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Abstract 

According to optimal foraging theory, natural selection favours animals that move across their 

environment in a way that maximises energy balance.  Maintaining energy balance is 

particularly challenging for terrestrial animals living in rugged, montane environments, where 

available energy is relatively low and travel costs are high.  Chimpanzees are ecologically 

flexible and show extensive behavioural diversity across study sites.  They have a relatively 

inefficient form of terrestrial locomotion, expending significantly more energy travelling up 

slopes than on level ground, and rely on patchily distributed seasonally variable resources.  

The aim of this thesis was to improve our understanding of how chimpanzees in Nyungwe 

National Park, Rwanda have adapted to a rugged, low resource, montane environment using 

spatial analyses of their travel routes.  I examined three strategies that Nyungwe chimpanzees 

may use to maintain their energy balance: 1) adjust their daily travel distance and home range 

size during periods of low fruit availability, 2) preferentially use human-made trails and ridge 

tops for travel, and 3) use advanced spatial cognition to plan energy-efficient routes.  

 

Nyungwe chimpanzees reduced their daily travel distance during periods of fruit scarcity.  They 

were able to maintain relatively large party sizes during low fruit months by feeding in large fig 

trees and patches of terrestrial herbaceous vegetation that are abundant throughout their 

home range.  The decrease in travel effort did not correspond with a decrease in foraging 

area.  Instead, monthly home ranges remained relatively consistent in size and shifted location 

across the study period.  Chimpanzees often concentrated their feeding on one or two fruit 

species at a time and these dominant food species are confined to different altitudinal ranges.  

The seasonal shifts in home range location may reflect the altitudinal variation in the 

availability of important foods.   

 

Line density analysis of chimpanzee travel routes identified a network of high-use routes 

across their range.  Nyungwe’s undergrowth is dominated by dense ground herbs and vine 
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thickets that likely impede chimpanzee locomotion.  As chimpanzees travelled through this 

dense undergrowth, they trampled vegetation, compacting the substrate and reducing the 

superstrate, making the route less costly to traverse and thus more attractive to other 

chimpanzees.  Their concentrated ranging strategy promotes more frequent trail re-use and 

allows the maintenance of seasonal trails.   

 

In contrast to many mammal species that avoid human-made infrastructure, Nyungwe 

chimpanzee preferentially used human-made trails for travel.  In addition to the energy savings 

offered by the compact substrate and cleared superstrate, human-made trails avoid steep 

slopes and facilitate travel across streams that would otherwise be difficult or impossible to 

traverse.  Trail use may also have cognitive benefits and implications for chimpanzee sociality.   

 

Nyungwe chimpanzees also show evidence of using knowledge of the trails and topography 

of their home-range to plan energy-efficient routes.  I used a subset of chimpanzee movement 

segments and the available laboratory measurements of chimpanzee energy expenditure to 

assign movement ‘costs’ to landscape features.  These costs were incorporated in a least-

cost model that calculates the most efficient route between two points, assuming full 

knowledge of the environment.  The least-cost model predicted the costs and sinuosity of 

chimpanzee paths better than a straight-line null model and linear mixed modelling showed a 

strong relationship between the costs of observed chimpanzee travel and the modelled least-

cost routes.  To our knowledge, this is the first example of the ability to plan least-cost routes 

in non-human animals.   

 

By analysing the ranging patterns of chimpanzees at the altitudinal extreme of their range, my 

study reveals new behavioural strategies that allow chimpanzees to reduce their energy 

expenditure in harsh, montane environments.  My findings provide a further example of how 

the behavioural flexibility and cognitive complexity of hominids have facilitated their adaptation 
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to a variety of environmental conditions and highlight the importance of including the energy 

landscape in predictive models of animal movement.   
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1. General Introduction  

Animal movement is driven by the need to find food and mates, and to avoid predators (Nathan 

et al., 2008).  However, movement is costly (Halsey, 2016), and expending too much energy 

on locomotion reduces energy available for growth and reproduction (Zhao et al., 2013, 

Perrigo and Bronson, 1985, Perrigo, 1987).  According to optimal foraging theory, natural 

selection favours foraging strategies that maximise energy balance (MacArthur and Pianka, 

1966, Schoener, 1971, Charnov, 1976).  Optimal foraging research can be split into four broad 

categories: 1) optimal diet (which items to feed on), 2) optimal patch choice (which patches to 

feed in), 3) optimal time allocation between patches, and 4) optimal movement patterns (Pyke 

et al., 1977).  The fourth category initially received little attention from evolutionary biologists 

(Pyke et al., 1977), but advances in animal tracking technologies allowing collection of high-

resolution spatiotemporal movement data and the development of increasingly fine-scale 

remote sensing technologies and spatial modelling techniques (Kays et al., 2015) have 

opened up new opportunities to investigate movement efficiency in naturally ranging animals.   

 

Balancing energy inputs and outputs is likely to be particularly challenging for mobile animals 

in high-altitude environments.  When compared to lower altitudes, montane forests are often 

characterised by a) lower productivity and diversity (Hamilton, 1975, Yamagiwa et al., 1993, 

Yamagiwa et al., 1996, Proctor et al., 2007, Schmitt et al., 2010, Zhuang et al., 2012) resulting 

in less energy available; b) lower density of food resources (Vuilleumier and Monasterio, 

1986, Grubb, 1971, Yamagiwa et al., 1996, Lomolino, 2001, Körner, 2007) resulting in 

increased travel distances between patches, increasing movement costs; and c) rugged, 

steeply sloping topography which is costly for large bodied, terrestrial animals to traverse 

(Halsey and White, 2017).   

 

In response to these harsh conditions, animals living in marginal montane environments 

display unique, fitness enhancing behaviours (Kawecki, 2008).  Some animals demonstrate 
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dietary variability to cope with lower food availability at higher altitudes.  For example, 

mountain gorillas (Gorilla beringei beringei) in Bwindi Impenetrable National Park, Uganda 

consume fruit on ~ 60 to 80% of days, while mountain gorillas in Volcanoes National Park, 

Rwanda feed primarily on fibrous, terrestrial herbaceous vegetation that is more abundant in 

their higher altitude habitat (Watts, 1998, Watts, 1984, Robbins and McNeilage, 2003, Ganas 

et al., 2004, Ganas et al., 2009, Grueter et al., 2013b).  Black-and-white snub-nosed monkeys 

(Rhinopithecus bieti) also show dietary variation along an elevation continuum, feeding on 

larger quantities of lichen at the altitudinal extreme of their range (Grueter et al., 2009, Grueter 

et al., 2012).   

 

Animals can also adjust their foraging behaviour.  The home ranges of Eurasian red squirrels 

(Sciurus vulgaris) living in a marginal high-altitude forest are larger in size and more strongly 

affected by seasonal changes in food availability than squirrels in a lower elevation forests 

(Romeo et al., 2010).  Harsh environments are also hypothesised to favour the development 

of cognitive abilities that facilitate efficient foraging (Milton, 1981, Milton, 1988, Sol et al., 2005, 

Dukas, 2009) and there is good evidence to support this from comparative studies of food-

caching birds along elevation gradients (Freas et al., 2012, Roth et al., 2013, Sonnenberg et 

al., 2019).  Therefore, studying animals at the altitudinal extremes of their range is necessary 

to reveal the full extent of their behavioural diversity and improve our hypotheses on the origin 

and evolution of human behaviour (Sayers, 2014).   

 

Chimpanzees (Pan troglodytes) are our best living analogues of early human behaviour 

(Muller et al., 2017) and show extensive behavioural diversity across study sites, attributed to 

variation in environmental pressures or culture (McGrew, 2010, Whiten et al., 1999, Boesch 

et al., 2002).  Chimpanzees have been successful in colonising a variety of habitats, from 

lowland tropical forests and savanna woodlands to high-altitude montane forests (Inskipp, 

2005).  Yet, as most long-term chimpanzee studies have been undertaken in mid to low 

elevation forests (Boesch and Boesch-Achermann, 2000, Reynolds, 2005, Watts, 2012, 
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Wilson, 2012, Nakamura et al., 2015), the behavioural strategies that have enabled 

chimpanzees to maintain their energy-balance in harsh high-altitude environments are not well 

understood.  Therefore, studying chimpanzee ranging behaviour in marginal, montane forests 

may reveal new behaviours that have the implications for hominin evolution.   

 

Chimpanzees are highly frugivorous, with ripe fruit making up the majority of their diet across 

their range (Wrangham, 1977, Tutin et al., 1991, Newton‐Fisher, 1999, Basabose, 2002, Potts 

et al., 2011, Pruetz, 2006).  As fruit trees are often patchily distributed in tropical forests and 

the production of ripe fruit is temporally variable and inconsistent between species (Janzen, 

1967, Chapman et al., 1995, Janmaat et al., 2016), frugivorous primates generally have larger 

home ranges and daily travel distances than folivorous primates (Clutton-Brock and Harvey, 

1977, but see Grueter et al., 2008, Fashing et al., 2007).  The temporal variation in availability 

of ripe fruit often creates alternating periods of abundance and scarcity (Chapman et al., 1995, 

Wrangham et al., 1998, Janmaat et al., 2016).  Frugivorous primates thus face the difficult 

challenge of maintaining their energy balance in fruit scarce seasons, when available energy 

decreases and travel distances between preferred resources increase (Hemingway and 

Bynum, 2005, Knott, 2005, Grueter, 2017).   

 

Chimpanzees have a relatively inefficient form of terrestrial locomotion (knuckle walking, 

Pontzer et al., 2014) and travel long daily distances, spending more energy on terrestrial travel 

than any other activity (Leonard and Robertson, 1997, Pontzer and Wrangham, 2004).  They 

are also large bodied animals and thus expend significantly more energy travelling up slopes 

than on level ground (Taylor et al., 1972, Halsey and White, 2017).  The steep slopes and 

lower density of fruit patches characteristic of montane environments are likely to exacerbate 

movement costs.  Behaviours that allow chimpanzees to minimise energy expenditure during 

travel are therefore expected to be favoured in montane environments.   
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A commonly used proxy for energy expenditure in naturally ranging animals is the length of 

their daily travel routes (e.g. Wrangham et al., 1993, Doran, 1997, Grueter et al., 2013a, 

Shaffer, 2013, Johnson et al., 2015, Grueter et al., 2018).  Spatial analyses of animal travel 

routes can also yield insights into their foraging efficiency and cognitive abilities (Cramer and 

Gallistel, 1997, Noser and Byrne, 2013, Janmaat et al., 2014, Teichroeb, 2015, Janson, 2016).  

For example, by pairing high-resolution movement data with ecological data, Noser and Byrne 

(2007) found evidence of goal directed travel to out-of-sight resources in wild chacma baboons 

(Papio ursinus) and Janmaat et al. (2014) found chimpanzees are able to flexibly plan their 

nest departure time to gain early access to ephemeral food resources.  Studying cognition in 

natural ranging animals is challenging, due to the large number of confounding variables that 

need to be controlled for (Janson and Byrne, 2007, Tomasello and Call, 2011, Morand‐Ferron 

et al., 2016).  However, to understand how and why the human brain evolved, more field-

based cognition studies are needed in a variety of environments to gain insights into the socio-

ecological context in which cognitive abilities are used (Janmaat, 2019, Morand‐Ferron et al., 

2016).   

