action plan showed that although there is a strong overlap, some areas were not
previously recognized as important, while chimpanzees are now extirpated from others. This
analysis also revealed the importance of maintaining connectivity across the north to south
extend of the chimpanzees’ geographic range. Based on the range-wide predicted density
distribution, 1 was able to for the first time quantify the relative importance between and within

specific areas. This can not only inform the extension of the protected area network but also
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guide NGOs, donors and governmental agencies in their investment decisions. This type of
analysis can be transferred to other primate species, for most of which this type of information
is not yet available, but urgently needed (Estrada et al., 2017).

Conclusion

With this dissertation, | for the first time provided population parameters for the entire range
of western chimpanzees needed for spatial conservation planning. This information can support
conservationists in taking a more proactive approach to planning for the protection of this
taxon. For example, environmental guidelines signed by the World Bank and 95 other financial
institutions state explicitly that any negative impact on great apes has to be minimized during
infrastructure construction and resource extraction (IFC, 2012; The Equator Principles
Association, 2019). Results of this dissertation can now be used to estimate how many
chimpanzees would be impacted by such industrial projects and thus avoidance and mitigation
measures could already be included in the planning phase. The results can also guide donors
how to prioritize funding allocation, and can inform negotiations with government agencies
and extractive industries on setting aside land for protection. With this dissertation | provided
baseline data for western chimpanzees by which the impact of future developments, including
infrastructure, resource extraction and conservation projects, could be measured. It can also
serve as a starting point for estimating the impact of more complex developments, such as the
impact of climate change on western chimpanzees, which has not yet been studied.

I, for the first time, applied the ‘positive deviance approach’ to a terrestrial species and found
that this can be a powerful tool to identify conditions or mechanisms that enable species’
persistence. This approach can be applied to any taxon, region and spatial scale, as long as data
of sufficient variation across several predictor variables are available. This is especially
pertinent as threats to species are rather well-studied, while solutions and suitable conservation
interventions are a lot less understood. Thus this work can serve as a template on how this
approach can be applied to many more species.

The IUCN SSC A.P.E.S. database (apesportal.eva.mpg.de) provides access to data at a
temporal and spatial resolution that is still rare for tropical species, that are generally considered
data-deficient (Peterson and Soberdn, 2018). However, this level of detail is needed for
analyses at the scale relevant for conservation planning. Taxon-specific databases are in a
unique position to fill the niche between local data collectors and global databases and can

contribute to filling biodiversity data gaps. Such databases already exist for different taxa, but
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are largely underfunded. Their value in making data accessible to researchers, planners and
decision-makers needs to be recognized, and many more databases could be established. Then
a network of taxon-specific databases could be created in which each individual database pools
data and expertise of its respective field and users can access data available across the entire
network via a central portal. My approach of compiling a suite of datasets from individual
research projects to answer broad-scale conservation questions can be applied to many other
taxa. A data-driven approach to conservation planning can enable researchers and conservation
practitioners to proactively plan in the face of complex future developments in the context of

global change.
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Einleitung

Notwendigkeit einer evidenzbasierten Naturschutzplanung

Weltweit hat sich die Landnutzung in den letzten Jahrzehnten stark veréndert. Verursacht
wurde dies durch Ressourcenausbeutung, den Infrastrukturausbau und eine Ausweitung von
Siedlungen und landwirtschaftlicher Flache (Alamgir et al., 2017; Curtis et al., 2018; Laurance
et al., 2014; Song et al., 2018). Die groRflachige Zerstorung natiirlicher Okosysteme fiihrte
zum Rickgang von Tierpopulationen und deren Lebensraum, was wiederum eine
Verminderung der Okosystemleistungen zur Folge hatte (Dirzo et al., 2014), eine Entwicklung,
die sich voraussichtlich fortsetzen wird (Newbold et al., 2015). Mit zunehmendem Druck auf
den verbleibenden naturlichen Lebensraum, besteht die Notwendigkeit einer fundierten
Flachennutzungsplanung, um festzustellen welche Gebiete unter Schutz gestellt werden sollten
(Margules und Pressey, 2000). Gleichzeitig kann Naturschutzplanung dazu beitragen, knappe
finanzielle Mittel gezielt zu verteilen und damit die Effektivitdt von Schutzmanahmen zu
erhdhen (Mace et al., 2007).

Fur eine umfassende Naturschutzplanung werden bestimmte Daten und Informationen
benodtigt. Erstens wird der Erhaltungszustand eines bestimmten Taxons mittels
Populationsparametern wie Abundanz, Anderung der Abundanz Gber die Zeit und rdaumliche
Verteilung beschrieben (Mair et al.,, 2018). Zweitens wurde gezeigt, dass die
Landschaftsnutzungsplanung in Bezug auf den Flachenbedarf furr ein groRBes Gebiet effizienter
ist als die Priorisierung fur jedes einzelne Land (Moilanen et al., 2013). Obwohl Daten ber
die Dichteverteilung fiir viele Arten noch nicht vorhanden sind, kénnen solche Auskunft tiber
die intraspezifische Variabilitdt im Verbreitungsgebiet einer Art geben und somit helfen, die
Gebiete zu identifizieren, die von hohem Erhaltungswert sind. Drittens, wenn die sozial-
okologischen Bedingungen bekannt sind, die zum Fortbestehen der Arten beitragen, kénnen
SchutzmalRnahmen konzipiert werden, die die glnstigen Bedingungen nachahmen (Post und
Geldmann, 2018).

Eine systematische Naturschutzplanung ist insbesondere in Westafrika notwendig, wo 80% der
Walder seit 1900 abgeholzt wurden und die Planung von Schutzmalinahmen oft noch nicht
systematisch erfolgt (Aleman et al., 2018). Die Region ist eine der &msten der Welt, und
angesichts mehrerer bewaffneter Konflikte und der jlingsten Ebola-Epidemie sind hohe
Investitionen in die soziale Infrastruktur und das Wirtschaftswachstum erforderlich (AfDB,
2018; WHO, 2016). Westafrika ist jedoch reich an Bodenschatzen und die verbleibenden
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Walder sind fur internationale Holzunternehmen von Interesse (Edwards et al., 2014; Malhi et
al., 2013). Gleichzeitig haben alle westafrikanischen Lénder das Ubereinkommen uber die
biologische Vielfalt und das Aichi-Ziel 11 zum Schutz von 17% der Landflache unterzeichnet,

jedoch haben die meisten Lénder dieses Ziel noch nicht erreicht (UN, 2019).

Naturschutzplanung fiir den westlichen Schimpansen

Das Verbreitungsgebiet des westlichen Schimpansen (Pan troglodytes verus) erstreckt sich
uber acht westafrikanische Lander. Durch den Verlust von Lebensraum und Wilderei ging die
Population innerhalb von 24 Jahren um 80% zuriick (Kuhl et al., 2017). Der westliche
Schimpanse wurde daraufhin auf der Roten Liste der bedrohten Arten der IUCN als vom
Aussterben bedrohtes Taxon eingestuft (Humle et al., 2016). Eine der wichtigsten
Schlussfolgerungen des letzten Aktionsplanes zur Erhaltung des westlichen Schimpansen war,
dass weiterhin groRe Datenliicken bestehen (Kormos und Boesch, 2003). Die Identifizierung
der prioritaren Schutzgebiete erfolgte daher auf der Grundlage von Expertenmeinungen. Die
Auswertung des Aktionsplans ergab, dass dieser Auswahlprozess umstritten war, und die
Teilnehmerinnen betonten die Notwendigkeit, dass Auswahlkriterien bereits im Vorfeld

definiert werden missen (Kormos, 2008).

Forschungsziele

Ubergeordnetes Ziel meiner Dissertation war es, zur wissenschaftlichen Grundlage fir den
Schutz des westlichen Schimpansen im Rahmen der Raumplanung beizutragen. Seit 2003
wurden mehr als 50 Schimpansenz&hlungen von verschiedenen Nichtregierungsorganisationen
und Forschern in Westafrika durchgefiihrt und die Daten der IUCN SSC A.P.E.S. Datenbank
zur Verfugung gestellt (Kihl et al., 2007). Da der Aktionsplan flr westliche Schimpansen
aktualisiert werden soll und nun umfassende Daten zur Verfugung stehen, die flr einen
systematischen Planungsprozess notwendig sind, waren die Ziele meiner Dissertation dreifach.
Erstens, die Treiber der Schimpansendichte zu bestimmen und zu untersuchen, unter welchen
sozial-okologischen Bedingungen einige westliche Schimpansenpopulationen in der Lage zu
sein scheinen, zu bestehen, wahrend andere stark zurlickgegangen sind. Zweitens, die fir die
evidenzbasierte Erhaltungsplanung erforderlichen Populationsparameter zu ermitteln. Und
drittens, Informationen fiir die systematische Festlegung von prioritdren Gebieten fiir den
Schutz  westlicher Schimpansen zu bestimmen. Zu diesem Zweck habe ich
Schimpansendichten als Funktion verschiedener sozial-6kologischer Faktoren modelliert, um

Treiber von Schimpansendichten zu bestimmen, die Dichteverteilung im Verbreitungsgebiet

10
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zu berechnen und Gebiete mit hohem Erhaltungswert zu bestimmen. Die drei Kapitel dieser
Dissertation basierten auf 52 Datensatzen von Schimpansenmonitoring, die ich tber die IUCN
SSC A.P.E.S. Datenbank zusammengestellt habe, und die insgesamt 17.109 Transsekte tber
eine Lange von 10.929 km in neun Landern abdeckten. Ich habe 20 Pradiktorvariablen, die die
Schimpansendichte beeinflussen sollen, aus den Kategorien Habitat, Topographie und
anthropogene Einflisse, aus offentlich zugénglichen Satellitendaten und aggregierten
Haushaltserhebungen extrahiert.

Im ersten Kapitel habe ich ermittelt, welche sozial-6kologischen Faktoren die
Schimpansendichte in Westafrika beeinflussen. Da die Bedrohungen fur Schimpansen bereits
gut erforscht sind (Campbell et al., 2008; Kormos et al., 2003; Khl et al., 2017; Tranquilli et
al., 2014), wollte ich herausfinden, warum Schimpansen in einigen Gebieten fortbestehen
(Kdhl et al., 2017) und ob spezifische sozial-okologische Bedingungen dies erklaren kénnten.
Ich habe dafir den sogenannten ,positive deviance approach (etwa ,positiver
Abweichungsansatz*) verwendet, eine in den Sozialwissenschaften entwickelte Methode.
Diese wurde erst kiirzlich an den Naturschutz angepasst, um positive Ausreif3er zu untersuchen
und die Heterogenitat innerhalb einer Art im Hinblick auf das langfristige Uberleben zu
verstehen (Cinner et al., 2016; Post and Geldmann, 2018). Dieses Kapitel stellt die erste Studie
dar, die diesen Ansatz auf eine terrestrische Art angewendet hat. Basierend auf einem
verallgemeinerten linearen gemischten Modell, habe ich zundchst analysiert welche Faktoren
die Schimpansendichte signifikant beeinflussen, und anschlieBend die Konfigurationen von
signifikanten sozial-6kologischen Faktoren von insgesamt 66 Standorten verglichen.

Fir das zweite Kapitel habe ich die Dichteverteilung der westlichen Schimpansen in ihrem
Verbreitungsgebiet mit Hilfe von rdumlichen Modellierungsmethoden vorhergesagt, um die
Gesamtabundanz und Metriken auf Landschaftsebene ableiten zu konnen. Die
Dichteverteilung verwendete ich ebenfalls, um abzuschéatzen wo Schimpansen préasent sind und
— basierend auf dem Mindestabstand zwischen Pixeln mit Schimpansenprésenz — geschatzt, in
welchen Gebieten es wahrscheinlich ist, dass die Konnektivitat von Populationen reduziert ist.
SchlieBlich habe ich bestimmt, welcher Anteil der westlichen Schimpansen in Gebieten
vorkommt, die als hochrangige Schutzgebiete ausgewiesen sind (d.h. Nationalparks und
Schutzgebiete der IUCN-Kategorien | und I1).