 

Studies of spatial cognition in natural ranging chimpanzees have thus far been limited to 

relatively flat, low elevation forests (Wittig and Crockford, 2018).  Chimpanzees living in harsh, 

montane environments may gain fitness benefits from cognitive abilities that facilitate 

increased foraging efficiency.  Advances in hand-held Global Positioning Systems allowing 

more accurate collection of movement data in rugged environments (Kays et al., 2015) have 

opened opportunities for analysis of animal ranging patterns in montane environments.   

1.1 Study population 

Chimpanzees range to the highest known altitudinal limit of their species distribution in 

Nyungwe National Park, a montane forest (1,600 to 2,950 m ASL) in south-west Rwanda.  

Compared to other chimpanzee study sites, Nyungwe is expected to have lower fruit diversity 

and productivity (Gross-Camp et al., 2009, Matthews et al., 2019) and has relatively steep 
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slopes and an open canopy that has created dense ground cover across much of the forest.  

Thanks to the habituation efforts by the Rwanda Development Board (formerly ORTPN) and 

Wildlife Conservation Society over the past 20 years, the Mayebe community of chimpanzees 

now comfortably tolerate humans following them on foot at an average distance of 20 m.   

1.2 Overview of this thesis 

This thesis aims to improve our understanding of how chimpanzees have adapted to harsh, 

high-altitude habitats using spatial analyses of their travel routes.  I collected data on the travel 

routes and behaviour of individual chimpanzees in the Mayebe community, and environmental 

factors that may influence their ranging, over 14 months.  I use these data, to examine three 

behavioural strategies chimpanzees may use to maintain their energy balance in harsh, 

montane environments.   

 

Following this Introduction (Chapter 1), Chapter 2 provides an overview of the study design 

and research methodology.  After, the thesis is presented as a series of chapters, each 

representing a standalone peer reviewed publication.  More specifically, in Chapter 3, I 

investigate whether Nyungwe chimpanzees adjust their ranging patterns in response to 

seasonal variations in fruit availability.  Studies from low and mid altitude forests indicate that 

chimpanzees adopt an energy minimising strategy, whereby they reduce travel effort during 

periods of fruit scarcity, often by switching to lower quality foods (Wrangham, 1977, Goodall, 

1986, Doran, 1997, Herbinger et al., 2001, Matsumoto-Oda, 2002, N’guessan et al., 2009, 

Nakamura et al., 2013).  At Kahuzi-Biega in Democratic Republic of Congo, the only montane 

site where ranging responses to fruit availability have been investigated, chimpanzees ranged 

more widely during periods of fruit scarcity (Basabose, 2005, Yamagiwa and Basabose, 2009).  

However, as daily path length (DPL) was not measured, it is not known whether the increase 

in foraging area corresponded with an increased travel effort.  To improve our understanding 

of how chimpanzees cope with fruit scarce seasons in harsh, high-altitude environments, I use 
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focal follow and phenology data to test whether travel effort is related to fruit availability in 

Nyungwe.  

 

In Chapter 4, I examine the influence of landscape features on chimpanzee ranging.  Previous 

studies have shown that chimpanzees travel in relatively straight lines between resources 

(Bates and Byrne, 2009, Normand and Boesch, 2009).  However, chimpanzees in more 

heterogenous environments may benefit from taking sinuous routes that avoid landscape 

features that are costly to traverse (such as steep slopes and dense vine thickets).  This 

landscape driven variation in movement costs is termed the energy landscape (Shepard et al., 

2013, Wilson et al., 2012).  Whilst some large scale responses to energy landscape (such as 

selection of tailwinds by migrating birds) are well understood, there are few studies that 

consider finer scale responses (Shepard et al., 2013).  To investigate whether Nyungwe 

chimpanzees modulate their movements in response to energy landscape, I test whether 

chimpanzees preferentially travel on ridge tops and human-made trails and show evidence of 

reusing their own trails.  Whilst, landscape influences on fine-scale movement has not, to my 

knowledge, been documented in chimpanzees, the majority of chimpanzee research to date 

has been undertaken in relatively homogeneous energy landscapes which may not 

necessitate energy minimisation strategies.   

 

Animals that rely on patchily distributed food resources can also increase their foraging 

efficiency by planning optimal foraging routes (Milton, 1981, Fagan et al., 2013, Janson, 2014).  

Chimpanzees possess good spatial memory (Menzel, 1973) and there is evidence to suggest 

that naturally ranging chimpanzees are able to evaluate which trees in their home range are 

likely bearing fruit, their likely crop sizes and plan distance-minimising routes between them 

(Janmaat et al., 2016).  However, it is not known whether chimpanzees, or any non-human 

animal, are able remember the physical landscape of their home range and use this 

knowledge to plan energy-minimising routes.  Given their costly form of terrestrial locomotion, 

reliance on patchily distributed, seasonally variable food resources and relatively large brains, 
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it is possible that chimpanzees in highly variable energy landscapes will plan least-cost routes 

between resources.  In Chapter 5, I use a subset of chimpanzee travel segments, together 

with the available laboratory measurements of chimpanzee energy expenditure, to define 

movement ‘costs’.  I then use least-cost modelling to compare the costs and sinuosity of 

observed travel routes with predicted least-cost routes and a straight-line null model, to test 

for evidence that Nyungwe chimpanzees use advanced cognitive skills to plan energy efficient 

routes.   

 

Finally, Chapter 6 provides a general discussion of the findings of this thesis and 

recommendations for future research.  

 

The specific objectives of this thesis were to test whether chimpanzees: 

 

1) reduce travel effort during periods of habitat wide fruit scarcity; 

2) preferentially travel on landscape features that offer energy savings (ridge tops and 

human-made trails) and reuse their own trails; and 

3) are able to plan least-cost routes between resources.  
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2. Methodological Overview 

This chapter describes the study site and subjects and provides a detailed description of the 

data collection and a summary of the analytic approach.  Analytical methods are described in 

detail in individual manuscripts (Chapters 3 - 5).   

2.1 Study site 

Nyungwe National Park protects 1,020 km2 of tropical montane forest in south-western 

Rwanda (2°15' – 2°55' S, 29°00'– 29°30' E, Figure 4.1).  Nyungwe, together with the 

contiguous Kibira National Park, Burundi, is one of the largest remaining Afromontane forests 

(Vedder et al., 1992).  The park is characterised by steep slopes and covers altitudes from 

1,600 – 2,950 m ASL.  Nyungwe receives 1,867 mm of rainfall annually (Nyirambangutse et 

al., 2017) and temperatures are cool throughout the year, with an annual average maximum 

and minimum of 19.6°C and 10.9°C, respectively (Sun et al., 1996).  The region experiences 

a major wet season from February to May, a long dry season from June to August, with a 

minor wet season from September to November and shorter dry season from December to 

January (Sun et al., 1996).   

 

The vegetation consists of both primary and secondary montane forest, bamboo forest, 

swamp, moorland and open expanses (Plumptre et al., 2002, Fischer and Killmann, 2008).  

The forest has a relatively open canopy resulting in a varied vegetation structure, with a dense 

herb layer in most areas (Fimbel et al., 2001, Plumptre et al., 2002).  Forest clearings are 

dominated by Pteridium aquilinum fern or a rapidly growing climbing vine, Sericostachys 

scandens (Figure 2.1).  Nyungwe is one of the most biologically important forests in the 

Albertine Rift region as it harbours at least 24 endemic plant species, 25 endemic bird species 

and 85 mammal species (Plumptre et al., 2002).  It is considered a primate hotspot, being 

home to at least 13 non-human primate taxa (Plumptre et al., 2002, Plumptre et al., 2007), 



20 

including an estimated 380 chimpanzees, the largest population of chimpanzees in Rwanda 

(IUCN, 2010).   

 

 

Figure 2.1 A Sericostachys scandens field in Nyungwe National Park.  
Photograph: Samantha J. Green 

 

2.2 Study subjects 

The study focused on the habituated Mayebe community that ranges between the Uwinka 

Ranger Station and Mt Bigugu (Figure 4.1).  The Rwanda Development Board (formerly 

ORTPN) and Wildlife Conservation Society commenced habituation of the Mayebe 

Community in 1997.  Most chimpanzees now comfortably tolerate humans following them on 

foot within a distance of 20 m, with the exception of some females that are frightened by close 

human presence.  The community lives sympatrically with at least six other primate species 

including: L’Hoesti’s monkeys (Cercopithecus lhoesti), blue monkeys (Cercopithecus mitis), 

Angolan colobus (Colobus angolensis ruwenzorii), grey-cheeked mangabeys (Lophocebus 

albigena, olive baboons (Papio anubis), and Galago sp. (S. J. Green, unpublished data).   
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Figure 2.2 Location of the study area in Nyungwe National Park, Rwanda 

 

2.3 Data collection  

2.3.1 Chimpanzee identification  

Individuals in the Mayebe community were identified over the course of the study period 

(November 2016 to December 2017) using photographs and detailed field notes.  When a 

chimpanzee party was encountered, photographs of each visible individual were taken by a 

field assistant, B. Smith, using a Canon 7D mk ii camera with Canon 70-300mm f4-5.6L and 

Sigma 120-300 f2.8 lens.  Each photograph was geo-tagged with location data from the 

cameras in-built GPS.  Each month, 1000 - 6000 photographs were taken depending on the 

contact hours and party size, resulting in over 30,000 photographs of the chimpanzees over 

the study period.  Detailed field notes were taken on identifying features of each individual 
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photographed including body shape and size (slim, average or stout), hair colour, deformities, 

snare wounds, scars and behaviour (e.g. movement, habituation level).  Individuals were 

classified into age classes using, following Goodall (1968, Table 2.1).  Interobserver reliability 

was assessed regularly throughout the study and deemed satisfactory. 

 

Table 2.1 Age classifications 

Classification Age Criteria 

Adult 15 + years 
 

Female – Regular swelling cycles Male – Fully grown 
 

Sub-adult 10 – 15 years 

 
Female – Displays sexual swellings.  No offspring  

Male – Development of testes. Dominance displays towards females 
 

Juvenile 5 – 9 years 
 

Close association with mother, but feeds and walks independently  
 

Infants 0 – 4 years 

 
Carried by mother 

White tuft 
 

 

Identification of new chimpanzees slowed considerably after the first four months of study with 

all adult males identified in the first three months and no new chimpanzees identified after nine 

months.  By the end of the study, December 2017, the Mayebe community consisted of at 

least 67 individuals: 14 adult and 4 sub-adult males, 18 adult and 7 sub-adult females, 12 

juveniles and 12 infants (Table 2.2, Table 2.3).  Photographic plates and identifying features 

of each individual are provided in Appendix A.   

 

Table 2.2 Age/sex composition of the Mayebe community  

 Male Female Unknown Total 

Adult 14 18 - 32 

Sub-adult 4 7 - 11 

Juvenile 8 3 1 12 

Infants 1 - 11 12 

Total 27 28 12 67 
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Table 2.3 Mayebe community chimpanzees, as at December 2017 (end of study) 

No. Field Name Sex Age Class 

1 Big Ted M Adult 

2 Bob M Adult 

3 Brown Ears M Adult 

4 Fonz M Adult 

5 Fud M Adult 

6 GB M Adult 

7 Golden Matheus M Adult 

8 Gutwi M Adult 

9 Hugh M Adult 

10 Jeckell M Adult 

11 Long Grey Beard M Adult 

12 Scrag M Adult 

13 Suave M Adult 

14 Igaju M Adult 

15 BBM* F Adult 

16 BM* F Adult 

17 Brown-legged Mum* F Adult 

18 Carol F Adult 

19 Christy F Adult 

20 Claudia F Adult 

21 CM* F Adult 

22 Elf Mum* F Adult 

23 Judy F Adult 

24 LBM* F Adult 

25 Lucy F Adult 

26 Old Duck F Adult 

27 OKM* F Adult 

28 SM* F Adult 

29 Umutima* F Adult 

30 Isaro* F Adult 

31 YKM* F Adult 

32 Zara* F Adult 

33 Curious George M Sub-adult 

34 Freckles M Sub-adult 

35 Rodan M Sub-adult 

36 Shyaka M Sub-adult 

37 Abigail F Sub-adult 

38 Cindy F Sub-adult 

39 Georgina (snare) F Sub-adult 

40 Jemima F Sub-adult 

41 Sam F Sub-adult 

42 Sarah (snare) F Sub-adult 

43 Suzy F Sub-adult 

44 Arnold (big bent ears) M Juvenile 
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No. Field Name Sex Age Class 

45 Blake M Juvenile 

46 Brad (bent ears) M Juvenile 

47 Cam M Juvenile 

48 Craig (round ears) M Juvenile 

49 Paul M Juvenile 

50 Scott (snare) M Juvenile 

51 Sven M Juvenile 

52 Philipa F Juvenile 

53 Keza F Juvenile 

54 Lowanna F Juvenile 

55 Chris Unknown Juvenile 

*Female had an infant during the study period 

 

2.3.2 Behavioural observations 

Focal follows 

Behavioural data were collected on approximately ten days per month from November 2016 

to December 2017 by S. J. Green and two trained field assistants; B. Smith and 

D. Murwanashyaka.  Male chimpanzees are usually more terrestrial (Wrangham and Smuts, 

1980, Hunt, 1989, Doran, 1993, Takemoto, 2004, Pokempner, 2009), and travel longer 

distances per day (Wrangham and Smuts, 1980, Chapman and Wrangham, 1993, Doran, 

1997, Williams et al., 2002, Bates and Byrne, 2009) and between food patches (Pokempner, 

2009) than anestrous females.  In addition, it took longer to identify all female chimpanzees in 

the community.  As such, to maximise travel route data collection, only male chimpanzees 

were sampled (n = 14).  Chimpanzees were located before dawn, in their night nests where 

possible.  When the location of the previous night’s nest was not known, chimpanzees were 

located by listening for vocalisations or looking for fresh tracks near popular fruiting trees.  A 

focal adult male was chosen from the first party encountered and followed for as long as 

possible, ideally until he built his night nest (focal animal sampling: Altman, 1974).  If the first 

party encountered contained more than one adult male, the animal with the least number of 

prior observations that month was sampled.   

 



25 

 

Focal chimpanzee activity (travelling – terrestrial or arboreal specified, foraging, socialising, 

resting, nest building and ‘other’) was recorded using continuous focal sampling (Martin and 

Bateson, 2007) and food species and plant part eaten was recorded whenever the focal was 

observed feeding.  The location of the focal chimpanzee was recorded at 5 m intervals using 

a hand-held Garmin GPSMAP 64 device, with Global Navigation Satellite System (GLONASS) 

receiver.  The Global Positioning System (GPS) accuracy was within 3–6 m throughout most 

of the Mayebe home range, but could increase to 20 m in some valleys due to poor signal.   

 

One hundred and six focal follows were obtained (Table 2.4), with a mean duration of 

8 h 38 min ± SE 2 h 23 min.  Focal chimpanzees were followed for at least 8 hours on 65 days.  

Daily travel routes were created by joining each consecutive waypoint (mean waypoints 

collected per day = 425) with a straight-line segment in ArcMap 10.6.   

 

Table 2.4 Number of focal samples per individual 

Focal ID Number of samples (days) 

Big Ted 4 

Bob 7 

Brown Ears 5 

Fonz 7 

Fud 11 

GB 11 

Golden Matheus 6 

Gutwi 7 

Hugh 2 

Igaju 14 

Jeckell 7 

Long Grey Beard 8 

Scrag 8 

Suave 9 

Total 106 
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Scan sampling  

Focal party size and composition (age, sex, ID and female reproductive state) was recorded 

every 15 minutes using instantaneous scan sampling (Altmann, 1974).  Any individuals within 

50 meters of each other were considered to be in the same party following Clark and 

Wrangham (1994).  Data were recorded using an iPad© tablet computer with Microsoft Excel 

Application.   

2.3.3 Home range 

The Mayebe chimpanzees’ home range was calculated using four methods: minimum convex 

polygon (MCP, Hayne, 1949), grid cell (Siniff and Tester, 1965, Haugen, 1942), fixed kernel 

density estimation (Worton, 1987, Seaman and Powell, 1996), and local convex hull (LoCoH, 

Getz and Wilmers, 2004, Getz et al., 2007).  As all home range estimates, except the LoCoH, 

included areas of unsuitable habitat within the neighbouring village (Appendix C, Figure A1), 

I used the adjusted polygon method (Grueter et al., 2009) to erase grid cells that were known 

to contain village areas from the home range polygons.  I considered the adjusted 100% MCP 

estimate to be the most appropriate home range to use for analyses in Chapters 3 – 5, as 

several daily routes extended beyond the 95% fixed kernel, and the grid cell and LoCoH 

methods excluded several areas that contained suitable habitat.  Home range methods and 

results are described in detail in Chapter 4.   

2.3.4 Mapping trails and roads  

To map human-made trails and roads I walked all trails and roads within the Mayebe 

chimpanzees home range, taking GPS readings every 5 m.  This included both tourist trails 

and informal shortcuts, one paved and two unpaved roads.   

2.3.5 Vegetation sampling   

Phenology data were collected once per month along existing tourist trails within the 

community home range by F. Muhayayezu, D. Murwanashyaka, J. K. Matthews and S. J. 

Green.  Inter-observer reliability tests (Martin and Bateson, 2007) were undertaken prior to the 
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first survey and regularly throughout the study period to ensure agreement between all 

observers and were deemed satisfactory.  Temporal variation in fruit availability was quantified 

through monthly phenological surveys of the 18 tree species most frequently eaten by the 

Mayebe chimpanzees (Gross‐Camp et al., 2009).  We surveyed 6 – 30 individuals per species 

with a diameter at breast height (DBH) greater than 10 cm.  The abundance of fruit (ripe and 

unripe), leaves (young and mature) and flowers (mature and buds) was measured by 

estimating the proportion of the crown occupied, using a score from zero to four (0 =< 1%, 1 

= 1 – 25%, 2 = 26 – 50%, 3 = 51 – 75%, and 4 = 76 – 100%).  These measurements were 

supplemented with phenology data for three additional tree species collected by the Rwandan 

branch of the Wildlife Conservation Society, increasing the number of species sampled to 21 

(n = 478 trees, Appendix B).    

 
To estimate the fruit tree density, we established 62, 50 x 50 m botanical plots in the Mayebe 

home range, stratified by elevation zone (six zones at 200 m intervals, from 

1,800 – 2,950 m ASL).  The home range (100% minimum convex polygon) was calculated 

using all location points collected up to August 2017.  Stratified random sampling was used 

rather than transect sampling as some areas of the Mayebe home range were impassable 

(due to rock gullys, vine thickets and rivers).  We used 200 m elevation intervals to align with 

the floristic shifts described by Fischer and Hinkel (1990) and Fischer and Killmann (2008).  

To ensure adequate species detection, two additional plots were placed in elevation zones 

that had less than three plots, increasing the total number of plots to 64.  Plot locations were 

selected randomly within the six elevation zones using the ArcGIS 10.6 Create Random Points 

tool.  Any plots that fell on trails were moved 10 m away from the trail and plot locations that 

were inaccessible (e.g. fell across a rock gully) were discarded and a new location was chosen 

using the same selection approach.  To improve the likelihood of sampling rare species, 

different size classes were measured in nested strip widths of 5 m, 25 m and 50 m (Table 3.1), 

following Potts (2008).  All woody stemmed species meeting the size requirements were 
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identified and measured by S. J. Green, J. K. Mathews and trained field assistants in October 

and November 2017. 

 
Table 2.5 Nested plot design following Potts (2008) 

Plot size Size class measured (DBH) 

5 m x 50 m 10 – 30 cm 

25 m x 50 m 30 – 80 cm 

50 m x 50 m >80 cm 

 

Food availability 

To measure variation in monthly ripe fruit availability, a relative fruit abundance index (FAI) 

was calculated for each tree species, following Basabose (2002): 

 

FAI =  𝑃 *  B  

 
𝑊ℎ𝑒𝑟𝑒:  
 

𝑃 = 𝑡ℎ𝑒 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑟𝑒𝑒𝑠 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑓𝑟𝑢𝑖𝑡 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑘 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑚   
𝐵 = 𝑡ℎ𝑒 𝑏𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 ℎ𝑒𝑐𝑡𝑎𝑟𝑒 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑘   

 

Basal area (m2/ha) was calculated from the DBH data measured in the botanical plots.  

Sparsely distributed tree species that were not sampled in the botanical plots (such as Ficus 

sp.), were given a density of 0.01 m2/ha in all elevation zones where they were known to occur 

(from chimpanzee feeding records and personal observations).  𝑃  was weighted for ripe fruit 

yield, following Wittiger and Boesch (2013):  

 

𝑃 =
(0.25 ∗ 𝑁 ( ) + 0.5 * 𝑁 ( ) + 0.75 *  𝑁 ( )+ 1* 𝑁 ( )

𝑁
                               

 

𝑊ℎ𝑒𝑟𝑒: 
𝑁 ( ) =  𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝑡𝑟𝑒𝑒𝑠 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑘 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑚 𝑤𝑖𝑡ℎ 𝑎 𝑟𝑖𝑝𝑒 𝑓𝑟𝑢𝑖𝑡 𝑠𝑐𝑜𝑟𝑒 𝑜𝑓 𝑥 

𝑁 =  𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑒𝑒𝑠 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑘 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑚                                                       
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2.4 Data analysis  

These data were analysed using spatial modelling and mapping techniques, and linear models 

to test each research question (Table 2.6).  Specific analytical methods are described in detail 

in individual manuscripts (Chapters 3 - 5).   

 
Table 2.6 Data and statistical analyses used in each chapter  

Chapter Research question Data Analyses 

3 
Do chimpanzees reduce 

travel effort during periods of 
habitat wide fruit scarcity? 

 
Daily travel routes 

Party size 
Food availability 

Home range 
30 m x 30 m SRTM DEM* 

 

Linear modelling 

4 

Do chimpanzees preferentially 
travel on landscape features 
that offer energy savings and 

reuse their own trails? 