Im dritten Kapitel bestimmte ich, auf Grundlage der vorhergesagten Dichteverteilung,
systematisch Gebiete mit hohem Erhaltungswert fiir westliche Schimpansen. Da eine Vielzahl

von Interessengruppen im gesamten Verbreitungsgebiet des westlichen Schimpansen aktiv
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sind — darunter Regierungsbehdrden, Nichtregierungsorganisationen, Forscher, Unternehmen
und Gemeindevertreter — ist es inzwischen allgemein anerkannt, dass die Priorisierung von
Schutzgebieten keine rein technische Aufgabe ist, die zu einer "besten™ Losung flhrt. Dabei
handelt es sich ebenso um einen politischen Prozess, an dem alle Interessengruppen beteiligt
sein mussen (Grantham et al., 2010; Hadorn et al., 2006; Pressey and Bottrill, 2008). Daher
war es das Ziel dieses Kapitels, Gebiete mit hohem Erhaltungswert fir Schimpansen als ersten
technischen Schritt zu bestimmen, um den Konsultationsprozess zwischen allen am
Schimpansenschutz beteiligten Parteien zu unterstiitzen, um schlieBlich einen gemeinsamen
Standpunkt finden zu kénnen. Folglich habe ich mehrere Szenarien und Kriterien verwendet,
die verschiedene Abundanz- und Flachenziele und verschiedene rdumliche Dimensionen

berticksichtigen.

Ergebnisse

Im ersten Kapitel stellte ich fest, dass Waldverluste einen starken negativen Einfluss auf die
Schimpansendichte haben, und zum ersten Mal konnte ich diesen Effekt quantifizieren. In
Gebieten, die durch mehr als 10% Waldverlust gekennzeichnet waren, wurden Kkeine
Schimpansennester gefunden. Das Modell zeigte auch, dass Schimpansen in flachem Gelénde
haufiger vorkommen. In Gebieten, die durch eine hohe Intensitdt menschlicher Aktivitat
gekennzeichnet sind (ein zusammengesetzter Faktor, der aus Bevolkerungsdichte, Siedlungen,
néachtliches Licht und bewaffneten Konflikten besteht), waren die Schimpansendichten in
steilerem Gelé&nde jedoch hoher, was auf einen Refugiumseffekt hinweist. Schliel3lich fand ich
heraus, dass die Schimpansendichten in Gebieten mit einer hohen Verbreitung von Jagdtabus
und einer geringen Intensitdt an menschlicher Aktivitdt hoher waren. Jagdtabus sind ein
gesellschaftlicher Brauch, bestimmte Arten aufgrund kultureller Traditionen nicht zu toten
(Colding and Folke, 2001).

Der Vergleich der Konfigurationen signifikanter sozial-okologischer Faktoren (ber alle
Standorte hinweg ergab, dass drei Konfigurationen das langfristige Uberleben von
Schimpansen zu ermdglichen scheinen: Regenwaldgebiete mit geringer Entwaldung, steile
Gebiete (d.h. Gebiete, die fiir eine weiterfuhrende Nutzung weniger geeignet sind und fiir
Menschen schwerer zugénglich sind) und Gebiete mit hoher Verbreitung von Jagdtabus und
geringer Intensitdt menschlicher Aktivitaten. Die ersten beiden Konfigurationen spiegeln sich
bereits in Interventionen wider, die allgemein im Naturschutz umgesetzt werden und sich auf

die Ausgrenzung von Bedrohungen konzentrieren. Diese MaRnahmen beschrénken durch die
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Einrichtung von Schutzgebieten und die Durchsetzung der Gesetze den Zugang zu bestimmten
Regionen. Allerdings werden NaturschutzmaBnahmen, wie sie sich in der dritten
Konfiguration des reduzierten Jagddrucks widerspiegeln, im Primatenschutz selten umgesetzt
(Junker et al., 2017).

Im zweiten Kapitel habe ich zundchst die Dichteverteilung der westlichen Schimpansen tber
ihr Verbreitungsgebiet mit einer Auflésung von 1 km? vorhergesagt und eine Gesamtabundanz
von 52811 (95% Konfidenzintervall 17.577-96.564) Individuen geschatzt. Die
Populationsanalyse ergab, dass zwei grofRe Populationen unterschieden werden kdnnen: eine
im Fouta Djallon (eine Hochlandregion in Guinea, die bis in die Nachbarlédnder reicht), die
durch Savannen-Wald Mosaike und eine hohe Verbreitung von Jagdtabus charakterisiert ist;
und eine zweite Population in Liberia und den Nachbarldndern, die hauptsachlich durch
Regenwaldhabitat gekennzeichnet ist. Ich habe auch drei Gebiete aufgezeigt, die
wahrscheinlich eine geringe Konnektivitat von Populationen aufweisen. Derzeit kommen 17%
der westlichen Schimpansen in hochrangigen Schutzgebieten vor.

Im dritten Kapitel habe ich ermittelt, welche Gebiete einen hohen Erhaltungswert flir westliche
Schimpansen haben. Uber alle Szenarien hinweg werden typischerweise weniger als ein Drittel
der von mir als wichtig identifizierten Gebiete derzeit als hochrangige Schutzgebiete
ausgewiesen. Der Vergleich mit den Gebieten, die als besonders schutzwiirdig im Aktionsplan
von 2003 gekennzeichnet wurden, ergab, dass es starke Uberschneidungen gibt. Dennoch
konnten einige Bereiche aufgezeigt werden, die bisher noch nicht als wichtig anerkannt wurden
oder auch welche in denen Schimpansen bereits ausgestorben sind. Darlber hinaus ergab die
Analyse, wie wichtig es ist, die Konnektivitdt (ber die Nord-Sud-Ausdehnung des
Verbreitungsgebietes des Schimpansen aufrechtzuerhalten. Basierend auf der vorhergesagten
Dichteverteilung konnte ich erstmals die relative Bedeutung zwischen und innerhalb
bestimmter Gebiete quantifizieren. Diese Ergebnisse konnen als Informationsgrundlage fur
den Ausbau des Schutzgebietsnetzes dienen, und Nichtregierungsorganisationen, Geldgebern
und Regierungsbehorden bei ihren Investitionsentscheidungen unterstiitzen. Diese Art der
Analyse kann auf andere Primatenarten tibertragen werden, fur die diese Art von Informationen

meist noch nicht verfiigbar, aber dringend bendtigt ist (Estrada et al., 2017).

Fazit

Mit dieser Dissertation habe ich erstmals Populationsparameter flir das gesamte

Verbreitungsgebiet des westlichen Schimpansen, die fir die Raumplanung benétigt werden,
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ermittelt. Diese Informationen kdnnen Naturschiitzer dabei unterstiitzen, einen proaktiveren
Ansatz fiir die Planung zum Schutz dieses Taxons zu verfolgen. So besagen beispielsweise die
von der Weltbank und 95 anderen Finanzinstituten unterzeichneten Umweltleitlinien
ausdrucklich, dass negative Auswirkungen auf Menschenaffen beim Infrastrukturausbau und
bei der Ressourcengewinnung minimiert werden mussen (IFC, 2012; The Equator Principles
Association, 2019). Die Ergebnisse dieser Dissertation kénnen nun genutzt werden, um
abzuschéatzen, wie viele Schimpansen von solchen Industrieprojekten betroffen sein wirden,
so dass Vermeidungs- und Minderungsmafinahmen bereits in der Planungsphase berticksichtigt
werden konnten. Die Ergebnisse konnen Geldgebern bei der Priorisierung der Mittelvergabe
als Orientierungshilfe dienen. Gleichzeitig koénnen sie bei Verhandlungen mit
Regierungsbehdrden und der mineralgewinnenden Industrie Gber die Stilllegung von Land zum
Naturschutz unterstiitzend wirken. Mit dieser Dissertation habe ich Basisdaten fir westliche
Schimpansen ermittelt, mit denen die Auswirkungen zukinftiger Entwicklungen,
einschlieBlich Infrastruktur-, Ressourcenentnahme- und Naturschutzprojekte, gemessen
werden konnen. Es kann auch als Ausgangspunkt flr die Abschatzung der Auswirkungen
komplexerer Entwicklungen dienen, die bisher noch nicht untersucht wurden, wie
beispielsweise die Folgen des Klimawandels fiir westliche Schimpansen.

Ich habe zum ersten Mal den "positiven Abweichungsansatz" auf eine terrestrische Art
angewandt und festgestellt, dass dies eine effektive Methode sein kann, um Bedingungen oder
Mechanismen aufzuzeigen, die das langfristige Uberleben einer Art erméglichen. Sofern Daten
mit ausreichender Variation Uber mehrere Pradiktorvariablen verfiigbar sind, kann dieser
Ansatz auf jedes Taxon, jede Region und rdumliche Dimension angewendet werden. Dies ist
besonders relevant, da die Bedrohungen flr Arten meist gut untersucht sind, wéhrend
Ldsungen und geeignete NaturschutzmalRnahmen viel weniger erforscht sind. Somit kann diese
Arbeit als Vorlage dienen, um diesen Ansatz auf viele weitere Arten anzuwenden.

Die IUCN SSC A.P.E.S. Datenbank (apesportal.eva.mpg.de) bietet Zugang zu Daten mit einer
zeitlichen und raumlichen Aufldsung, die flr tropische Arten noch selten ist und damit eher als
datenarm betrachtet werden (Peterson und Soberén, 2018). Dieser Auflésungsgrad ist jedoch
notwendig fur die Art von Analysen die fir die Naturschutzplanung erforderlich sind.
Taxonspezifische Datenbanken sind in einer besonderen Position, um die Nische zwischen
lokalen Datensammlern und globalen Datenbanken zu besetzen und kdnnen dazu beitragen,
Licken in Daten zur biologischen Vielfalt zu schlielen. Solche Datenbanken existieren bereits

flr verschiedene Taxa, sind aber weitgehend unterfinanziert. Ihr Wert bei der Bereitstellung
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von Daten flr Forscher, Planer und Entscheidungstrdger muss anerkannt werden, und viele
weitere Datenbanken konnten eingerichtet werden. Dann konnte ein Netzwerk von
taxonspezifischen Datenbanken geschaffen werden, in dem jede einzelne Datenbank Daten und
Fachwissen ihres jeweiligen Bereichs biindelt und Benutzer ber ein zentrales Portal auf die
im gesamten Netzwerk verfligbaren Daten zugreifen kénnen. Mein Ansatz, aus einzelnen
Forschungsprojekten eine Reihe von Datensdtzen zusammenzustellen, um breit angelegte
Naturschutzfragen zu beantworten, lasst sich auf viele andere Taxa ubertragen. Ein
datengestltzter Ansatz fir die Naturschutzplanung kann es Forschern und
Naturschutzpraktikern ermdglichen, angesichts komplexer zukunftiger Entwicklungen im

Kontext des globalen Wandels, proaktiv zu planen.
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With continued expansion of anthropogenically modified landscapes, the proximity
between humans and wildlife is continuing to increase, frequently resulting in species
decline. Occasionally however, species are able to persist and there is an increased
interest in understanding such positive outliers and underlying mechanisms. Eventually,
such insights can inform the design of effective conservation interventions by mimicking
aspects of the social-ecological conditions found in areas of species persistence.
Recently, frameworks have been developed to study the heterogeneity of species
persistence across populations with a focus on positive outliers. Applications are
still rare, and to our knowledge this is one of the first studies using this approach
for terrestrial species conservation. We applied the positive deviance concept to the
western chimpanzee, which occurs in a variety of social-ecological landscapes. It is
now categorized as Critically Endangered due to hunting and habitat loss and resulting
excessive decline of most of its populations. Here we are interested in understanding why
some of the populations did not decline. We compiled a dataset of 17,109 chimpanzee
survey transects (10,929 km) across nine countries and linked them to a range of social
and ecological variables. We found that chimpanzees seemed to persist within three
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Chapter 1

Positive Deviants in Chimpanzee Populations

social-ecological configurations: first, rainforest habitats with a low degree of human
impact, second, steep areas, and third, areas with high prevalence of hunting taboos
and low degree of human impact. The largest chimpanzee populations are nowadays
found under the third social-ecological configuration, even though most of these areas
are not officially protected. Most commonly chimpanzee conservation has been based
on exclusion of threats by creation of protected areas and law enforcement. Our findings
suggest, however, that this approach should be complemented by an additional focus on
threat reduction, i.e., interventions that directly target individual human behavior that is
most threatening to chimpanzees, which is hunting. Although changing human behavior
is difficult, stakeholder co-designed behavioral change approaches developed in the
social sciences have been used successfully to promote pro-environmental behavior.
With only a fraction of chimpanzees and primates living inside protected areas, such
new approaches might be a way forward to improve primate conservation.