 
Daily travel routes 

Party size 
Home range 

Maps of trails and roads 
30 m x 30 m SRTM DEM* 

 

Resource selection functions 
Line density analysis 

5 
Are chimpanzees able to plan 

least-cost routes between 
resources? 

 
Daily travel routes 

Home range 
Maps of trails and roads 

30 m x 30 m SRTM DEM* 
 

Change point test 
Least-cost modelling  

Linear modelling 

Note: *SRTM DEM: Shuttle Radar Topography Mission Digital Elevation Model 
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3. Chimpanzee ranging responses to fruit availability in a high-
elevation environment  

 

Submitted to American Journal of Primatology for publication 

 

Most primates experience seasonal fluctuations in the availability of food resources and face 

the challenge of balancing energy expenditure with energy gain during periods of resource 

scarcity.  This is likely to be particularly challenging in rugged, montane environments, where 

available energy is relatively low and travel costs are high.  Chimpanzees (Pan troglodytes) 

show extensive behavioural diversity across study sites.  Yet, as most research has focused 

on low- and mid-elevation sites, little is known on how chimpanzees respond to periods of low 

fruit availability in harsh montane environments.  We use focal follow and phenology data to 

investigate how fruit availability influences daily path length and monthly home range in 

chimpanzees living in Nyungwe National Park, a montane forest in Rwanda.  Nyungwe 

chimpanzees decreased their daily travel distances during periods of fruit scarcity.  However, 

this decrease in travel effort did not correspond with a decrease in foraging area.  Instead, 

monthly homes ranges shifted location across the study period.  Nyungwe chimpanzees 

occupy a relatively wide altitudinal range and the shifts in monthly home range location may 

reflect differences in the altitudinal distribution of food resources.  Chimpanzee monthly diet 

was often dominated by one or two species and each of these species were confined to 

different elevation zones.  One important species, Podocarpus latifolius, grew only at high-

elevations (2,600 – 2950 m) and chimpanzees ranged at the altitudinal peak of their range for 

two consecutive months while feeding on this species.  Thus, while high-elevations are often 

thought to be harsh environments for primates, they can be an important part of a species’ 

home range when they provide a refugium for densely distributed, important food species.   
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3.1 Introduction  

Montane forests are often characterised by low vegetative productivity and food density, and 

greater variability in temperature and atmospheric pressures when compared to lower 

elevation forests (Vuilleumier and Monasterio, 1986, Grubb, 1971, Lomolino, 2001, Körner, 

2007).  Primates living at high-elevations are thus exposed to a range of unique ecological 

pressures to which they must adapt (Grow et al., 2013).  Frugivorous primates face the 

additional challenge of adapting to seasonal fluctuations in fruit availability (Hladik, 1988, 

Knott, 2005, Grueter, 2017).  Therefore, maintaining a balance between energy intake and 

expenditure is crucial for growth, reproduction and survival (Altmann et al., 1977, Hamilton, 

1985, Gould et al., 1999).  Examining how frugivorous primates maintain their energy balance 

in harsh high-elevations environments can shed light on the full extent of their behavioural 

flexibility. 

 

Primates vary in their response to resource scarcity; some adopt an energy maximising 

strategy whereby they increase travel efforts to access preferred resources, while others 

reduce energy spent on travel, often by switching to lower quality foods (Hemingway and 

Bynum, 2005, Knott, 2005, Grueter et al., 2013, Lambert and Rothman, 2015).  Primates that 

exhibit fission-fusion dynamics, whereby temporary parties of variable size and composition 

unite and split throughout the day, have also been shown to reduce their group size during 

periods of low food availability (Wrangham, 1977, Symington, 1988, Chapman et al., 1995, 

Anderson et al., 2002, Riedel et al., 2011).  According to the ecological constraints model, 

animals that rely on depleting food resources experience increased feeding competition as 

group size increases (Bradbury and Vehrencamp, 1976, Clutton-Brock and Harvey, 1977, 

Chapman and Chapman, 2000).  To meet the increased energetic and nutritional demands of 

the larger group, individuals must visit more food patches per day and thus expend more 

energy on travel (Chapman et al., 1995, Janson and Goldsmith, 1995, Chapman and 

Chapman, 2000, Majolo et al., 2008).  As the distance between food patches increases during 
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periods of low fruit availability, energy spent on travel may exceed energy intake and smaller 

group sizes may be favoured (Chapman et al., 1995, Chapman and Chapman, 2000).   

 

Variation in primate travel effort is most commonly analysed using Daily Path Length (DPL, 

also referred to as Daily Travel Distance or Day Journey Length) and monthly home range 

size (e.g. Wrangham et al., 1993, Doran, 1997, Li et al., 2000, Grueter et al., 2013, Shaffer, 

2013, Johnson et al., 2015, Grueter et al., 2018a).  DPL is calculated by summing the straight-

line distances between consecutive x and y location coordinates.  Primatologists have 

calculated home range size using several techniques (reviewed in Boyle, in press), that mostly 

assume a two-dimensional (2D) surface (but see Sprague, 2000, Grueter et al., 2008).  While 

these are reasonable proxies for energy expenditure in relatively flat environments, they ignore 

the influence of topography on distance and surface area (Monterroso et al., 2013, Tracey et 

al., 2014).  Incorporating elevation in DPL measures and home range size estimates may yield 

key insights that are overlooked when 2D measures are used as the sole quantification of 

energy expenditure, particularly in habitats with heterogeneous topography and large vertical 

components (such as mountainous environments).   

 

Chimpanzees (Pan troglodytes) are our best living analogue of early human behaviour (Muller 

et al., 2017) and are highly frugivorous across their range (Conklin-Brittain et al., 1998, Watts 

et al., 2012, Wrangham et al., 1998).  They show extensive behavioural diversity across study 

sites, attributed to variation in environmental pressures, genetics or culture (McGrew, 2010, 

Whiten et al., 1999, Boesch et al., 2002, Langergraber et al., 2010).  Existing studies indicate 

that chimpanzees in montane environments respond differently to periods of fruit scarcity 

compared to chimpanzees at lower elevations.  However, as the relationship between fruit 

availability and ranging has only been studied at one high-elevation site, these differences are 

not well understood. 
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Chimpanzees in the mid-elevation woodland forests of Gombe and Mahale in Tanzania and 

the lowland forest of Taï, Côte d'Ivoire decreased their daily travel distance in periods of low 

food availability (Wrangham, 1977, Doran, 1997, Herbinger et al., 2001, Matsumoto-Oda, 

2002, N’guessan et al., 2009).  In Gombe and Mahale, home range size also decreased in low 

fruit seasons (Wrangham, 1977, Nakamura et al., 2013), while fruit availability had no effect 

on range size in Taï (Lehmann and Boesch, 2003).  The relationship between fruit availability 

and ranging has only been studied in one montane forest; Kahuzi‐Biega, Democratic Republic 

of Congo.  In contrast to mid to low elevation forests, Kahuzi chimpanzees range more widely 

in the periphery of their home range during periods of fruit scarcity (Basabose, 2005), but it is 

not known whether this increase in range size corresponded with an increase in travel effort, 

as DPL was not measured.  

 

To improve our understanding of how chimpanzees cope with periods of fruit scarcity in 

marginal montane environments, we studied the ranging behaviour of chimpanzees in 

Nyungwe National Park, Rwanda (Figure 3.1).  The study community has a relatively large 

home range (40 km2) that includes the highest known altitudinal limit of their species 

distribution (2,950 m ASL, Green et al., 2020).  Compared to other chimpanzee study sites, 

Nyungwe is expected to have lower fruit diversity and productivity (Gross-Camp et al., 2009) 

and is characterised by rugged terrain and steep slopes.  Whilst some preliminary data on 

monthly shifts in space-use are available for this community (Moore et al., 2018), ours is the 

first study to use focal follow and phenology data to investigate how chimpanzees respond to 

fruit scarcity in this rugged, low-productivity, montane environment.   

 

We firstly calculate DPLs and monthly home ranges that incorporate elevation extracted from 

a digital elevation model (DEM) and compare these estimates to the standard 2D measures 

of DPL and home range size.  We then use linear models to test whether chimpanzees reduce 

their DPL and/or home range in periods of fruit scarcity after controlling for potential 
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environmental and social confounds.  Lastly, we use diet and tree density data to investigate 

potential drivers of the spatial shifts in monthly home range.   

 

Figure 3.1  Location of the study area in Nyungwe National Park, Rwanda and the Mayebe 
community home range 
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3.2 Methods 

3.2.1 Study site and community  

Nyungwe National Park protects 1,020 km2 of tropical montane forest in south-western 

Rwanda.  Nyungwe received 1,530 mm of rainfall and had an average daily temperature of 

14.8°C in 2017 (Uwinka meteorological station: 2°28′43″S, 29°12′00″E, 2,465 m ASL, 

Nyirambangutse et al., 2017).  The region experienced a major wet season from January to 

March, a long dry season from April to August, with a minor wet season from September to 

November and shorter dry season in December in 2017.  Nyungwe is estimated to contain 

380 chimpanzees, the largest population of chimpanzees in Rwanda (IUCN, 2010).  Our study 

focuses on the Mayebe community, which consisted of 67 individuals during our study, 

including 14 adult and 4 sub-adult males, 18 adult and 7 sub-adult females, 12 juveniles and 

12 infants (Appendix A).  The Rwanda Development Board (formerly ORTPN) and Wildlife 

Conservation Society commenced habituation of the Mayebe group in 1997 and the 

chimpanzees now tolerate human presence comfortably at an average of 20 m.  As it took 

longer to identify all female chimpanzees in the community, our study focuses on the 

movement patterns of males.   

3.2.2 Data collection 

Behavioural Observations  

Focal follows (Altmann, 1974) of 14 adult males were attempted on approximately ten days 

per month from November 2016 to December 2017.  We randomly chose a focal adult male 

from the first party encountered and followed the focal for as long as possible, ideally until he 

built his night nest.  Focal chimpanzee locations were recorded at 5 m intervals using a hand-

held Garmin GPSMAP 64 device, with GLONASS receiver and activity was recorded using 

continuous focal sampling (Martin and Bateson, 2007).  Food species and plant parts eaten 

were recorded whenever the focal was observed feeding.  Focal chimpanzees were followed 

for at least 8 hours on 65 days.  The GPS accuracy was within 3–6 m throughout most of the 
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Mayebe home range, but could decrease to 20 m in some valleys.  Focal party size and 

composition was recorded every 15 minutes.  We considered any individuals within 50 meters 

of each other to be in the same party.   

Fruit tree density 

To estimate the fruit tree density, we established 60, 50 x 50 m botanical plots in the Mayebe 

home range, stratified by elevation zone (six zones at 200 m intervals, from 

1,800 – 2,950 m ASL).  We used 200 m intervals to align with the floristic shifts described by 

Fischer and Hinkel (1990) and Fischer and Killmann (2008).  To ensure adequate species 

detection, two additional plots were placed in elevation zones that had less than three plots, 

increasing the total number of plots to 64.  Plot locations were selected randomly within the 

six elevation zones using the ArcGIS Create Random Points tool.  Any plots that fell on trails 

were moved 10 m downhill from the trail and plot locations that were inaccessible (e.g. fell 

across a rock gully) were discarded and a new location was chosen using the same selection 

approach.  To improve the likelihood of sampling rare species, different size classes were 

measured in nested strips with widths of 5 m, 25 m and 50 m (Table 3.1), following Potts 

(2008).  All woody stemmed species meeting the size requirements were identified and 

measured by S. J. Green, J. K. Mathews and trained field assistants in October and November 

2017. 

 
Table 3.1 Nested plot design following Potts (2008) 

Plot size Size class measured (DBH) 

5 m x 50 m 10 – 30 cm 

25 m x 50 m 30 – 80 cm 

50 m x 50 m >80 cm 

Fruit availability  

A monthly fruit abundance index (FAI) was calculated using monthly phenological surveys of 

21 tree species (n = 478 individuals) along existing tourist trails within the community home 

range.  We surveyed 6 – 30 individuals per species with a diameter at breast height (DBH) 

greater than 10 cm.  Fruit abundance was measured by estimating the proportion of the crown 
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occupied with ripe and unripe fruits using a score from zero to four (0 =< 1%, 1 = 1 – 25%, 2 

= 26 – 50%, 3 = 51 – 75%, and 4 = 76 – 100%).   

3.2.3 Analysis 

Travel paths 

Daily travel routes were created by joining each consecutive waypoint with a straight-line 

segment in ArcMap 10.6.  The 2D DPL was calculated by summing the distances between 

consecutive waypoints.  Chimpanzees travelled along a valley with poor signal on one 

occasion.  We reconstructed this path manually in ArcMap based on field notes.  When 

chimpanzees crossed valleys with poor signal, they did so perpendicularly.  In these cases, 

we linearly extrapolated from the preceding and subsequent location points.  To calculate 3D 

DPL, height values were derived from a 30 x 30 m Shuttle Radar Topography Mission (SRTM) 

DEM and interpolated using ArcGIS 3D Analyst 10.6.  Only focal follows greater than eight 

hours were used for this analysis, following Bates and Byrne (2009).   

Home range 

Monthly home range sizes were calculated using the minimum convex polygon (MCP) method 

in ArcGIS.  This method involves creating a polygon around data points with convex angles 

only (Hayne, 1949).  All location points collected in the study period were used for this analysis.  

As the Mayebe chimpanzees’ range near the boundary of the National Park, the MCP included 

areas of unsuitable habitat within the neighbouring village.  We used the adjusted polygon 

method (Grueter et al., 2009) to erase grid cells that were known to contain village areas from 

each MCP.  3D home ranges were calculated using height data derived from the 30 x 30 m 

SRTM DEM and ArcMAP 3D Analyst 10.6.    

 

Total home range (100% adjusted MCP) and core area (50% and 75% Fixed Kernel) sizes for 

the study period have previously been calculated and reported in Green et al. (2020).   
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Diet and food availability  

To measure variation in monthly ripe fruit availability, a weighted fruit abundance index (FAI) 

was calculated, following Basabose (2002): 

 

FAI =  𝑃 *  B  

 
𝑊ℎ𝑒𝑟𝑒:  
 
𝑃 = 𝑡ℎ𝑒 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑟𝑒𝑒𝑠 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑓𝑟𝑢𝑖𝑡 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑘 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑚   
𝐵 = 𝑡ℎ𝑒 𝑏𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎 𝑝𝑒𝑟 ℎ𝑒𝑐𝑡𝑎𝑟𝑒 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑘   
 

 

 

𝑃 =
(0.25 ∗ 𝑁 ( ) + 0.5 * 𝑁 ( ) + 0.75 *  𝑁 ( )+ 1* 𝑁 ( )

𝑁
                               

 

𝑊ℎ𝑒𝑟𝑒: 
𝑁 ( ) =  𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓  𝑡𝑟𝑒𝑒𝑠 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑘 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑚 𝑤𝑖𝑡ℎ 𝑎 𝑟𝑖𝑝𝑒 𝑓𝑟𝑢𝑖𝑡 𝑠𝑐𝑜𝑟𝑒 𝑜𝑓 𝑥 

𝑁 =  𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑒𝑒𝑠 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑘 𝑖𝑛 𝑚𝑜𝑛𝑡ℎ 𝑚                                                       
 

Basal area (m2/ha) was calculated from the botanical plot data.  Sparsely distributed tree 

species that were not sampled in the botanical plots (such as Ficus sp.) were given a density 

of 0.01 m2/ha in all elevation zones where they were known to occur (from chimpanzee feeding 

records and personal observations).   

 

To investigate ecological drivers of monthly range shifts, we determined which fruit foods were 

important to the chimpanzees.  Important foods were defined as species cumulatively 

contributing to >75% of fruit feeding time during the study period, following Wrangham et al. 

(1996) and Newton‐Fisher (1999).  We included one non-fruit food in our analysis, flowers of 

Symphonia globulifera, as the Mayebe community consumes flowers of this species at 

seasonally high rates (Matthews et al., 2019).  To examine altitudinal differences in 

chimpanzee fruit tree diversity, we calculated the number of chimpanzee fruit species present 

in each elevation zone using botanical plot data.  We included all species used for fruit by 
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chimpanzees during the study period and any additional species recorded in previous studies 

of the Mayebe community diet (Gross-Camp et al., 2009, Moore et al., 2018, Matthews et al., 

2019).   

Statistical analyses 

The influence of fruit availability and party size on DPL was examined using a linear mixed 

effects model with a Gaussian error structure and identity link function.  Daily path length was 

modelled as the dependent variable and fixed effects were FAI, mean daily party size 

excluding juveniles and infants and daily rainfall.  Daily rainfall was included as a control 

predictor variable because the chimpanzees often stopped travelling during heavy rain (S. J. 

Green, pers. obs.).  To examine potential collinearity among the three independent variables, 

we determined variance inflation factors (VIF) applied to a standard linear model without the 

random effects.  This yielded a VIF of 1.04, which is well below recommended cut-offs (Quinn 

and Keough, 2002, Zuur et al., 2009).  An interaction between FAI and party size was included 

in the model as the ecological constraint model predicts a positive relationship between group 

size and travel effort (Chapman et al., 1995, Chapman and Chapman, 2000).  To account for 

certain individuals having a disproportionate effect on the dependent variable, the identity of 

the focal chimpanzee was included as a random effect.  To avoid inflating Type 1 error rates 

we included the random slopes for the effects of FAI on DPL to vary between levels of 

individual ID (Schielzeth and Forstmeier, 2008, Barr et al., 2013). 

 

The assumptions of normally distributed and homogeneous residuals were checked by 

visually inspecting the distribution of the residuals and plotting the residuals against fitted 

values (Quinn and Keough, 2002).  To achieve comparable estimates and increase the 

likelihood of model convergence, all covariates were z-transformed to a mean of zero and a 

standard deviation of one before fitting the model (Schielzeth, 2010).  To establish the 

significance of the combined set of predictor variables, we ran a likelihood ratio test comparing 

the full model with a respective null model containing only the intercept and random effect 
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(Dobson and Barnett, 2002, Forstmeier and Schielzeth, 2011).  Marginal (variance explained 

by the fixed effects) and conditional (variance explained by the entire model, including both 

fixed and random effects) coefficients of determination were calculated following Nakagawa 

and Schielzeth (2013) and Johnson (2014). 

 

The influence of fruit availability and party size on monthly home range size was analysed 

using multiple regression.  Monthly home range size was entered as a continuous dependent 

variable and fruit availability and party size as continuous predictor variables.  The diagnostic 

tests listed above were run.  The VIF was 1.00, which is well below recommended cut-offs 

(Quinn and Keough, 2002, Zuur et al., 2009).  To meet the assumption of normality, we log-

transformed all variables before running the analysis.   

 

Model fitting was implemented in R version 3.6.0 (R Core Team, 2019) using the functions 

‘lmer’ and ‘lm’ of the package lme4 (version 1.1-21; Bates et al., 2015).  Confidence intervals 

were computed using the function ‘confint’ and likelihood ratio tests using the function ‘anova’.  

VIF was calculated using the function ‘vif’ of the R package car (Fox and Weisberg, 2011).  R2 

was calculated using the function ‘r.squaredGLMM’ from the R package MuMIn (Bartoń, 

2013).  The package lmerTest (Kuznetsova et al., 2017) was used to calculate p values for 

the coefficients using the Satterthwaite's degrees of freedom method; we considered P ≤ 0.05 

as significant.  
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3.3 Results 

3.3.1 Topographic impacts on DPL and home range size 

Including elevation changes in DPL measurements resulted in a 119 m increase to the mean 

annual DPL (2,828 ± SE 162 m to 2,947 ± SE 168).  Mean monthly 3D DPL’s ranged from 

1,095 to 3,951 m and showed a 3% to 6% relative increase to the 2D DPL’s (Table 3.2).  The 

relative increase in DPL was greatest in July (6%) and lowest in August (3 %, Table 3.2).  

Visual inspection of the path data suggests that the large increase in July is due to several 

days where the chimpanzees travelled up and down the steep, western face of Nyungwe’s 

highest mountain (Mt Bigugu) from approximately. 2,400 m to 2,850 m ASL.  In August, the 

chimpanzees remained on the shallower, southern slope of Mt Bigugu and spent the majority 

of their time above 2,600 m.   

 

Including elevation changes in home range size estimates resulted in an increase of 4 km2 to 

the Mayebe home range estimate (Table 3.2).  Monthly 3D home range estimates ranged from 

3.87 km2 to 20.05 km2 and showed a 9 to 12% relative increase to the 2D home range 

estimates.  The relative increase was largest in February and smallest in August, when the 

chimpanzees were on the shallow southern slope of Mt Bigugu (Table 3.2).  Whilst the relative 

monthly difference between 2D and 3D home range size showed similar patterns to relative 

changes in DPL for some months (e.g. August), this was not always the case.  For example, 

February showed the second lowest relative increase in DPL (4%), but the largest increase in 

monthly home range (12%).  This is likely due to the February home range covering a number 

of steeper valleys and ridges, which the chimpanzees did not traverse.   
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Table 3.2 Monthly daily path length and home range estimates 

Y
ea

r 

Month FAI Dominant food items* 

DPL Home range 

2D (m) 3D (m) 
Difference 

(m) 

Relative 
difference 

(%) 
2D (km2) 3D (km2) 

Difference 
(km2) 

Relative 
difference 

(%) 

20
16

 November 2201 Syzygium guineense - - - - 3.50 3.87 0.37 10.43 

December  856 Syzygium guineense - - - - 10.71 11.88 1.17 10.91 

20
1

7 

January 477 Ficus lutea 1376 1439 63 4.67 5.84 6.41 0.58 9.91 

February 463 Ficus lutea 1050 1095 45 3.69 3.94 4.42 0.48 12.21 

March 1584 Symphonia globulifera (flowers) 1694 1775 81 4.86 7.97 8.83 0.86 10.77 

April 3347 Symphonia globulifera (flowers) 
Ficus lutea 2113 2207 94 4.26 4.27 4.78 0.51 12.04 

May 6279 
Symphonia globulifera (flowers)  