Keywords: behavioral change, conservation planning, hunting, mimicking, positive deviance, West Africa, Pan

troglodytes verus

INTRODUCTION

With continued human population growth and the associated
expansion of human-dominated areas, 75% of land surface areas
have been anthropogenically modified (Ellis and Ramankutty,
2008). Human disturbance resulted in an average population
decline of 25% for terrestrial vertebrates and of 45% for the
majority of invertebrates, with the main drivers being habitat
destruction, overexploitation, and invasive species (Dirzo et al.,
2014). However, in some instances, species are able to persist and
co-exist with humans (Gardner et al., 2009). Threats to species
and the resulting species decline are relatively well studied, but
considerably less is known about the social-ecological conditions
under which some species tend to persist while others disappear.

One approach to understand why species are persisting
at certain sites is to understand the heterogeneity across
populations with a focus on analyzing positive outliers (Post
and Geldmann, 2018). Similarities between areas where species
are doing exceptionally well, called exceptional responders (Post
and Geldmann, 2018), bright spots (Cinner et al., 2016), or
positive deviants (Marsh et al., 2004), could highlight novel
solutions to conservation challenges (Cinner et al., 2016; Post
and Geldmann, 2018). While this approach has been used
widely in medicine and social sciences, applications in ecology
and conservation are still rare (Cinner et al., 2016; Frei et al.,
2018). Applied to species conservation this approach entails
identifying those social-ecological conditions in which a species is
likely to persist.

Primates are a taxon that is strongly impacted by
anthropogenic factors, and despite their social, cultural,
and ecological importance, most populations are severely
threatened (Estrada et al., 2017). However, evidence on the
effectiveness of conservation interventions for primates remains
scarce (Junker et al., 2017). Nonetheless, some primates, and
great apes in particular, seem to be able to adapt to and persist
in anthropologically impacted landscapes (Hockings et al., 2015;
McCarthy et al., 2017; Spehar et al., 2018). The identification of

conditions that are enabling species persistence can guide the
design of conservation interventions that are mimicking these
favorable conditions.

Here we focus on the western chimpanzee (Pan troglodytes
verus), that occurs in a variety of social-ecological landscapes,
meaning that different combinations of biophysical and socio-
economic variables characterize their range (Liu et al., 2007). For
example, western chimpanzees occur in isolated patches of intact
habitat surrounded by human-dominated areas (e.g., Nimba
mountains), protected primary rainforest (e.g., Tai National
Park), or in agricultural landscapes with forest remnants (e.g.,
parts of Sierra Leone). A recent evaluation of their status
showed a dramatic decline in abundance of 80% and a range
reduction of 20% since 1990 (Kiihl et al., 2017). This resulted
in the up-listing of the species IUCN status to Critically
Endangered (Humle et al, 2016). However, from the 20 sites
for which longitudinal data were available, Kiihl et al. (2017)
found that three sites were exceptions to the general trend of
population decline, with two sites in Guinea and one in Cote
d’'Ivoire seeming to support stable populations. The aim of this
study was to apply the positive deviance approach across the
entire range of western chimpanzees, to identify social-ecological
conditions that might enable chimpanzee persistence. For this
we compiled a range-wide dataset of chimpanzee densities,
identified drivers of chimpanzee density, and characterized
social-ecological conditions across 66 sites.

METHODS

General Workflow

We compiled a western chimpanzee density dataset covering
the entire range of this taxon and extracted publicly available
social-ecological data for all surveyed sites. We first determined
which of the factors influenced chimpanzee densities significantly
by fitting a Generalized Linear Mixed Model (McCullagh
and Nelder, 1989; Baayen, 2008). After the model established
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which factors influenced chimpanzee densities significantly,
we compared the configuration of significant social-ecological
factors across a total of 66 sites.

Statistical Modeling

Model Response and Offset Term

Great ape density estimates are usually based on the counting
of nests they built as resting places, instead of counting
individuals themselves. Nests are more visible, more numerous,
and do not move, meaning that there is no correlation between
detectability of nests and intensity of threats (Kiihl et al., 2008).
Following a procedure that is commonly used for modeling ape
densities, we used number of nests per transect as the model
response and constructed an offset term to let the model output
directly express chimpanzee densities (Murai et al., 2013; Wich
etal., 2016; Voigt et al., 2018).

The number of nests was derived from chimpanzee nest
surveys. In total we compiled 52 chimpanzee nest surveys across
nine countries (Figure 1, Supplementary Table 1) via the IUCN
SSC A.P.E.S. database (Kiihl et al., 2007). These included line
transect and reconnaissance surveys (Kiihl et al., 2008) conducted
between 2001 and 2015. We only included reconnaissance
surveys for which the survey effort was known, based on GPS
tracklog data. The entire dataset consisted of 17,109 transect or
reconnaissance segments (hereafter referred to as “transect”) with
a total survey effort of 10,929 km (mean transect length: 0.64 km,
range: 0.02-14.00 km).

The offset term (McCullagh and Nelder, 1989) was calculated
as D = N/(2*L*ESW*p*r*t) where D is chimpanzee density, N
number of nests, L transect length, ESW effective strip width, p
proportion of nest builders, r nest production rate, and t nest
decay time (Kiihl et al., 2008). Hence, the offset term in the
model was the log of the denominator of the above equation [i.e.,
log(2*L*ESW*p*r*t)].

To determine the ESW we only used nests for which the
perpendicular distance from the transect line was recorded
(n = 12,728 nests), meaning that we did not use nest
observations from reconnaissance surveys for this specific
analysis. We determined the ESW separately for different
habitat types to account for varying nest detectability due
to habitat type. For nest observations the habitat type was
typically recorded during the survey. To standardize habitat types
across datasets we assigned them to the land cover categories
defined by the Global land cover dataset (Friedl et al., 2010),
namely “evergreen broadleaf forest,” “mixed forest,” “permanent
wetlands,” “woody savanna,” “savanna,” “croplands,” “cropland
natural vegetation mosaic.” For <10% of nest observations
the habitat was not recorded during the survey, and we
extracted habitat type from satellite data (Global land cover
dataset, Friedl et al, 2010). To get approximately balanced
sample sizes for each habitat type we pooled habitat type to
three categories: forest (“evergreen broadleaf forest” “mixed
forest,; “permanent wetlands”), savanna (“savannah;” “woody
savannah,” “closed shrubland”), and cropland (“cropland,
“cropland/natural vegetation mosaic”). We determined the ESW
using DISTANCE (6.2 Release 1, Thomas et al., 2010, further
details in Supplementary Material, Supplementary Tables 2, 3,

Supplementary Figure 1). We then extracted the habitat type for
an area of 0.5km around each transect from the Global land
cover dataset (Friedl et al., 2010), and used the same assignment
to the three habitat categories as above. Lastly, we assigned
the habitat-specific ESW to each transect. ESW assignment for
transects that traversed more than one habitat type was based on a
majority vote.

Nest decay times vary between sites and seasons and are
influenced by rainfall (Walsh and White, 2005; Kiihl et al., 2008;
Kouakou et al., 2009). Hence, we first fitted models to determine
the mean nest decay time separately for each of the eight nest
decay datasets and then fitted a separate model to estimate decay
time as a function of rainfall. We then assigned a nest decay time
to each transect based on that model and the mean rainfall at
the respective transect. The model revealed a minimum fitted
decay time of 85.45 days and a maximum fitted decay time of
229.03 days. Model uncertainty was assessed by deriving 10,000
bootstraps (additional details on nest decay methods and results
in Supplementary Tables 4, 5, Supplementary Figures 2, 3). We
used a proportion of nest builders of 0.83 (Plumptre and Cox,
2006) and a nest production rate of 1.143 (Kouakou et al., 2009).

Model Predictors

We modeled chimpanzee density as a function of different social-
ecological factors relevant for chimpanzee abundance, such as
habitat, climate, topography, and socio-economic context. For
this we used 19 predictor datasets that were available for the
entire study area (predictor descriptions, temporal and spatial
resolution of datasets detailed in Table 1). For quantitative
predictors we calculated the mean of values within a fixed
extraction radius around each transect, and for categorical
predictors we determined the proportion of each category within
the extraction radius. We transformed predictors when necessary
to derive approximately symmetric distributions (details on
predictor data extraction, transformation, and post-processing in
Supplementary Table 6).

Spearman correlations among predictors indicated that some
predictors were highly interrelated (Supplementary Table 7);
hence, we used factor analyses to reduce redundancy among
them, which resulted in three factors. On the factor that we
termed “environment” tree cover and vegetation height loaded
negatively, while savanna, temperature, and rainfall seasonality
loaded positively (Supplementary Table 8). On the factor termed
“socio-economic status” education and corruption control loaded
positively, while poverty and malnourishment loaded negatively.
On the factor termed “human activity” settlements, human
density, nighttime light, and conflicts loaded positively (details on
factor analyses in Supplementary Table 9). We did not include
the variables cropland, forest loss, hunting taboo, slope, river, and
road in the factor analyses either because they did not load
strongly on any factor with Eigenvalue >1, or because it was
the only predictor that loaded strongly on a factor. We therefore
included them as separate predictors in the model.

We differentiated between test and control predictors
(Mundry, 2014), and included 13 model terms as test predictors
into the model (details on anticipated effects, also for interactions
and squared terms, in Table 2). Distance to the closest river and
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FIGURE 1 | Location of the 52 chimpanzee nest surveys compiled for this study and the geographic range of western chimpanzees (Humle et al., 2016).
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road were included as control predictors, because they are known
to influence animal densities (Boesch et al., 2017). All predictors
were standardized to a mean of zero and a standard deviation
of one to facilitate comparability of model parameters and ease
interpretation of interactions (Schielzeth, 2010).

Model Implementation

We fitted a Generalized Linear Mixed Model (McCullagh and
Nelder, 1989; Baayen, 2008) with a negative binomial error
distribution and log link function, because the response was
highly skewed with no nest observations on most transects
(90.24%) and a large number of nests on some transects (range
number of nests per transect: 0-430). The latter speaks against a
Poisson distribution. With ape surveys being very cost and time
intensive, they are usually targeted toward areas with possible
chimpanzee presence, and hence we decided against a zero-
inflated error distribution.

We included an autocorrelation term into the model to
account for spatial autocorrelation, i.e., nest counts from
transects that were closer to one another were more similar,
even after accounting for the predictors in the model, and
therefore the model residuals were not independent (details
on implementation in Supplementary Material). The full
model was:

number of nests per transect ~ cropland + date +
environment + forest loss + human activity + hunting taboo
+ slope + socio-economic status + socio-economic status > +
human activity:hunting taboo + human activity:slope + human
activity:socio-economic status + human activity:socio-economic
status 2 4 hunting taboo:slope + hunting taboo:socio-economic

status + hunting taboo:socio-economic status 2 + river + road
+ spatial autocorrelation + offset term.

Chimpanzee densities are likely to differ among countries.
This can be due to past events, for example chimpanzee densities
are likely to be lower in Sierra Leone due to excessive chimpanzee
captures in the 70’s and 80’s (Hanson-Alp et al., 2003). To account
for these between-country differences and to control for the
non-independence of data points from the same country, i.e.,
pseudoreplication, we included country as a random effect.

Additionally, the strength of effects can differ among
countries, i.e., the slopes of the response against the predictor. For
example, in a country with high poaching intensity, forests have
lower than expected mammal densities, so that the positive effect
of forests on mammal density will be smaller than in a country
with less intense poaching. Such country-specific differences in
poaching intensity can have many reasons among which could be
differences in law enforcement capacity, or access to alternative
protein sources or livelihoods. Consequently, we included the
random slopes of all predictors within country (Schielzeth and
Forstmeier, 2009; Barr et al., 2013).

The check of model assumptions revealed overdispersion
(dispersion parameter = 1.71), causing standard errors to be
underestimated. We corrected for this by adjusting the estimated
standard errors and then re-determining z- and p-values
(Gelman and Hill, 2007). We also tested for multicollinearity and
found that it was not an issue (details on implementation
in Supplementary Material, Supplementary Table 10,
Supplementary Figure 4).

To test the significance of fixed effects as a whole, we compared
the fit of the full model with that of a null model lacking
all test predictors, but comprising the same control predictors
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TABLE 1 | Dataset sources for predictors in the statistical model.