Allophylus abocinika 
Ekebergia capensis 

3665 3824 159 4.22 5.92 6.56 0.64 10.85 

June 7417 
Symphonia globulifera (flowers) 

Ficus lutea 
Ekebergia capensis 

3201 3327 127 3.97 11.82 13.10 1.28 10.84 

July 6266 Podocarpus latifolius 
Macaranga kilimandscharica 3546 3759 213 6.37 7.09 7.87 0.77 10.88 

August 3310 Macaranga kilimandscharica 
Podocarpus latifolius 3437 3555 118 3.36 7.10 7.74 0.64 9.01 

September 2793 

Ficus lutea  
Pancovia golungensis 
Podocarpus latifolius 
Syzygium guineense 

3713 3857 144 3.72 18.11 20.05 1.94 10.73 

October 3358 Syzygium guineense 3809 3951 142 3.71 8.48 9.36 0.88 10.34 

November 4488 Syzygium guineense 3104 3242 137 4.85 11.05 12.38 1.33 12.06 

December 4184 Syzygium guineense 2875 3003 129 4.60 8.24 9.19 0.95 11.48 

Mean DPL (Jan to Dec 17) 2,828 2,947 119 4.29     

100% Adjusted MCP (Nov 16 to Dec 17)     40.01 44.26 4.25 10.62 

Note: There are no DPL data for November to December 2016 as no DPL’s greater than 8 hours were collected in the first 2 months of the study  
* All items contributing to 75% of monthly fruit feeding time are listed 
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3.3.2 Fruit availability impact on ranging  

Overall, FAI had a significant influence on DPL, but not on home range size.  The full model 

with, FAI and party size as predictor variables and DPL as the response, was significantly 

different from the null model containing only the intercept and the random effect (likelihood 

ratio test, chi sq = 16.06, df = 3, p = 0.001).  The interaction between FAI and party size was 

not significant and the model was thus rerun without the interaction effect.  The final model 

revealed a significant effect of fruit availability on DPL, with chimpanzees travelling longer 

distances when more fruit was available (Table 3.3).  Neither, party size nor rainfall had a 

significant influence on DPL (Table 3.3).   

 

Table 3.3 Results of the linear mixed model with DPL as the response variable (n = 65) 

Predictor Variable Estimate Std. Error t 95% CI P 

Intercept 2964.6 146.9    

FAI 549.6 151.2 3.63 253.1, 846.0. 0.001 

Party size 184.7 151.7 1.22 -122.5, 482.0 0.228 

Rainfall -147.7 151.2 -0.98 -444.0, 148.6 0.332 

 

Neither FAI nor party size had a significant influence on monthly home range size (Table 3.4); 

however, monthly home ranges did shift location across the study period (Figure 3.2).  

Chimpanzee monthly diet was often dominated (>75% of feeding time) by 1 or 2 species 

(Table 3.2) and each of these food species were confined to different altitudinal ranges, with 

high densities of Syzygium guineense recorded at mid-elevations and high densities of 

Podocarpus latifolius between 2,600 and 2,950 m ASL (Table 3.5).  Some shifts in home 

range location appear to reflect altitudinal differences in the availability of important food items 

(Figure 3.3, Table 3.5).   
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Table 3.4 Results of the multiple regression with monthly home range size as the response variable 
(n = 14) 

Predictor Variable Estimate Std. Error t 95% CI P 

Intercept 6.32 0.50    

FAI 0.15 0.14 1.02 -0.17, 0.46 0.330 

Party size 0.14 0.21 0.67 -0.32, 0.59 0.519 

 

Chimpanzee fruit tree diversity peaked in the mid-elevation zone, between 2,200 and 

2,400 m ASL, and there was a marked decrease in diversity above 2,600 m ASL (Figure 3.4).  

However, the density of Podocarpus latifolius, an important food item for chimpanzees, was 

highest at the altitudinal extreme of their range (Table 3.5).  Chimpanzees fed almost 

exclusively on Podocarpus latifolius and Macaranga kilimandscharica at the altitudinal peak 

of their range during periods of high fruit availability (July and August, Table 3.2, Figure 3.3).  

During periods of fruit scarcity (January and February), chimpanzees ranged at lower 

elevations near the centre of their home range, feeding predominately on Ficus lutea 

(Table 3.2, Figure 3.3).   

 

Table 3.5  Altitudinal distribution of important chimpanzee food species 

Species Density (m2/ha) 

Elevation zone 
  1800 – 

2000 
  2000 - 

2200 
  2200 - 

2400 
  2400 - 

2600 
  2600 - 

2800 
  2800 - 

2950 

Ficus lutea <0.01 <0.01 <0.01 0 0 0 

Syzygium guineense 0 1.29 4.04 9.28 2.36 0 

Symphonia globulifera (flowers) 0.73 2.78 0.53 0 0 0 

Podocarpus latifolius 0 0 0.13 0.11 8.37 10.31 

Macaranga kilimandscharica 0.34 0.11 0.76 6.44 6.34 0 
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Figure 3.2 Spatial and altitudinal shifts in monthly chimpanzee ranging  
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A 
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C D 

Figure 3.3 Spatial and altitudinal variation in chimpanzee ranging (100% MCP) in months when 
chimpanzee diet was dominated by one species: Ficus lutea (A), Symphonia globulifera (B), Podocarpus 
latifolius (C), and Syzygium guineense (D) 
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Figure 3.4 Number of plant species used for fruit by chimpanzees in each elevation zone 
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3.4 Discussion 

Understanding variability in the response of chimpanzees to periods of resource scarcity can 

yield important insights into their behavioural flexibility.  Whilst seasonal changes in 

chimpanzee ranging have been studied in several low to mid-elevation sites, little is known on 

how the chimpanzees cope with periods of resource scarcity in harsh, montane environments.  

Using 3D measurements of DPL, we test whether chimpanzee daily travel effort is related to 

fruit availability in Nyungwe and compare seasonal variation in home range to a nearby 

montane site.   

 

In periods of habitat-wide fruit scarcity, Nyungwe chimpanzees adopted an energy-minimising 

strategy by reducing their day range.  The two months of greatest fruit scarcity, January and 

February, coincide with lowest mean DPL.  During these months, chimpanzees fed primarily 

on large crops of Ficus lutea (crown diameter > 40 m, S. J. Green, unpublished data) and 

increased their consumption of terrestrial herbaceous vegetation (Matthews et al., 2019), 

which grows in large fields throughout their home range.  This energy-minimising strategy is 

consistent with responses to fruit scarcity by chimpanzees in mid-altitude (Wrangham, 1977, 

Goodall, 1986, Matsumoto-Oda, 2002, Nakamura et al., 2013) and low-altitude forests (Doran, 

1997, Herbinger et al., 2001, N’guessan et al., 2009).   

 

In contrast to the predictions of the ecological constraints model, we did not find a significant 

correlation between DPL and party size or home range and party size.  This is likely due to 

differences in the size, density and distribution between chimpanzee food patches.  The 

clumped distribution of some chimpanzee foods, such as Podocarpus latifolius, allowed 

chimpanzees to feed in larger feeding parties without incurring increased travel costs.  Large 

parties can also feed on more dispersed species without incurring increased travel costs if the 

patch size is large and dense enough (Chapman et al., 1995, Chapman and Chapman, 2000).  

For example, Taï chimpanzees decreased their DPL’s when large fig trees were in fruit and 
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characteristically revisited the same ‘superabundant’ fig trees over several consecutive days 

(Doran, 1997).  We observed similar behaviour when chimpanzees were feeding on large 

Ficus lutea trees.  In January, all adult males in the community were observed feeding in one 

of these ‘superabundant’ fig trees over two consecutive days and several returned repeatedly 

over the following five days.  

 

Monthly home range size was not correlated with fruit availability in Nyungwe.  Thus, while 

chimpanzees increased their travel effort (DPL) in high fruit seasons, this was not associated 

with an increase in foraging area.  Instead, their monthly home range shifted location, in line 

with results reported by Moore et al. (2018).  In several months of the year, Nyungwe 

chimpanzees fed intensively on one or two items.  These dominant food species are confined 

to certain altitudinal ranges and may prefer certain topographic conditions.  The shifts in home 

range location may be a reflection of these differences in the spatial and altitudinal distribution 

of these important foods, but more detailed phenology data are needed to test this.   

 

Inter-annual differences in space-use were also observed, with chimpanzees ranging at 

opposite ends of their home range during the two months that were sampled twice, November 

and December.  Large inter-annual differences in fruit availability were also recorded in these 

two months, with the FAI index for December 2017 more than triple that off December 2016.  

This increase in FAI was largely due to differences in the fruit availability of one species, 

Syzygium guineense, which is densely distributed through the Mayebe home range 

(S. J. Green, unpublished data).  The phenology data showed high-levels of inter-annual 

variation in both the amount of ripe fruit produced and the number of individual trees bearing 

fruits of Syzygium guineense.  For example, Syzygium guineense trees near the centre of the 

Mayebe home range bore large quantities of ripe fruit in In November and December 2017, 

but did not fruit in 2016.  Thus, while our study sheds light on seasonal variation in ranging 

patterns, long-term data may reveal inter-annual differences in ranging behaviour associated 

with variation in fruit production.   
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In Kahuzi‐Biega, Democratic Republic of Congo, the only other high-altitude site where 

ranging response to fruit scarcity has been studied, chimpanzees ranged more widely into the 

periphery of their home range during months of low fruit availability, presumably in search of 

ripe fruit (Basabose, 2005, Yamagiwa et al., 2012).  In contrast, Nyungwe chimpanzee home 

range size decreased during periods of fruit scarcity, though not significantly, and space-use 

was concentrated in their central core area (Figure 3.2, 50% Fixed Kernel, 8.10 km2, Green et 

al., 2020).  When more fruit was available, Kahuzi chimpanzees’ concentrated their space-

use in a relatively small (0.69 km2), central core area containing primary forest fragments 

(Kahuzi core area was defined as grid cells containing 52 – 82 % of chimpanzee observations, 

Basabose, 2005).  In Nyungwe, however, chimpanzees ranged more widely, shifting their 

home range location, possibly in relation to the availability of important food items.  This 

resulted in three separate 75% core area nodes, with two located at the extremes of their 

range (Figure 3.1), instead of the one central node, like that of Kahuzi chimpanzees 

(Basabose, 2005).  The Mayebe territory occupies a wider altitudinal range 

(1,800 – 2,950 ASL) than Kahuzi chimpanzees (2,050 m –2,350 m, Basabose 2005).  This 

wide altitudinal range and associated variation in availability of important food items may result 

in less seasonal variation in the availability of important fruits in Nyungwe, reducing the need 

to increase their search area during periods of low fruit availability.   

 

High-altitude forests are thought to be marginal habitats (Grow et al., 2013) as they are often 

associated with a decrease in forest productivity and diversity compared to nearby lowland 

forests (Hamilton, 1975, Yamagiwa et al., 1993, Yamagiwa et al., 1996, Proctor et al., 2007, 

Schmitt et al., 2010).  In Nyungwe, there is a distinct shift from middle montane forest 

dominated by Syzygium guineense, to hard-leafed cloud forest dominated by Podocarpus 

latifolius at approximately 2,600 m ASL (Fischer and Killmann, 2008).  This shift corresponds 

with a decline in chimpanzee fruit tree diversity above 2,600 m, yet chimpanzees did not 

restrict their ranging to lower altitudes.  In fact, in July and August they consistently ranged at 
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the altitudinal peak of their range (from 2,600 – 2,950 m ASL).  This intense space use is 

reflected in the location of the eastern 75% core area node on the southern slopes of 

Mt Bigugu.  During these months, chimpanzees fed almost exclusively on dense groves of 

Podocarpus latifolius and Macaranga kilimandscharica in relatively large parties.  Thus, while 

high-altitudes can be harsh environments for primates, they can be an important part of a 

species home range when they provide a refugium for densely distributed, important food 

species.  Similar behaviour has been observed in mountain gorillas, who range at the 

altitudinal extreme of their range in Volcanoes National Park, Rwanda, to access sodium-rich 

plant foods (Grueter et al., 2018b).   

 

Lastly, our study highlights the importance of including elevation change in measures of DPL 

and home range in topographically variable sites.  Cross-site and cross-species comparisons 

in DPL and home range size are used for numerous purposes, e.g comparisons of habitat 

quality (Palminteri and Peres, 2012, Zhang et al., 2014, Yamagiwa and Basabose, 2006) and 

territory defendability (Mitani and Rodman, 1979, Dunbar, 1992) and to test ecological and 

social determinants of movement behaviour (Dunbar, 1992, Wrangham et al., 1993, Johnson 

et al., 2015) and even hypotheses on locomotor ecology and evolution (Pontzer, 2017a, 

Pontzer, 2017b).  Ignoring topographic differences will result in the underestimation of path 

lengths and home ranges in rugged sites and may lead to misleading results.  Landscape 

influences on energy expenditure is another important consideration for cross-site 

comparisons.  As travelling up steep slopes is significantly more energetically costly for large 

bodied animals than travel on level ground (Halsey and White, 2017), differences in energy 

expenditure would be expected for populations that have similar DPLs, but range over different 

terrain.  Quantifying these differences, in primates for which energetics data are available, 

would be an interesting area for future research (e.g. Wilson et al., 2012).   

 

Excluding 3D effects could also affect conclusions drawn from within site comparisons.  The 

differences between 2D and 3D estimates of mean monthly DPL and home range were 
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generally consistent across the study period in Nyungwe.  This reflects the consistent 

ruggedness of the terrain.  Larger within-site differences would be expected if an animal’s 

home range covered large sections of both rugged and flatter landscapes (e.g. giant pandas 

in the Qinling Mountains, China, Tracey et al., 2014).  With the abundance of global DEM data 

now freely available and accessible geographic information system (GIS) functions, there is 

little reason why these 3D factors should not be included in measures of DPL and home range. 
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4. From ridge tops to ravines: landscape drivers of chimpanzee 
ranging patterns 

 

Submitted to Animal Behaviour for publication 

 

Recent improvements in tracking technologies have resulted in a growing number of fine-scale 

animal movement studies in a variety of fields from wildlife management to animal cognition.  

Most studies assume that an animal’s “optimal” foraging route is linear, ignoring the role the 

energy landscape can play in influencing movement efficiency.  Our objective was to 

investigate whether landscape features that affect movement costs; topographic variation, and 

super and substrate, influence the movement of chimpanzees (Pan troglodytes) in a rugged, 

montane environment.  We tested for route re-use and preferential use of human-made trails 

and ridge tops using 14 months of focal follow data from 14 individuals and maps of 

established chimpanzee trails.  Chimpanzees travelled on human-made trails significantly 

more than expected and showed weak preference for use of ridge tops for travel.  Line density 

analysis demonstrated route re-use in chimpanzees and uncovered a network of high-use 

routes across their range.  To our knowledge, this is the first study to demonstrate empirically 

route re-use and preferential use of human-made trails for travel by chimpanzees.  We discuss 

the energetic and cognitive benefits of trail use and the implications for chimpanzee sociality.  

By applying the latest GIS analytical techniques to fine-scale movement data, this study 

demonstrates the importance of incorporating landscape features in predictive animal 

movement models.   
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4.1 Introduction 

According to optimal foraging theory, natural selection favours animals that move across their 

environment in a way that minimises energy expenditure while maximising energy gain 

(MacArthur and Pianka, 1966).  As such, animals with good spatial cognition are able to 

choose the most efficient path between resources (Fagan et al., 2013).  With recent 

improvements in tracking technologies, the collection and analysis of animal movement data 

in spatial cognition studies is growing (Janson and Byrne, 2007, Fagan et al., 2013, Garber 

and Dolins, 2014).  However, few studies consider how landscape driven variation in 

movement costs, termed the energy landscape (Shepard et al., 2013, Wilson et al., 2012a), 

influences the choices animals make when moving about their environment (Leblond et al., 

2010, Shepard et al., 2013, Howard et al., 2015, Strandburg-Peshkin et al., 2017).  For 

example, linearity is a commonly used measure for travel efficiency (Valero and Byrne, 2007, 

Cunningham and Janson, 2007, Normand and Boesch, 2009, Asensio et al., 2011, Janmaat 

et al., 2013); however, this approach does not take into account landscape factors, such as 

topographic variability, which may result in more energy-efficient sinuous routes.  Therefore, 

identifying the role energy landscape plays in influencing animal movement patterns and path 

preferences is crucial to improving optimisation models of animal movement and thus our 

understanding of animal spatial cognition.   

 

Shepard et al. (2013) identify three landscape factors that can influence energetic costs of 

terrestrial animal movement: topographic variation, and super and substrate penetrability.  

Large bodied animals exert significantly more energy travelling up slopes than on level ground 

(Halsey and White, 2017).  The ratio of oxygen consumption to speed for a chimpanzee 

running up a 15 degree incline is double that of a chimpanzee running on level ground (Taylor 

et al., 1972).  When drivers that favour increased speed over cost (e.g. predator avoidance 

and access to ephemeral food resources) are absent, animals living in rugged, steeply sloping, 

environments may therefore alter their ranging behaviour to avoid sharp inclines (Ganskopp 



69 

 

et al., 2000, Dickson et al., 2005, Wall et al., 2006) and preferentially use ridges for travel due 

to their relatively straight curvature and shallow slopes (Surface-Evans and White, 2012, 

Pingel, 2010).  Human hiking trails often follow ridges in mountainous areas (Pingel, 2010) 

and for example, indigenous people in the Amazon Basin prefer to hunt along ridge tops, as 

they view traversing valleys as too energetically costly (Yost and Kelley, 1983, Milton, 2000).   

 

Substrate is defined as “the medium over or on which an animal moves” 

(Shepard et al., 2013 p. 299), and superstrate as “any material against which an animal must 

push to move” (Shepard et al., 2013 p. 300).  Humans expend 1.7 to 2.7 times more energy 

walking on soft substrates such as sand than firmer substrates such as concrete (Pinnington 

and Dawson, 2001).  For terrestrial animals, superstrate includes any material that extends 

above the substrate, with taller, denser and more rigid superstrates being more costly 

(Shepard et al., 2013).  Studies have found that dense brush and snow are more energetically 

costly for humans to traverse than open ground (Soule and Goldman, 1975, Pandolf et al., 

1976, Richmond et al., 2019), but there is little research on this topic for non-human mammals. 

 

It can be difficult to study the movement costs (i.e. energy expenditure) associated with 

individual landscape factors as they often occur in combination.  For example, human-made 

trails, paths and roads have compact level substrate, cleared superstrate, and are often 

designed to avoid steep slopes.  Although most mammal species avoid human-made 

infrastructure (review in Benítez-López et al., 2010), researchers have documented 

preferential use of roads for travel by several North American mammals (cougars: Dickson et 

al. 2005; wolves: Thurber et al. 1994, Whittington et al., 2005; and grizzly bears: Roever et al., 

2010).  The energy savings offered by roads and human-made trails may outweigh the costs 

of exposure to humans for animals living in heterogeneous anthropogenic environments.   

 

Terrestrial animals can also reduce travel costs by re-using their own tracks.  This is a self-

reinforcing behaviour with repeated route use resulting in greater substrate compaction and 
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superstrate reduction.  Therefore, the most frequently used routes offer the greatest savings 

in movement energy.  Animals living in more variable environments may re-use routes of least-

resistance at a high enough rate that they form well defined pathways (Shepard et al., 2013, 

Perna and Latty, 2014).   

 

There is growing evidence that naturally ranging chimpanzees (Pan troglodytes) possess 

good spatial knowledge of their environment (Normand et al., 2009, Normand and Boesch, 

2009, Janmaat et al., 2013, Janmaat et al., 2014, Ban et al., 2016), making them an ideal 

species to examine landscape influences on ranging.  Whilst landscape influences on fine-

scale movement has to our knowledge not been documented in chimpanzees, the majority of 

chimpanzee research to date has been undertaken in relatively homogeneous landscapes 

which may not necessitate energy minimisation strategies.   

 

Chimpanzee habitats occur over a wide altitudinal range, from tropical forests at sea-level in 

West Africa to high-altitude, montane forests in the Albertine Rift (Inskipp, 2005).  Nyungwe 

National Park, a rugged montane forest in south-west Rwanda, supports a community of 

chimpanzees that range from 1 795 to 2 950 m above sea level (ASL), the highest known 

altitudinal limit of their species distribution.  Nyungwe has relatively steep slopes and an open 

canopy that has created dense ground cover across much of the forest.  The study 

community’s home range contains one major road, two smaller unpaved roads and a network 

of human-made trails (Figure 4.1).  There is little research on the impact of super and substrate 

on the movement costs of non-human mammals, but we expect dense superstrates such as 

vine thickets and ground herbs will impede chimpanzee locomotion in Nyungwe and 

chimpanzees may minimise their daily energy expenditure by travelling on human-made trails 

or reusing their own tracks where possible.  We also expect that the rugged terrain may drive 

preferential use of ridge tops for travel, as has been shown in several arboreal primates (Di 

Fiore and Suarez, 2007, Gregory et al., 2014, Presotto et al., 2018).  To investigate whether 

landscape factors influence chimpanzee movements in this heterogeneous environment, we 
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test for: 1) repeated use of chimpanzee travel routes, 2) preferential use of human-made trails 

and roads for travel, and 3) preferential use of ridges for travel. 

 

 

Figure 4.1 Location of the study area in Nyungwe National Park, Rwanda  
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4.2 Methods 

4.2.1 Study site and subjects 

Nyungwe National Park protects 1 020 km2 of tropical montane forest in south-western 

Rwanda.  Nyungwe receives 1 744 mm of annual rainfall with an average maximum and 

minimum temperature of 19.6°C and 10.9°C, respectively (Sun et al., 1996).  The region 

experiences a major wet season from February to May, a long dry season from June to August, 

with a minor wet season from September to November and a shorter dry season from 

December to January.  The park is characterised by steep slopes with its highest peak 

measuring 2 950 m ASL (Fashing et al., 2007).  The vegetation consists of both primary and 

secondary montane forest with a relatively open canopy that has resulted in a varied 

vegetation structure, with a dense herb layer in most areas (Fimbel et al., 2001, Plumptre et 

al., 2002).  