Predictor Dataset Variable used References Temporal resolution* Spatial
resolution
Conflicts Armed Conflict Location and Location of violent conflicts Raleigh et al., 2010 1997-2015 Point locations

Corruption control

Cropland

Education

Forest loss

Human density

Hunting taboo

Malnourishment

Nighttime light

Poverty

Rainfall

River

Road

Savanna

Settlements

Slope

Temperature

Tree cover

Vegetation height

Event Data project (ACLED)

Worldwide governance
indicators

Global land cover MCD12Q1

Sub-national African education
and infrastructure access data

Global forest change —forest
loss year

AfriPop

World religion database based
on USAID demographic and
health survey (DHS)

World Health Organization
Global Database on Child
Growth and Malnutrition

Nighttime lights composite

Multidimensional poverty index
2015 [based on most recent
USAID demographic and
health survey (DHS) and
UNICEF multiple indicator
cluster survey (MICS)]
Tropical rainfall measuring
mission (TRMM) 3B43
River-surface water body
network (RWDB2)

Roads of the world (Vmap0)

Global land cover MCD12Q1

Global urban footprint

Global multi-resolution terrain
elevation data (GMTED2010)

Land surface temperature and
emissivity MOD11B3

Vegetation continuous fields
MOD44B

Vegetation height estimate

Control of corruption
(measures perception of extent
of corruption, ranges from
—2.5102.5)

Land cover classified as
“cropland” and
“cropland/natural vegetation
mosaic”

Net secondary attendance rate
(proportion of children
attending secondary school)

Year of forest cover loss

Estimated number of people

Proportion of Muslims

Prevalence of stunting among
0-5 year-old children (stunting
is the result of suboptimal
health and/or nutritional
conditions)

Stable lights (presence of
lighting, is associated with
intensity of economic activity,
integer scale from O to 63)
Poverty index (ranges from
Oto1)

Rainfall

Location of rivers

Location of roads
Land cover classified as

“savannah,” “woody
savannah,” “open shrubland,”
or “closed shrubland”

Land cover classified as
built-up area

Slope (derived as maximum
elevation change between a
cell and its eight neighbors)

Day time land surface
temperature

% tree cover

Average vegetation height

World Bank, 2015

Friedl et al., 2010

CCAPS, 2013

Hansen et al., 2013

Linard et al., 2012

Johnson and Grim,
2008

de Onis and
Bléssner, 2003

NOAA, 2013

Alkire and Robles,
2015

TRMM and GES
DISC, 2011

FAO, 2007

FAO, 2005
Friedl et al., 2010

Esch et al., 2012

Danielson and
Gesch, 2011

Wan and Hulley,
2015

DiMiceli et al., 2011

Woods Hole
Research Center,
2007

(continuous)

2000-2014 (annually,
not 2001)

2001-2012 (annually)

year of DHS/MICS
survey (2005-2011)

2000-2014 (annually)

2010

most recent DHS
survey available in
database (2003-2008)

1992-2013 (1-6
datasets per region)

2000-2013 (annually)

most recent DHS or
MICS survey
(2006-2014)

Jan 2000-Oct 2015
(monthly)
2006

1997
2001-2012 (annually)

2011/2012

2010

Feb 2000-Dec 2011
(monthly)

2000-2010 (annually)

2007

Country

0.5 km

Subnational region

0.03 km
0.0083° (ca.

0.10km)
Subnational region

Subnational region

30 arc s (ca.
1.00km)

Subnational region

0.25°

Vector map

Vector map
0.50 km

0.084 km

7.5 arc s (ca.
0.25km)

6.00 km

0.25 km

0.03 km

““most recent” refers to the latest data point prior to when the area was surveyed.
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TABLE 2 | Anticipated effects of model terms included as test predictors into the model.

Model term* Anticipated effect Explanation/hypothesis

Cropland negative Land-use conversion to cropland results in habitat loss and fragmentation. It also increases contact between
humans and chimpanzees, e.g., when chimpanzees feed on crops, increasing the likelihood of conflict or disease
transmission.

Date negative Chimpanzee populations have continuously declined over the last decades Kihl et al., 2017.

Environment negative Tree cover and vegetation height loaded negatively on this factor, and savanna, temperature and rainfall
seasonality loaded positively, i.e., low values of this factor indicate rainforest conditions and high values indicate
savanna conditions. It can be expected that chimpanzee densities are lower in savanna than in forest habitat due
to differences in resource availability.

Forest loss negative Forest loss leads to habitat loss and fragmentation. It entails secondary threats such as increased bush meat
hunting around settlements in resource concessions.

Human activity negative Confiicts, human density, nighttime light, and settlements loaded positively on this factor. Increased intensity of
human activity leads to increased resource use which negatively influences chimpanzees.

Hunting taboo positive Due to cultural traditions Muslims are less likely to kill great apes for food than non-Muslims Davis et al., 2013. In
areas with a higher proportion of Muslims there is a higher prevalence of cultural taboos against eating
chimpanzee meat Ham and Carter, 1998.

Slope positive Steep terrain is characterized by less anthropogenic disturbances and could serve as a refuge area for

chimpanzees.

Socio-economic status? positive quadratic

Education and corruption control loaded positively on this factor, and poverty and malnourishment loaded

negatively. Improvement of the socio-economic status, e.g., economic development, is often accompanied by an
increase in resource use resulting in environmental degradation. Based on the concept of the environmental
Kuznets curve Mills and Waite, 2009, further economic growth might allow a community or country to invest into

environmental protection.

Human activity : Hunting positive
taboo

hunting taboos.
Human activity : Slope positive

areas.

Human activity :
Socio-economic status?

positive quadratic

socio-economic status.

Hunting taboo : Slope positive

The effect of hunting taboos increases when the intensity of human activity increases, because in areas with a very
low intensity of human activity the pressure on chimpanzees might be too low to reveal the positive effect of

The effect of steep terrain as a refuge area increases with increasing intensity of human activity in surrounding

The effect of socio-economic status increases with increasing intensity of human activity, because in areas with a
low intensity of human activity the pressure on chimpanzees might be too low to reveal an effect of

The effect of steep terrain as a refuge area increases with decreasing hunting pressure, because the positive effect

of steep terrain might not be observable in areas with very strong hunting pressure.

Hunting taboo :
Socio-economic status?

positive quadratic

In areas with a high prevalence of hunting taboos changes in socio-economic conditions might impact
chimpanzee densities, while there could be no such effect in areas without hunting taboos.

*Model term followed by superscripted 2 refers to a squared term.

and random effects structure as the full model (Forstmeier
and Schielzeth, 2011) using a likelihood ratio test (Dobson
and Barnett, 2008). All models were fitted with the R function
“glmer.nb” of the R package “lme4” (version 1.1-11, Bates
et al., 2015). Model stability was assessed by comparing model
estimates based on all data, with model estimates based on
data excluding countries one at a time. The model was stable
regarding the effects of all significant predictors (minimum and
maximum estimates in Table 3). To derive confidence limits, we
fitted parametric bootstraps. For this, we randomly selected one
nest decay bootstrap, determined the fitted nest decay rate, and
derived an adjusted offset term. We then fitted the full model
with the new offset term and derived one bootstrap with the R
function “bootMer” (package “lme4”). This was repeated 1,000
times. Unless specified otherwise, all analyses were implemented
in R (version 3.2.3, R Core Team, 2015).

Characterization of Positive Deviant Sites
We assigned the transects to 19 of the 20 sites delineated in
the previous study on western chimpanzee population trends

(Kiihl et al.,, 2017). We did not have data for Mount Péko
in Cote d'Ivoire, but it is thought that chimpanzees are now
extirpated there (Kiihl et al,, 2017). The remaining transects
covered 47 additional sites, usually according to protected area
delineation. For each of the total 66 sites and each factor that
was significant in the statistical model we calculated the median,
lower and upper quartile of the predictor variable. We then
compared characteristics for the three sites that were previously
identified as having stable populations, namely Fouta Djallon and
Sangaredi in Guinea and Cavally in Céte d’Ivoire (Kiihl et al.,
2017). We also analyzed sites with transects that deviated by
more than two standard deviations from the mean chimpanzee
density of transects with chimpanzee presence, as suggested by
Post and Geldmann (2018). Due to lower densities of feeding
trees, chimpanzee densities are naturally lower in savanna-
mosaics than in rainforest habitat (Pruetz and Bertolani, 2009).
As chimpanzees have adapted to these challenging conditions
(Wessling et al., 2018a,b), low chimpanzee densities in these
habitats do not imply population decline. We therefore, focus
interpretation of results on populations which have been shown
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TABLE 3 | Results of the full model to identify drivers of chimpanzee densities (Generalized Linear Mixed Model, n = 17,109).

Predictor? Estimate SE z

P

SEL, 22, P2, min® max® cud cud

lower upper
Intercept -3.176 0.761 € € 0.995 € € —-3.783 —2.765  —4.359 —2.101
Cropland —0.160 0231 -0.695 0487 0301 —-0532 0595 —0.507 0.009  —-0.689 0.302
Date —0.390 0.291 —1.338 0.181 0.381 —1.023 0306 -0.586 —0.255 —1.0756 0.246
Environment —1.037 0414  -2.501 0.012 0542 —-1913 0.056 -1.649 -0.789 —-2.312 —0.302
Forest loss —0.571 0.085 —6.736 < 0.001 0.111 —-5.162 < 0.001 —0.681 —0.496 —0.743 —0.399
Human activity —0.009 0.136 € e 0.178 € e —0.462 0256  —0.216 0.349
Hunting taboo 0.385 0.424 € € 0.554 € € —0.058 1.201 —0.250 1.645
Slope 0.490 0.200 € € 0.261 € € 0.225 0.594 0.072 0.869
Socio-economic status 0.469 0.239 € € 0.313 € € —0.578 0.463  —1.510 1.081
Socio-economic status? —0.259 0.232 € € 0.304 € € —0.632 0.050  —0.963 0.399
Human activity : hunting taboo —0.302 0.099 -8.053 0.002 0130 -2.335 0.020 -0.430 -0.052 —0.531 —0.078
Human activity : slope 0.175 0.050 3.476  0.001 0.066 2.658  0.008 —0.050 0.259 0.042 0.283
Human activity : socio-economic status —0.047 0.126  -0.370  0.711 0.165 —0.283 e —0.096 0.333  —0.301 0.321
Human activity : socio-economic status 2 0.004 0.098 0.040  0.968 0.128 0.031 0.976 —0.166 0.310 —0.289 0.189
Hunting taboo : slope 0.217 0.102 2.118 0.034 0.134 1.620 0.105 0.162 0.291 —0.064 0.472
Hunting taboo : socio-economic status 0.122 0.313 0.389 0.697 0.409 0.298 e —0.298 0.548 —0.632 0.953
Hunting taboo : socio-economic status? 0.504 0.207 2.437 0.015 0.271 1.864 0.062 0.054 0.692 —0.084 0.939
River f —0.419 0.130 —3.228  0.001 0170 —-2.469 0014 -0.533 -0.328 —0.683 -0.124
Road f 0.013 0.140 0.095 0.924 0.184 0.073  0.942 —0.039 0.124  —-0.284 0.329
Spatial autocorrelation f 0.704 0.074 9.502 < 0.001 0.097 7.267 < 0.001 0.660 0.756 0.532 0.852

aAll prediictors were z-transformed to a mean of zero and a standard deviation of one (mean and sd of predictors before being z-transformed in Supplementary Table 13).

bCorrected for overdispersion.
SMinimum and maximum value of model stability.
995% confidence limits.

€P- and z-values not shown for intercept and model terms that are conditional on other model terms because of very limited interpretation.

Control predictor.

to have remained stable (Kiihl et al., 2017) and also ordered sites
in Figure 3 according to environmental conditions.

RESULTS

In total, 13,464 nests were recorded. Estimated chimpanzee
density ranged between 0.00 and 46.33 individuals/km?, with
average densities of 0.14 % 0.93 individuals/km? (mean =+
SD) across all transects and average densities of 1.42 £ 2.67
individuals/km? on transects with chimpanzee presence.

Statistical Model

The full model explained chimpanzee density significantly better
than the null model (likelihood ratio test comparing full model
and null model without test predictors: x?> = 40.28, df =
16, p < 0.001, model results in Table 3, random effects and
random slopes in Supplementary Tables 11, 12). The factor
“environment” had a marginally significant negative effect,
with lower chimpanzee densities in dry and sparsely forested
areas, and higher chimpanzee densities in rainforest habitat
(Table 3). “Forest loss” had a significant negative effect on
chimpanzee density. Except for two transects in Marahoué
National Park, Cote d’Ivoire, chimpanzee nests were only
found on transects with <10% forest loss (Figure2A). We
also found a positive synergistic effect of human activity and
slope. Chimpanzee densities were higher in areas with low

intensities of human activity. However, in areas characterized
by relatively high intensities of human activity, chimpanzee
densities were higher in steeper terrain (Figure2B). There
was also a positive synergistic effect of human activity and
hunting taboo, with the highest chimpanzee densities in areas
with a high prevalence of hunting taboos and low degree
of human activity. Socio-economic status had no significant
effect (Table 3), i.e,, chimpanzee density was not significantly
influenced by education, poverty or malnourishment levels.
Cropland did not have a significant effect on chimpanzee
densities, but highest densities were recorded on transects
with <25% cropland. Overall, absolute model estimates showed
that the factor “environment” had the strongest influence on
chimpanzee densities, followed by “forest loss” and “slope”.

Characteristics of Positive Deviant Sites

In addition to the three sites identified as exceptional based
on stable populations in a previous study (Kiihl et al., 2017),
we identified five sites with transects with very high estimated
chimpanzee densities (>6.76 individuals/km? corresponding to
the mean+2SD), namely Tai (Cote d'Ivoire), Grebo (Liberia),
Nimba (Cote d’'Ivoire and Guinea part), and Boé (Guinea-Bissau,
Figure 3, Supplementary Figure 5). Characterization of those
sites could be grouped into three social-ecological configurations.
The first group was characterized by rainforest habitats with
low degree of forest loss and low intensity of human activity,
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FIGURE 2 | Chimpanzee density as a function of (A) forest loss (data points drawn in transparent colors to visualize overlapping points), and (B) slope and human
activity. Chimpanzee nests were found on transects with <10% forest loss (dashed vertical line). Chimpanzees mainly occurred on transects with low intensity of
human activity, but in areas with higher human activity higher chimpanzee densities were found in steeper areas, i.e., a refuge effect.

e.g., Cavally (Cote d’Ivoire), Grebo (Liberia), and Tai (Cote
d'Ivoire). The second group was characterized by steep terrain,
e.g., Nimba mountains in Guinea and Cote d’Ivoire. The third
was characterized by a high prevalence of hunting taboos and low
intensity of human activity, e.g., Boé in Guinea-Bissau, and Fouta
Djallon and Sangaredi in Guinea (Figure 3). Nimba (Liberian
part), Gola (Sierra Leone), and Goin-Débé (Cote d’'Ivoire) also
each had one transect with exceptionally high chimpanzee
densities, but as this was only one transect each, we did not base
any conclusions on these three sites.

DISCUSSION

In our study we found that three configurations of social-
ecological factors enabled chimpanzee persistence: rainforest
habitat with low degree of human impact, steep areas, and areas
with a high prevalence of hunting taboos and low degree of
human impact. While the conditions of the first and second
configuration are mirrored in conservation interventions aiming
at threat exclusion, such as the expansion of protected areas and
law enforcement, conservation interventions focusing on threat
reduction, as reflected in the third configuration, are still very rare
in primate conservation.

Social-Ecological Conditions Enabling

Chimpanzee Persistence

The results underlined the importance of intact habitat for
chimpanzee persistence, as chimpanzees seemed to only be able
to tolerate a surprisingly low threshold of a maximum of 10%
forest loss (Figure 2A). Habitat loss not only implies a loss
of feeding and nesting trees, but often also an increase in
other disturbances, such as hunting or human-wildlife conflicts
(Estrada et al., 2017). This is in line with previous findings
that chimpanzees are sensitive to habitat disturbance (Junker

et al,, 2015; Morgan et al., 2018). At those sites in our dataset
for which we found high forest loss levels, such as Monogaga
(median forest loss: 40.88%), Duékoué (14.19%) and Marahoué
(15.20%) in Cote d’Ivoire, chimpanzees are now thought to
be extirpated (Campbell et al., 2008; Kihl et al., 2017). In
contrast, median forest loss ranged between 0.09 and 1.51%
at sites with exceptional chimpanzee densities. Consequently,
very low levels of forest loss seem to be a prerequisite for
chimpanzee persistence.

Regarding the three social-ecological configurations enabling
chimpanzee persistence, we first found exceptionally high
chimpanzee densities at rainforest sites with low human activity.
The low level of human activity in some of these areas is due to
conservation interventions, such as law enforcement, presence of
researchers and NGOs, which have a scientifically proven positive
effect on great ape persistence (Campbell et al., 2011; Tranquilli
etal., 2012; Tagg et al.,, 2015). For other sites in this category, the
relative remoteness and the large distances to the next city (Weiss
et al,, 2018) might have enabled chimpanzee persistence, as it
has been shown that increased market integration has a negative
influence on chimpanzee densities (Boesch et al., 2017).

Second, exceptionally high chimpanzee densities were found
in steep terrain, especially when surrounding areas were strongly
impacted by humans (Figure2B). The steep terrain likely
reduced access for humans, as has been found elsewhere (Adanu
et al., 2011; Sesink Clee et al., 2015), and such areas are less
favorable for conversion to other land-uses (Kinnaird et al.,
2003; Silva et al., 2007), so that they seem to function as refuge
areas for chimpanzees. In savanna environments, steep terrain
also seem to be favored sleeping sites due to the higher tree
cover and access to water sources (Pintea and Plumptre, 2006).
Consequently, individual transects with very high densities may
indicate favored sleeping sites, while surrounding areas are likely
characterized by less favorable conditions. For those sites in
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our dataset with steep terrain and high chimpanzee densities,
including the Nimba mountains in Guinea and Cote d’Ivoire,
and to a lesser extent Loma mountains in Sierra Leone, the
population trend is not known. Chimpanzees might be restricted
to small refuge areas, and their long-term survival at those refuges
could be constrained due to reduced dispersal possibilities and
increased vulnerability, for example to diseases. This is illustrated
by examples from Cote d’Ivoire such as Mount Kopé and
Mount Sangbé for which strong population declines have been
shown (Kiihl et al., 2017). While these mountains are isolated
areas of steep terrain, there are regions where extensive areas
are characterized by relatively steep slopes, for example the
Fouta Djallon (Figure 3, Supplementary Figure 6). Here, loss in
dispersal ability is less likely to be of concern for chimpanzee
survival. In addition, mineral exploitation poses a threat as
mountains often contain mineral deposits, and several mining
sites operate in the Nimba mountains, entailing further threats to
wildlife such as infrastructure expansion (Edwards et al., 2014).

The third social-ecological configuration was characterized by
relatively low levels of human activity in combination with a
high prevalence of hunting taboos at sites characterized by higher
proportions of savanna habitat. It was surprising to find that this
group of sites not only has seemingly stable populations (Kiihl
et al,, 2017), but also exceptionally high chimpanzee densities,
despite the fact that our analysis showed that overall chimpanzee
densities are lower in savanna areas compared to rainforest areas
(Table 3). It appears that the adherence to hunting taboos by
humans reduced hunting pressure on chimpanzees, and thereby
the key threat to chimpanzees was removed. This is in accordance
with a site-based sociological study from Cote d’Ivoire that
showed that people adhering to hunting taboos generally do not
eat primate meat (Bachmann et al. submitted). These important
chimpanzee areas are now partly protected by the recently
established Boé National Park (Guinea-Bissau) and the Moyen
Bafing National Park (Guinea) that is currently being created.
However, large-scale open pit mining is underway at Sangaredi
(Guinea), and the current status of the chimpanzee communities
there is unclear.

However, there are exceptions to these patterns, i.e., there
are sites which are characterized by one of the above-mentioned
combination of factors but still have low chimpanzee densities
or decreasing populations. This shows that additional factors
for which data were not available across the entire study
area and could therefore not be included in our analysis
might influence chimpanzee persistence, for example absence
of diseases (Ryan and Walsh, 2011). Also, historic events, such
as intensive hunting in the past at specific sites (Hanson-Alp
et al,, 2003), might influence current chimpanzee densities. Due
to their slow life history apes are especially susceptible to such
threats and communities can take decades to recover from
single mortality events (Ryan and Walsh, 2011). In addition,
due their behavioral flexibility, chimpanzees might be able to
adapt to savanna and anthropogenic habitat mosaics and persist
there long-term, though likely at lower densities (Hockings
et al, 2015). For example, it has been shown that although
chimpanzees at Fongoli, Senegal, a site with strong seasonality
in temperature and rainfall, experience heat and dehydration

stress, chimpanzees likely developed mechanisms for avoiding
costs of energetic constraint (Wessling et al., 2018b). However,
these types of landscapes are still less surveyed, and longitudinal
data from more sites are needed to determine the population
trend, especially from Guinea-Bissau, Mali, Senegal, and Sierra
Leone for which such data are lacking. Consequently, this study
can only be regarded as a first step and follow-up studies are
needed to substantiate our findings.

Threat Reduction Through Behavioral
Change

Our study revealed three factors having a positive effect on
chimpanzee densities; habitat protection, reduced accessibility,
and hunting taboos. The first two factors are already reflected
in commonly implemented conservation interventions, such
as protected areas, law enforcement, and the presence of
researchers, NGOs and tourism activities, which have also been
shown to have a positive effect on ape persistence (Campbell
et al, 2011; Tranquilli et al, 2012; Strindberg et al., 2018).
The mechanism underlying those activities is threat exclusion,
meaning threats are excluded from delineated areas. In contrast,
the positive effect of hunting taboos is based on a different
mechanism, namely the reduction of a threat, in this case due to
a particular human behavior. While threat exclusion addresses
the symptoms of conservation challenges, threat reduction aims
to focus on the root causes. Previous studies argued that
for conservation to be successful, threats need to be actively
reduced (Allison et al., 1998; Clout, 2001; Challender and
MacMillan, 2014; Crees et al., 2016). Considering that only a
small proportion of chimpanzees are living in protected areas
(Kihl et al., 2017), conservation interventions reducing threats
outside of protected areas are needed, that thereby also reduce
the pressure on protected areas. However, in a recent compilation
of available evidence for the effectiveness of conservation
interventions for primates, the majority of interventions was
aimed at threat exclusion, for example through protected areas,
law enforcement, and species management (Junker et al., 2017).
There is considerably less evidence for interventions targeting
threat reduction (Junker et al., 2017).

While the positive effect of hunting taboos we found for
chimpanzees cannot be directly transferred to other areas,
conservation interventions mimicking these conditions could
complement current conservation efforts. The positive effect of
hunting taboos is a challenge for conservationists, because they
generally have a religious or a supernatural basis, both in their
origin and in their maintenance (Colding and Folke, 2001). While
taboos can be strengthened or reinforced where they already exist
(Junker et al., 2017), they cannot simply be introduced to other
areas, where they never existed or disappeared. An additional
concern is the loss of power of traditional taboos through
modernization and migration, with people from different cultural
or religious background being less likely to accept local taboos
(Golden and Comaroft, 2015).

Mimicking hunting taboos would mean to reduce the demand
for chimpanzees by consumers and discourage the supply by
hunters and traders. From a consumer perspective, chimpanzees
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are not a notable protein source, and the provision of alternative
protein sources is a common intervention aimed at reducing
the economic incentive to consume bushmeat, including
chimpanzee. Junker et al. (2015) have, for example, shown that
affordable fish protein correlated positively with chimpanzee
densities. Another important conservation intervention includes
awareness raising activities, especially because in certain areas
medicinal or magical properties are assigned to chimpanzee
parts and chimpanzee bone powder (Hanson-Alp et al., 2003).
There are studies that have shown a positive effect of such
interventions on bushmeat consumption, for example in the
context of repeated multimedia campaigns (Kouassi et al.,
2017) and Ebola information campaigns (Ordaz-Németh et al.,
2017). However, hunting chimpanzees is also strongly driven
by a demand for chimpanzee parts and live animals from
urban areas and even international markets (Kuehl et al,
2009; Greengrass, 2016; Strindberg et al, 2018). Awareness
raising activities at national or even regional scale specifically
targeting urban consumers is absent from West Africa, but
could be an important tool to reduce the acceptability of
chimpanzee consumption. Evidence from China suggests that an
ambitious nation-wide awareness raising campaign championed
by the most popular Chinese athlete, Yao Ming, resulted in
a change in government policy and a strong decrease in
shark fin demand across China (Whitcraft et al., 2014). In
general, research on behavioral change in conservation highlights
the need to go beyond awareness raising because often a
change in awareness alone is not enough to lead to pro-
environmental behavior (Schultz, 2011; Amel et al, 2017).
Stakeholder co-designed behavioral change tools therefore try
to identify barriers to behavioral change as well as providing
benefits (Schultz, 2014). Successful examples of behavioral
change interventions aimed at reducing bushmeat consumption
include the so-called community-based social marketing tool,
that has been implemented to reduce consumer demand for
wild meat in a Brazilian town, and that explicitly identified
and then reduced barriers to the consumption of domesticated
meat (Chaves et al., 2018).

From a supplier perspective, chimpanzees are mostly killed
or captured opportunistically, but because of their large size,
hunters make high profits from a single catch, and young
chimpanzees can be sold for the pet trade (Hanson-Alp
et al., 2003). Even such single catches can have detrimental
effects on chimpanzee populations due to their long time to
maturation and long inter-birth intervals. As discussed above,
law enforcement aiming to exclude hunters from certain areas
often seems not to be sufficient, mainly due to the virtual
impossibility of stopping every single hunter. Conservation
interventions aiming at reducing chimpanzee supply are scarce,
and here again stakeholder co-designed behavioral change tools
might be a way forward to first understand what is driving
certain behaviors and how hunters could be motivated to
not kill or capture chimpanzees despite their high monetary
value. While there is evidence that monetary and non-
monetary benefits can have a positive effect on primate
populations, there are also studies showing no effect (Junker

et al,, 2017). In addition, studies looking at the entire supply
chain from individual hunters via traders to sellers have
identified multiple entry points for conservation interventions
(Bachmann et al., submitted).

Application of the Positive Deviance
Approach to Other Study Systems and
Challenges

The positive deviance approach can be a useful tool for
conservation science because it focuses on identifying conditions
or mechanisms that have already proven to work. While
understanding threats to species is a prerequisite for conservation
planning, solutions are often a lot less understood. The positive
deviance approach allows directing research toward possible
answers to conservation challenges. In general, this approach can
be applied to any taxon, region and at different spatial scales,
if matched with data of corresponding resolution and quality.
Importantly, the spatial scale needs to be chosen so that there is
sufficient variation along multiple predictor variables.

Similarly to Frei et al. (2018) who applied this approach
to agricultural landscapes, we found that applying it to a
specific species comes with several challenges. First, it is difficult
to differentiate between the influence of historic and current
conditions, i.e., past events such as disease outbreaks might
have long-lasting effects on a population independent of current
conditions. This is of particular concern for species with slow life
histories. Second, the data, especially when it pertains to human
behavior or socio-economic context, might not be available at
a small resolution for a large area, which makes large-scale
analyses difficult. Here, multi-scale studies might give additional
insights. In general, many more studies using the positive
deviance approach would be needed to determine whether this
is truly a useful approach that can provide novel insights for
species conservation.

CONCLUSIONS

Conservation interventions, especially for the conservation of
primates, still largely focus on habitat protection and reducing
accessibility for humans through protected areas and law
enforcement. However, with about 80% of western chimpanzees
living outside of high-level protected areas, i.e., national parks
and strict nature reserves, the focus on excluding threats from
delineated areas might not be sufficient to ensure the long-
term survival of western chimpanzees. By using the positive
deviance approach, we found high chimpanzee densities and
seemingly stable population trends for sites with a high
prevalence of hunting taboos, even though those areas were not
set aside under any high-level protective status. This suggests
that these enabling conditions can be mimicked by using
stakeholder co-designed behavioral change approaches (Schultz,
2011, 2014; Chaves et al., 2018) to reduce hunting pressure
and thereby complement current conservation interventions.
While new behavioral change tools have been applied to
different environmental problems, they remain largely absent
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from primate conservation (Junker et al., 2017). With a
lot of organizations already working for the protection of
chimpanzees across West Africa and the relatively strong support
that chimpanzee protection garners within and outside its
range, this might be an opportunity to pioneer and test new
conservation approaches, which, if successful, could inform
protection of other primates. Applications of the positive
deviance approach to species conservation are still rare, and
many more studies and methodological advancements would
be needed to establish this method as a useful conservation
science tool.
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1 Data extraction and processing

1.1 Chimpanzee data

Transects longer than 1 km were split into sections of approximately 1 km to reduce predictor
variation along a single transect. This could only be done for transects for which the spatial
data for transect start and end were available. In total 1,838 transects were split.

For two recce datasets the tracklog data did not include timestamps. We connected consecutive
GPS points and noticed that they were in a wrong order which resulted in an overestimation of
survey effort (Supplementary Figure 7). Due to missing timestamps the original order of GPS
points could not be restored. Hence, we chose an approach for all recce datasets, for which we
first imposed a 0.5x0.5km grid on all connected tracklog data points and then determined which
grid cells were surveyed. Grid cells with less than 0.1km walked therein were omitted because
we assumed that these were an artefact of the above described wrong order of GPS points. For
the remaining grid cells we assumed an effort of 0.5km. Supplementary Table 14 compares the
survey effort reported in the study with the survey effort we estimated. For data extraction we
used the spatial coordinates of the midpoint of each cell.

1.2 Nighttime light

The nighttime light dataset was collected using three different satellites (F15, F16, F18) for
which the values are known to not be fully comparable (Doll 2008). We eliminated the effect
of satellite by fitting a set of models with the aim to standardize the data to a given satellite
(F18).

To derive models representative for the entire region, we derived a grid with a resolution of
half a minute (ca. 0.9km) across the range of western chimpanzees covering a total area of ca.
1.58 mio km?. We identified the coordinates of each cell center. For each cell (n=1,854,765)
and transect (n=17,109) we extracted the mean nighttime light within 50 km of the midpoint
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for the years 2000-2007 (F15), 2004-2009 (F16) and 2010-2013 (F18). We consequently had
18 values for each cell and transect (more details on data extraction Supplementary Table 6).
First we split the dataset for cells and transects into those where extracted values were zero in
all 18 combinations of year and satellite, i.e., there was never any nighttime light ('never' data),
those where extracted value were always larger than zero (‘always' data), and the remainder
('sometimes' data). Year was z-transformed to a mean of zero and a standard deviation of one.
For the 'never' data there was no need to correct for not fully comparable values, and we simply
set standardized nighttime light to zero. To determine the effect of satellite on the value of
recorded light, we selected all combinations of cell/transect, year and satellite where extracted
values were larger than zero from the ‘always' and 'sometimes' data. We fitted a linear mixed
model (LMM, Baayen 2008) with nighttime light (log-transformed) as the response; year,
satellite and their interaction as fixed effects; year (as a factor) and cell/transect ID as random
intercepts and year within cell/transect as random slope. We fitted the model using a Gaussian
error structure and identity link.

To determine the effect of satellite on whether light was recorded or not, we fitted a Generalized
linear mixed model (GLMM, Baayen 2008) to the ‘sometimes’ data with nighttime light as a
binary response (yes/no). This model was identical to the above mentioned LMM, but we did
not include the interaction between year and satellite because the model did not converge
otherwise. This model was fitted using a logistic error structure and logit link function
(McCullagh & Nelder 1989). From both models we extracted predicted values for satellite F18,
whereby predicted values were extracted in probability space for the GLMM.

We finally derived the fitted nighttime light (assuming satellite F18) as follows: for the 'never'
dataset we simply set it to zero; for the 'always' dataset we set it to the exponential of the
predicted values from the LMM; and for the 'sometimes' data we set it to the product of the
predicted values from the LMM exponentiated and the GLMM. Models were fitted using the
functions Imer (LMM) and glmer (GLMM), respectively, of the R package Ime4 (version 1.1-
12, Bates et al. 2015).

1.3 Malnourishment data

The temporal resolution differed strongly between countries. We extracted one value for each
year for which there were data in any of the datasets, i.e., 1992, 1993, 1994, 1995, 1998, 1999,
2000, 2001, 2003, 2005, 2006, 2007, 2008, 2009, 2010, 2011, 2012, 2013. For each subnational
region and year we extracted the value from the closest year that was available. For example,
for Cote d’Ivoire we had data for the years 1994, 2006, 2011. So for the years 1992 to 2000 we
extracted the values from the 1994 survey, for the years 2001 to 2008 from the 2006 survey
and for 2009 to 2013 from the 2011 survey.

2 Factor analyses of predictor data

Spearman correlations among predictors indicated that some predictors were highly
interrelated (Supplementary Table 7); hence, we used Factor Analyses (FA) to reduce
redundancy among them. To retain explanatory value, we grouped thematically related
predictor variables and ran two separate FAs using the R function ‘factanal’ with varimax
rotation. We conducted one FA with habitat and climate predictors, i.e., tree cover, vegetation
height, savanna, temperature and rainfall. The FA was justified as shown by the Kaiser-Meyer-
Olkin measure of sampling adequacy (0.84) and Bartlett’s test of sphericity (x°=106,778,
df=10, P<0.001, McGregor 1992). An initial Principal Component Analysis (PCA) revealed
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that only one principal component had an Eigenvalue >1 and the following FA showed that all
five predictors loaded strongly on one factor with an Eigenvalue of 4.06 (Supplementary Table
8). The variance explained by this factor was 81.27% and we termed this factor “environment”.
Into the second FA we included eight of the socio-economic predictors (Supplementary Table
9; Kaiser-Meyer-Olkin measure of sampling adequacy: 0.76, Bartlett’s test of sphericity:
¥?=100,299, df=28, P<0.001). The initial PCA revealed two principal components with an
Eigenvalue >1 and the FA resulted in two factors with Eigenvalues of 3.03 and 2.31,
respectively. Together the two factors explained 66.80% of the total variance. On the first factor
education and corruption control loaded positively, while poverty and malnourishment loaded
negatively. We termed this factor “socio-economic status”. On the second factor settlements,
human density, nighttime light and conflicts loaded positively. We termed this factor “human
activity”. For subsequent analyses the second factor was transformed as sqrt(x-min(x)) to
derive an approximately symmetric distribution.

We did not include the variables cropland, forest loss, hunting taboo, slope, rivers, and roads
in the FA because either they did not load strongly on any factor with Eigenvalue > 1, or
because it was the only predictor that loaded strongly on a factor. We therefore included them
as separate predictors in the model.

3 Spatial autocorrelation

We included an autocorrelation term into the model to account for spatial autocorrelation, i.e.,
that nest counts from transects that were closer to one another were more similar, even after
accounting for the predictors in the model, and therefore the model residuals were not
independent. To obtain the autocorrelation term, we first extracted residuals for each data point
from the full model. We then, separately for each data point, averaged the residuals of all other
data points, each weighted by the spatial distance to the focal data point. The weight was
normally distributed with a mean of zero and we derived the optimal standard deviation by
maximizing the log-likelihood of the full model with the derived autocorrelation term included
as an additional predictor.

4 Nest decay time

To convert chimpanzee nest density to chimpanzee density, nest decay times are needed. Nest
decay times vary strongly between sites and seasons (Walsh & White 2005; Kuhl et al. 2008),
but because data collection is very laborious, only few studies exist. Instead researchers often
rely on already published decay times and use one from a site similar in habitat or climatic
characteristics, or the one that is spatially the closest. To assign decay times to transects across
our entire study area using this approach would lead to arbitrary cut-off points, but decay times
vary gradually across the region.

It has been shown that nest decay times are strongly influenced by rainfall (Walsh & White
2005; Kouakou et al. 2009). Hence, we first fitted models to determine the mean nest decay
time separately for each of the eight nest decay datasets and then fitted a separate model to
estimate decay time as a function of rainfall. We then assigned a nest decay time to each
transect based on that model and the mean rainfall at the respective transect.

In a first step, to calculate mean nest decay times we fitted three models that estimate the
probability of nest decay as a function of time, separately for each of the eight sites for which
nest decay data were available: a logistic model with left-truncation (Laing et al. 2003), a
logistic model with reciprocal transformation of time (Laing et al. 2003), and a Markov model
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(Spehar et al. 2010). For each nest decay dataset we fitted the three models and weighted the
resulting estimated decay times by the corresponding models’ AIC weight (Burnham &
Anderson 2002) to derive a mean estimated decay time. These varied between 85 days in
Djouroutou, Cote d’lvoire, and 243 days in Dindefelo, Senegal (Supplementary Table 4).
In a second step, we modelled decay time as a function of rainfall. To this end, we extracted
mean rainfall across the study period and study site for each decay dataset from the Tropical
Rainfall Measuring Mission dataset (TRMM & GES DISC 2011). We fitted a sigmoidal non-
linear least squares model (Pinheiro & Bates 2000) using the R function ‘nls’ to estimate four
parameters describing the influence of rainfall on decay time as:

nest decay time ~ c1 + c2 * (1/(1 + exp(-(cs - ¢4 * rainfall))))
where cyx are the estimated model parameters. The model revealed a minimum fitted decay time
of 85.45 days and a maximum fitted decay time of 229.03 days (Supplementary Figure 2). To
assess model uncertainty we derived 10,000 non-parametric bootstraps based on a resampling
with replacement of the eight decay rates (Supplementary Figure 3). As only 795 unique
bootstrap datasets converged, variance might be underestimated. We used this model, which
estimates decay time as a function of rainfall, to calculate nest decay times for each transect,
based on the rainfall at each transect. We assumed that decay times were influenced by rainfall
up to eight months prior to when the transect was surveyed, as this was the maximum decay
time calculated for the above decay datasets. As the range of rainfall covered by the study sites
was limited, we used the model only for interpolation. Transects with lower rainfall were
assigned the minimum fitted decay time and transects with higher rainfall the maximum fitted
decay time (Supplementary Figure 2).

5 Effective strip width

We determined the effective strip width (ESW) using DISTANCE 6.2 Release 1 (Thomas et
al. 2010). We used a truncation distance of 50m with which 12,025 observations remained. We
grouped the data according to three habitat types (cropland, forest and savanna) and calculated
the ESW separately for each habitat type, using different key functions and adjustment terms
(Supplementary Table 2). We selected the best fitting model based on lowest AIC and y?-tests.

6 Multicollinearity

To rule out multicollinearity, we determined Variance Inflation Factors (VIF, Field 2009) using
the function ‘vif® of the R package ‘car’ (version 2.1.1, Fox & Weisberg 2011) applied to a
standard linear model excluding all random effects and interactions. The predictors
‘environment’ and ‘hunting taboo’ had the largest VIFs with 3.16 and 3.57, respectively. An
inspection of the two predictors plotted against each other revealed good variation of each of
the two predictors across the entire range of the respective other, which indicated no
collinearity problem (Supplementary Figure 4). But to ensure that possible collinearity did not
bias model results, we fitted two additional models excluding each of the factors. This did not
reveal a significant change in model estimates and standard errors (Supplementary Table 10).

38



Chapter 1 — Supplementary material

7 Supplementary Tables

Supplementary Table 1: Chimpanzee nest surveys used in the study.

Survey

Country Study site(s) Survey year(s) Reference type
Burkina Faso several sites 2012 Ginn et al. 2013 recce
Céote d'lvoire Azagny NP 2007 WCF 2007a transect
Céote d'lvoire Banco NP 2007-2008 WCF 2008 transect
Céote d'lvoire Banco NP 2008 WCF 2008 transect
Céte d'lvoire Cavally 2008-2009 WCF 2010a transect
Céote d'lvoire Cavally 2010 WCF 2010a transect
Céte d'lvoire Comoé 2009 WCF 2009a transect
Céote d'lvoire Comoé 2012 WCF 2012a transect
Céte d'lvoire Goin-Débé 2006-2007 WCF 2010a transect
Céote d'lvoire Goin-Débé 2009-2010 WCF 2010a transect
Céote d'lvoire Marahoué 2006 WCF 2006 transect
Céote d'lvoire Marahoué 2007 WCF 2007b transect
Céote d'lvoire Mt Sangbé 2001 WCF 2001 transect
Céote d'lvoire Nationwide 2007 Campbell et al. 2008 transect,
Céote d'lvoire Nimba 2008-2009 WCF 2009b ':f;rss?ect
Céte d'lvoire Tai NP 2013 WCF 2013a transect
Céote d'lvoire Tai NP 2013-2014 WCF 2014a transect
Céte d'lvoire Tai NP 2014-2015 WCF 2015 transect
Ghana Atewa Range FR 2006 Granier & Awotwe-Pratt  transect
Ghana Bia Goaso 2009-2010 é%?;uah etal. 2012 transect
Ghana several sites 2006-2009 Gatti 2009 recce
Ghana several sites 2015 PanAf recce
Guinea Bafing River 2013-2014 WCF 2014b transect
Guinea Foutah Djallon 2011-2012 WCF 2012b transect
Guinea Haut Niger NP 2001 Fleury-Brugiere & transect

Brugiere 2010
Guinea Haut Niger NP 2002 Fleury-Brugiere & transect

Brugiere 2010
Guinea Pic de Fon 2002 WCF 2002 transect
Guinea several sites 2008-2011 WCF 2012b transect
Guinea-Bissau Boé 2013 Chimbo Foundation recce

2016 & PANAF
Guinea-Bissau Lagoas Cufada NP 2010 Carvalho et al. 2013 transect
Guinea-Bissau Lagoas Cufada NP 2011 Carvalho et al. 2013 transect
Liberia Gola NF 2011-2012 Hillers 2012 transect
Liberia Grebo NF 2005-2006 Gamys 2006 transect
Liberia Grebo NF 2012 WCF 2012c transect
Liberia Grebo NF 2013 PanAf transect
Liberia Nationwide 2010-2012 Tweh et al. 2015 transect
Liberia Nimba Arcelor Mittal 2010 WCF 2011a transect
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Liberia
Liberia
Liberia
Liberia
Liberia
Liberia
Liberia

Mali / Guinea
Senegal
Senegal
Senegal
Senegal

Sierra Leone
Sierra Leone
Sierra Leone

Nimba Arcelor Mittal
Nimba East

Proposed Grebo NP
Proposed Grebo NP
Sapo NP

Sapo NP

Sapo NP

APT Bafing-Falémé

Heremakhono
Kanoumering
Kayan
Makhana

Bumbuna
Gola RNP
Nationwide

2011
2013-2014
2013
2014
2009
2012
2014
2003-2004

2013-2014

2013-2014

2012

2013-2014

2013
2009
2009-2010

WCF 2011a
PanAf

WCF 2013b
WCF 2014c
WCF 2010b
PanAf & WCF
FFI 2014

Granier & Martinez
2004

Wessling unpublished
data

Wessling unpublished
data

PanAf

Wessling unpublished
data
Barrie 2016

Ganas 2009
Brncic et al. 2015

transect
transect
transect
transect
transect
transect
transect
transect

transect
transect
transect,
recce

transect

transect
transect
transect

Supplementary Table 2: Effective strip width estimated for three habitat types and function used

for the analysis.

Habitat type No. observations ESW (m) Key function  Adjustment term
Cropland 1029 20.25 half-normal simple polynomial
Forest 5649 18.58 uniform cosine

Savanna 5347 24.56 uniform cosine
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Supplementary Table 3: Detection model selected for each habitat type for the estimation of the effective strip width (ESW) and results of the y?-
goodness of fit test for each detection model. Results include point estimate, standard error (SE), coefficient of variation (CV), and 95% Confidence limits
(CI) for the parameters (A) in the probability density function, the probability density function evaluated at distance zero (f(0)), the detection probability (p),

and ESW.
Habitat type  Selected detection model Model parameters y2-goodness of fit test on detection model
Parameter Point SE CV (%) 95 % Cl total y?>-  degrees Probability of a
estimate value of greater 2 value
freedom
Cropland Half-normal key, k(y) = Exp(-y?/(2*A(1)?%)) A1) 1558 0.878 4.27 3 0.23
Simple polynomial adjustments of orders: 4, 6 AQ) 421 1.832
A@3) 1320 4.828
f(0) 0.05 0.002 320 0.046 0.053
p 0.41 0.013 320 0380 0431
ESW 20.25 0.649 3.20 19.020 21.569
Forest Uniform key, k(y) = 1/W A1) 113 0.014 2.12 2 0.35
Cosine adjustments of orders: 1, 2, 3, 4 AQ2) 0.37 0.018
A@3) 0.14 0.019
A(4) 0.06 0.015
(0) 0.05 0.001 1.78  0.052 0.056
p 0.37 0.007 178 0359 0.385
ESW 18.58 0.332 178 17.943 19.244
Savanna Uniform key, k(y) = 1/W A1) 0.86 0.016 3.41 4 0.49
Cosine adjustments of orders: 1, 2 AQ2) 0.18 0.017
f(0) 0.04 0.001 138 0.040 0.042
p 0.49 0.007 138 0478 0.505
ESW 2456 0.340 1.38 23.901 25.233
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Supplementary Table 4: Nest decay time estimates based on eight nest decay datasets.

Deca
Study site Reference No. nests Stu_dy Rainfall* Model AlC A.IC timey Lower  Upper
period weight Cl Cl
(days)
Liberia PanAf 142 2010- 0.22 left truncated 140.93 0.97 153.97 13538 178.15
Sapo NP 2012 reciprocal 148.22 0.03 15413 13185 177.21
(forest) markov 164.30 0.00 18793  153.83  233.90
mean 15397 13529 178.13
Liberia PanAf 62 2010- 0.21 left truncated 54.20 0.78 14594 101.32 182.08
Sapo NP 2012 reciprocal 56.74 0.22 145.67 104.43 181.82
(marshes) markov 66.01 0.00 186.81 141.08 261.01
mean 145.97 102.09 182.19
Guinea WCF 2012b 226 2011- 0.10 left truncated 119.16 0.30 220.44  216.60 229.82
Foutah 2012 reciprocal 117.42 0.70 216.36  210.19 22443
Djalon markov 404.00 0.00 394.81 347.04  462.38
mean 21757 212.08 226.02
Guinea Fleury-Brugiere & 151 2002- 0.21 left truncated 924.83 0.00 21225 17244  259.90
Haut Niger Brugiere 2010 2003 reciprocal 889.67 1.00 22921 157.63 291.33
markov 921.51 0.00 209.56 172.84  259.45
mean 229.21 157.63 291.33
Senegal IJGE Senegal 419 2013- 0.14 left truncated 2462.57 0.20 24142 21797 270.01
Dindefelo 2016 reciprocal 2474.24 0.00 233.37 17426  258.31
markov 2459.75 0.80 243.67 21732 272.09
mean 243.22 21742  271.68
Céote d'lvoire Kouakou et al. 2009 141 2005- 0.24 left truncated 728.44 0.25 94.36 7273 11414
Tal NP 2006 reciprocal 730.65 0.08 94.18 78.81 113.09
markov 726.42 0.67 94.59 79.31 112.65
mean 94.50 77.66  113.05
Céote d'lvoire WCF 2011b 139 2010- 0.23 left truncated 125.17 0.22 87.05 70.84  109.87
Djouroutou 2011 reciprocal 125.70 0.17 72.10 5452  117.48
markov 123.16 0.61 87.50 67.57 109.41
mean 84.77 66.07 110.89
Céote d'lvoire WCF 2011b 176 2010- 0.20 left truncated 217.90 0.22 163.48 13505 192.14
Tal NP 2011 reciprocal 218.45 0.17  146.78 118.98 275.66
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markov 215.89 0.61 16457 13551  199.03
mean 161.31 132.61 210.46
*mean rainfall across study area and study period extracted from the Tropical Rainfall Measuring Mission product 3B43 in mm/hr per 0.25°x0.25° pixel

Supplementary Table 5: Parameters of the nest decay time model to estimate the influence of rainfall on decay time.

Model parameter Estimate
C1 -82.44
() 311.75
Cs 12.31
Cs 50.91
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Supplementary Table 6: Predictor data extraction and post-processing

Covariate Extraction Data extraction per transect Post-processing of extracted data per transect Transformation
radius for model/
factor analysis
Conflicts 15km number of conflicts within a circle around the none none
transect midpoint weighted by inverse time lag in
years between conflict and transect survey
Corruption 20km mean of values within the extraction radius (ER) we used the mean across all years none
control around the transect, weighted according to the
proportion with which the resulting area overlapped
with different countries
Cropland 5km proportion of pixels within the ER around transect we used the mean across all years square root (x)
classified as cropland and cropland/natural vegetation
mosaic
Education 20km mean of values within the ER around transect, none none
weighted according to the proportion with which the
resulting area overlapped with different subnational
regions
Forest loss 5km frequency of pixels with forest loss per year within we used the proportion of pixels with forest loss for the years before square root (x)
the ER around transect the survey was conducted (excluding year of survey)
Human 15km mean of values within the ER around transect none log(x)
density
Hunting 20km mean of values within the ER around transect, none none
taboo weighted according to proportion with which the
resulting area overlapped with different subnational
regions
Malnourish- ~ 20km mean of values within the ER around transect, we used the mean across all years none
ment weighted according to the proportion with which the
resulting area overlapped with different subnational
regions (additional information below in ‘Text 2:
Malnourishment data extraction”)
Nighttime 50km mean of values within the ER around transect for details on how we derived the predicted value for each year refer square root (x)
light below to “Text 3: Nighttime light data processing’; each transect was

assigned the predicted value for the year the survey was conducted, all
surveys conducted after 2013 were assigned the value for 2013
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Poverty 20km mean of values within the ER around transect, none none
weighted according to the proportion with which the
resulting area overlapped with different subnational
regions
Rainfall mean of values of all pixels transversed by transect, to determine the seasonality in rainfall, we calculated the effect size none
weighted by transect length per pixel; for transects (partial R?) of season for each transect by comparing a model with
with NA for a certain month we used the mean of date (in days) and season (sine and cosine of Julian date converted to
values of neighbouring pixels radians) as predictor, and a model with only date as predictor (model
based on regression with R function 'Im’, model comparison with
‘anova’)
River distance between transect midpoint and closest river none square root (x)
in km
Road distance between transect midpoint and closest road none square root (x)
in km
Savanna 5km proportion of pixels within the ER around transect we used the mean across all years none
classified as savanna, woody savanna, open
shrubland, or closed shrubland
Settlements 50km mean of values within the ER around transect none square root (x)
(original values were binary with 0 for ‘no
settlement’ and 1 for ‘settlement)
Slope 2km mean of values within the ER around transect none log(x)
Temperature mean of values of all pixels transversed by transect, we used the mean across all months none
weighted by transect length per pixel; for transects
with NA for a certain month we used the mean of
values of neighbouring pixels
Tree cover 5km mean of values within the ER around transect variation among years within transects was very large; for each none

transect we fitted a regression (R function ’Im’) with extracted values
as response and date (in days) as a predictor, we then estimated tree
cover for each year (R function ‘predict.lm’), each transect was
assigned the predicted value for the year the survey was conducted, all
surveys done after 2010 were assigned the value for 2010

Vegetation 5km
height

mean of values within the ER around transect

none none
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Supplementary Table 7: Spearman correlations between predictors.

Vege-

Mal-

Tree : Savan-i Crop- Tempe- Preci- Human  Settle- . Forest " Con-| Hunt. - Po-: Edu- Cor-
cover taFlon na land rature  pitation Slope density  ments loss t}me flicts | taboo nourish- verty | cation ruption Road
height light ment

Tree

cover

Vege-

tation 0.89

height

Savan- - 5g, g3

na

Crop- 540 051 031

land

Tempe-

tute 086 -083 074 031

Preci-

itation 062 062 078 009 0.55

Slope 025 -022 032 026 0.17 0.36

Human 42 026 013 0.69 0.07 011 041

density

Settle- 016 004 -016 050  -022  -022 022 0.77

ments

IFoc;rSeSt 011 -014 007 057 002  -005 0.9 057 053

Night-

time 001 -013 011 049 002  -028 0.06 055 077 0.38

light

Sonﬂ'a 002 005 005 005  -0.08 010 012 021 015 018  -0.14

gggg“g 050 -052 068 -0.05 0.55 073 024 012 -028 -022 -023 008

Mal-

nourish- 023 029 -007 043  -031 015 -0.19 046 046 -022  -0.70 023 0.0

ment

Poverty -0.31 024 050 -0.25 0.33 061 0.20 029 046 -029 -059 025 0.73 0.46

Ea‘it’on 001 -010 -013 035 004  -045 -0.15 03 051 022 065 -0.12 -0.22 0.66 -0.59

ﬁ%rt}on 025 030 -046 006  -030  -057 -021 017 025 0.14 021 007 -0.74 012 -054 041

Road 043 038 -043 020  -040  -053 -0.34 027 011 -017 021 -031 -0.35 012 -044 040 024

River 016 -018 018  0.04 0.27 0.0 0.08 005 -001 -0.09 016 -0.09 0.33 027 021 005 -030 -0.03
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Supplementary Table 8: Loadings of habitat and climate predictors on the factor “environment” as
derived from the first Factor Analysis.

Environment

Temperature 0.97
Savanna 0.91
Tree cover -0.91
Vegetation height -0.91
Rainfall seasonality 0.80

Supplementary Table 9: Loadings of socio-economic predictors on the two factors “Socio-
economic status” and “Human activity” as derived from the second Factor Analysis.

Socio-economic Human activity

status
Education 0.88 * 0.21
Poverty -0.83* -0.23
Corruption control 0.76 * 0.05
Malnourishment -0.71* -0.22
Settlements 0.36 091~*
Human density 0.26 0.77 *
Nighttime light 0.52 0.69 *
Conflicts -0.05 0.53 *

* largest absolute loading for each predictor
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Supplementary Table 10: Results for models each fitted without one of the two factors that
showed increased Variance Inflation Factors and might therefore be influenced by possible
multicollinearity. For the model ‘Environment excluded’” we removed the predictor ‘Environment’
from the full model, and for the model ‘Hunting taboo excluded” we removed all model terms that
contained the predictor ‘Hunting taboo’. For both models the model estimates and standard errors

(SE) did not change significantly compared to the full model.

Model Predictor Estimate SE
‘Environment’ excluded Intercept -3.263 0.755
Cropland -0.184 0.226
Date -0.429 0.317
Forest loss -0.564 0.085
Human activity 0.020 0.130
Hunting taboo 0.252 0.430
Slope 0.496 0.196
Socio-economic status 0.465 0.239
Socio-economic status 2 -0.263 0.233
Human activity : Hunting taboo -0.306 0.097
Human activity : Slope 0.172 0.050
Human activity : Socio-economic status -0.054 0.125
Human activity : Socio-economic status 2 -0.007 0.096
Hunting taboo : Slope 0.229 0.102
Hunting taboo : Socio-economic status 0.038 0.314
Hunting taboo : Socio-economic status 2 0.490 0.208
River -0.425 0.133
Road 0.022 0.142
Spatial autocorrelation 0.702 0.073
‘Hunting taboo’ excluded Intercept -3.189 0.855
Cropland -0.237 0.228
Date -0.392 0.282
Environment -0.913 0.350
Forest loss -0.573 0.086
Human activity -0.259 0.193
Slope 0.542 0.227
Socio-economic status 0.248 0.237
Socio-economic status 2 -0.440 0.229
Human activity : Slope 0.124 0.060
Human activity : Socio-economic status -0.018 0.139
Human activity : Socio-economic status 2 0.187 0.111
River -0.425 0.126
Road 0.042 0.141
Spatial autocorrelation 0.701 0.074
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Supplementary Table 11: Estimated random effects for the full model indicate the overall among
country variation for the effect of each model term on the response.

Predictor SD
Intercept 1.845
Cropland 0.487
Date 0.699
Environment 0.911
Forest loss 0.000
Human activity 0.175
Hunting taboo 0.699
Slope 0.475
Socio-economic status 0.000
Socio-economic status 2 0.000
Human activity : Hunting taboo 0.000
Human activity : Slope 0.000
Human activity : Socio-economic status 0.000
Human activity : Socio-economic status 2 0.000
Hunting taboo : Slope 0.000
Hunting taboo : Socio-economic status 0.000
Hunting taboo : Socio-economic status 2 0.000
River 0.274
Road 0.290
Spatial autocorrelation 0.162

Supplementary Table 12: Estimated random intercepts and slopes for the full model indicate the

between country variation for the effect of each model term on the response, relative to the model

estimates.

Predictor Bur:;:ca, d'lvcc?int': Ghana Guinea G:::;al; Liberia  Mali Senegal f;i::
Intercept -1.765  -0.667 -1.532 -0.128 3.750 -0.177 0.040 0.187 0.792
Cropland 0.068 -0.529 0.792 -0.328 -0.107 0.253 -0.013 -0.126 0.023
Date -0.156 0.194 1357 0.017 -0.738 -0.252 -0.019 -0.463 0.105
Environment -0.800 -0.545 0.216 1.170 0.398 -0.954 0.023 -0.017 0.757
Forest loss 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Human activity 0.021 0.221 -0.071 -0.164 -0.034 -0.034 -0.002 -0.007 0.076
Hunting taboo -0.150 0.990 0.029 -0.097 0.074 -0.849 0.005 0.046 -0.072
Slope 0.144 0.019 -0.304 0.605 0.607 -0.362 -0.007 -0.237 -0.509
Socio-economic status 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Socio-economic status 2 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Human activity : Hunting taboo 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Human activity : Slope 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Human activity : Socio-economic status 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Human activity : Socio-economic status > 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Hunting taboo : Slope 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Hunting taboo : Socio-economic status 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Hunting taboo : Socio-economic status 2 0.000

River 0.053
Road 0.026
Spatial autocorrelation -0.010

0.000
-0.119
-0.526

0.135

0.000
-0.081
0.112
-0.058

0.000 0.000 0.000 0.000 0.000 0.000
-0.001 0.074 0.458 -0.002 -0.069 -0.297
0.092 -0.074 0.172 0.000 0.007 0.161
0.041 0.030 -0.185 0.000 0.200 -0.160

Supplementary Table 13: Mean and standard deviation of predictors before being z-
transformed to a mean of zero and a standard deviation of one.

Predictor mean SD
Cropland 0.246 0.244
Date* 14980.107 882.374
Environment 0.000 0.984
Forest loss 0.104 0.094
Human activity 1.420 0.292
Hunting taboo 40.330 33.240
Slope 0.667 0.673
Socio-economic status 0.000 0.945
River 3.675 1.670
Road 3.047 1.376
Spatial autocorrelation -0.292 0.300
* Julian date

Supplementary Table 14: Comparison of survey effort reported and survey effort estimated

for recconnaisance datasets.

Survey effort

Survey effort

Dataset reported [km] derived for this Comment
study [km]

Burkina Faso — 250.00 207.50 No chimpanzee signs were found on any of the recces,

several sites 2012 so that chimpanzee density was 0. Our underestimate
of survey effort therefore did not bias estimated
chimpanzee density.

Ghana — not reported 1138.50

several sites 2006-2009

Ghana — not reported 258.00

several sites 2015

Guinea-Bissau — 181.39 181.50

Boé 2013

Senegal — 69.25 69.50

Kayan 2012
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8 Supplementary Figures
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Supplementary Figure 1: Detection probability (red lines) along perpendicular distance and the
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proportion of observations (blue bars) in distance intervals for the estimation of effective strip width
for each of the three habitat types: cropland (A), forest (B) and savanna (C).
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Supplementary Figure 2: Top: Nest decay time as a function of rainfall (solid line). Transects
with lower rainfall were assigned the maximum fitted decay time (dashed line) and transects with
higher rainfall the minimum fitted decay time (dashed line). Bottom: The majority of transects had an
intermediate rainfall and was assigned a nest decay time from the fitted model.
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Supplementary Figure 3: Bootstraps for the model of nest decay time as a function of rainfall
(grey lines, n=10,000). The two black vertical graphs show the density distribution of the
bootstrapped minimum/maximum nest decay time.
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hunting taboo (z-transformed)

environment (z-transformed)

Supplementary Figure 4: The two predictors ‘environment’ and ‘hunting taboo’ had the largest
Variance Inflation Factors among the model predictors. Here we plotted the two variables against
each other to check for collinearity. This plot showed good variation of each of the two predictors
across the entire range of the respective other.
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Supplementary Figure 5. Chimpanzee densities and significant factors from statistical
model plotted for additional sites not included in the main body. Sites are sorted according to
environment from rainforest habitat (top) to savanna habitat (bottom). Trend estimates were
not available. In the chimpanzee density panel data points are drawn in transparent grey, so
that overlapping data points appear in a darker shade, meaning sites with low chimpanzee
density do not necessarily have less data points. The vertical dashed line in the chimpanzee
density panel marks the threshold for exceptional density (6.76 individuals/km?
corresponding to the mean+2SD as suggested by Post & Geldmann (2018)). Horizontal axes
depict the range of values in the dataset. Bars represent the lower and upper quartiles and
thick vertical lines the median.
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Supplementary Figure 6. Distribution of steep terrain across the range of western
chimpanzees based on data extracted from the Global multi-resolution terrain elevation data
(GMTED2010, Danielson and Gesch, 2011).
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Supplementary Figure 7. Example of connected consecutive tracklog data points without
timestamps for a specific recce.
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