 

Nyungwe is estimated to contain 380 individuals, the largest population of chimpanzees in 

Rwanda (IUCN, 2010).  The Mayebe chimpanzee community have been habituated since 

1997 by the Rwandan Development Board (formerly ORTPN) and Wildlife Conservation 

Society and are the focus of this study.   

 

Data were collected between November 2016 and December 2017.  By the end of our study, 

the Mayebe community consisted of 67 individuals: 14 adult and 4 sub-adult males, 18 adult 

and 7 sub-adult females, 12 juveniles and 12 infants (Appendix A).  We followed 14 individual 

adult male subjects over the course of this study.   

4.2.2 Movement Observations 

Sex differences in ranging patterns are common amongst eastern chimpanzees (Pan 

troglodytes schweinfurthii), with males traveling longer daily distances and having larger home 

ranges than anestrous females (Wrangham and Smuts, 1980, Chapman and Wrangham, 

1993, Doran, 1997, Williams et al., 2002, Bates and Byrne, 2009).  As such, to maximise route 
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data collection, only male chimpanzees were sampled.  Behavioural data were collected on 

approximately ten days per month from November 2016 to December 2017.  A focal adult 

male was randomly chosen from the first party encountered and followed for as long as 

possible, ideally until he built his night nest (focal animal sampling: Altman, 1974).  As focal 

chimpanzees were sometimes lost when travelling off-trail, focal follows may be biased 

towards travel on human-made trails.  However, given the long duration of our follows, this 

potential bias is expected to have minimal impact on our results.   

 

Focal chimpanzee locations were recorded at 5 m intervals using a hand-held Garmin 

GPSMAP 64 device, with Global Navigation Satellite System (GLONASS) receiver.  The 

Global Positioning System (GPS) accuracy was within 3–6 m throughout most of the Mayebe 

home range, but could increase to 20 m in some valleys due to poor signal.  Focal party size 

and composition was recorded at 15 minute epochs.  Individuals within 50 meters of each 

other were considered to be in the same party (following Clark and Wrangham, 1994).   

 

We obtained 106 focal follows, with a mean duration of 8 h 38 min ± 2 h 23 min.   

4.2.3 Analysis 

Home range 

Several techniques for estimating home range size exist (Laver and Kelly, 2008).  Minimum 

convex polygon (MCP, Hayne, 1949) and grid cell methods (Siniff and Tester, 1965, Haugen, 

1942) are the most commonly used, but fixed kernel density estimation is considered by some 

authors to be the most accurate (Worton, 1987, Seaman and Powell, 1996) and local convex 

hull (LoCoH) is more capable of identifying hard boundaries, such as rivers, cliff edges or 

human settlements, that may not be used by the animal (Getz and Wilmers, 2004, Getz et al., 

2007).  We calculated home range using all four methods to allow comparison among sites as 

recommended by Boyle (in press).  The MCP technique creates a bounding polygon around 

a set of data points using convex angles (Hayne, 1949).  The grid cell method involves the 
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identification of cells that contain at least one locational data point (Siniff and Tester, 1965, 

Haugen, 1942).  We used 500 x 500 m grid cells to align with previous chimpanzee studies 

(Herbinger et al., 2001, Lehmann and Boesch, 2005, Amsler, 2009).  The fixed kernel method 

calculates the density of location points within a defined neighbourhood.  We calculated 99%, 

95%, 75% and 50% fixed kernel estimates using the least squares cross validation (LSCV) 

method (Worton, 1989, Gitzen and Millspaugh, 2003) to define the bandwidth as it fit the data 

more closely than the reference (Worton, 1995) and plug-in estimator methods (Sheather and 

Jones, 1991) and was similar in fit to the bias cross validation method (Worton, 1989).  To 

minimise autocorrelation between data points, we used a subsample of four points per day 

(selecting the points taken closest to 6 am, 9 am, 12 pm and 3 pm, n = 551).  The LoCoH is a 

nonparametric method that creates kernels using either a fixed number of points (k), or points 

with a fixed (r) or adaptive (a) sphere-of-influence (Getz et al., 2007).  We used the a-LoCoH 

method as the estimated home range contained less “holes” than the k- and r-LoCoH methods 

(Getz et al., 2007).  We used an a of 10 000 m as it was the maximum distance between any 

two location points.  Home range estimates were generated using the Geospatial Modelling 

Environment ArcGIS extension (GME, Beyer, 2014) and the adehabitat statistical package 

(Clement, 2006) in R version 3.6.0 (R Core Team, 2019).  As the Mayebe chimpanzees range 

near the boundary of the National Park, all home range estimates, except the a-LoCoH, 

included areas of unsuitable habitat within the neighbouring village.  We used the adjusted 

polygon method (Grueter et al., 2009) to erase grid cells that were known to contain village 

areas from the home range polygons.  

Travel routes 

Daily travel routes (n = 106) were created by joining each consecutive waypoint (mean 

waypoints collected per day = 425) with a straight-line segment in ArcMap 10.6.   

Mapping trails, roads and ridges 

We used the ArcGIS Hydrology Toolset to extract ridge lines from 30 m resolution Shuttle 

Radar Topography Mission (SRTM) elevation data.  We visually inspected the extracted ridge 
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lines using Google Earth to identify any anomalies and mapped any ridge lines that had not 

been extracted following the technique described by Gregory et al. (2014).   

 

To map human-made trails and roads we walked all trails and roads within the Mayebe 

chimpanzees home range, taking GPS readings every 5 m.  This included both tourist trails 

and informal shortcuts, one paved and two unpaved roads.  Established chimpanzee trails 

were mapped whenever chimpanzees were observed travelling on them.   

Landscape relationships  

To examine whether chimpanzees showed repeated use of travel routes we used the ArcGIS 

Spatial Analyst Line Density tool.  The Line Density tool calculates the density (km/km2) of 

travel routes in the defined neighbourhood of each output grid cell.  Gregory et al. (2014) 

recommend adjusting the search radius to reflect the spread of the study group.  Chimpanzees 

live in multifemale-multimale groups with fission-fusion dynamics in which temporary parties 

of variable size and composition unite and split throughout the day (Nishida, 1968, Aureli et 

al., 2008, Grueter et al., 2012).  During the study period focal chimpanzees ranged alone or 

in parties of up to 22 individuals with distances up to 50 m between party members.  To reflect 

these variable party sizes/spreads, the Line Density tool was run with search radii of 10-50 m 

in 10 m increments.  Increasing the search radius from 10 m to 20 m identified additional 

repeatedly used routes, but further increases resulted in an increase in the width of existing 

routes only (Figure 4.2).  The 50 m search radius is used in figures, as the wider travel routes 

are easier to visualise.  We used all 14 months of data for this analysis (n = 106 daily travel 

routes) as the chimpanzees were observed ranging at opposite ends of their home range 

during the two months that were sampled twice, November and December.  

 

Preference for travel on human-made trails and ridges was analysed using third-order 

resource selection (Johnson, 1980).  Landscape polygons were generated by buffering ridge 

lines by 50 m (to account for party spread) and trails by 10 m (as 10 m was the maximum 
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width of trails).  We then clipped the trail polygon to the ridge polygon to extract polygons that 

contained both trails and ridges.  To estimate availability of landscape features, 5 000 random 

points were generated within the Mayebe home range (adjusted 100% MCP).  The landscape 

category (trail, ridge, trail located on ridge or other) associated with each used (n = 45, 083) 

locations from 14 individuals) and available location was queried in ArcMap.  Landscape 

preference was analysed using a generalised linear mixed effects model with Binomial error 

structure.  The dependent variable was 1 for used and 0 for available locations and the 

predictor variable was the landscape category (Boyce and McDonald, 1999, Manly et al., 

2002).  Available points were weighted by 5 000 prior to fitting the model (Fithian and Hastie, 

2013).  To account for certain individuals having a disproportionate effect on the dependent 

variable, the identity of the focal chimpanzee was included as a random effect (Gillies et al., 

2006).  The model coefficients (parameters, βi) are equivalent to selection ratios (Manly et al., 

2002), with βi > 0 indicating that chimpanzees use the landscape feature more than would be 

expected if used in proportion to its availability.  

 

Model fitting was implemented in R version 3.6.0 (R Core Team, 2019) using the function 

‘glmer’ of the package lme4 (version 1.1-21; Bates et al., 2015).  Confidence intervals were 

computed using the function ‘confint’. 

 

We did not test for the relationship between chimpanzee travel and roads statistically as 

chimpanzees were never observed travelling along roads, only crossing them. 
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4.3 Results 

4.3.1 Home range 

The Mayebe community home range size varied from 28.62 to 47.69 km2 depending on the 

method used (Table 4.1).  As several daily routes extended beyond the 95% fixed kernel, and 

the grid cell and a-LoCoH methods excluded several areas that contained suitable habitat, we 

consider the adjusted 100% MCP estimate to be the most appropriate home range to use for 

our landscape analyses.  The Mayebe chimpanzees ranged from 1 795 to 2 951 m ASL, the 

highest altitude recorded for chimpanzees.  

Table 4.1 Home range estimates 

Method % Location points used Size (km2) 

MCP 100 All 41.27 

Adjusted MCP 100 All 40.01 

Grid Cell (500 x 500 m) 100 All 38.25 

a-LoCoH 100 All 28.62 

Fixed Kernel (LSCV bandwidth) 

99 

4 per day 

47.69 

95 34.46 

75 17.29 

50 8.10 

 

4.3.2 Landscape analysis 

The route density plots demonstrate several repeatedly used routes across the Mayebe home 

range (Figure 4.2).  The most intensely used routes occurred on human-made trails 

(Figure 4.3), but several were located outside of the trail network.  Chimpanzees were 

observed travelling along “established trails” that were not human-made on numerous 

occasions (Figure 4.3).  These established trails were narrower than 1 meter, had level 

substrate that cut into steep slopes, were free from superstrate up to approximately 1 meter 

(sometimes forming a tunnel through vine thickets) and the bark had been worn off any dead 

logs or living vines that lay on the track, suggesting that these tracks were regularly used by 

chimpanzees.  Established trails were relatively linear compared to human-made trails 

(Figure 4.3).   
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The most intensely used routes occurred on human-made trails (Figure 4.3) and chimpanzees 

did preferentially travel on human-made trails, whether they occurred on ridges (βi = 2.75) or 

not (βi = 2.78, Table 4.2), suggesting that chimpanzees preferentially use them for travel.  

Whilst some high-use routes and established trails fell on ridge tops, chimpanzees showed 

weak preference for travel on ridges (βi =0.41, Table 4.2).   

 
Table 4.2 Estimated selection coefficients for chimpanzee location points (n=45 083). SE: standard 
error; CI: confidence interval  

Variable Estimate SE z 95% CI 

Intercept -8.69 0.076   

Ridge 0.41 0.012 34.13 0.38, 0.43 

Trail 2.78 0.013 215.14 2.75, 2.80 

Trails located on ridges 2.75 0.014 201.77 2.72, 2.77 

 

 

Figure 4.2  Chimpanzee travel routes density indicated by increasing search radii 

 



79 

 

 

Figure 4.3  Chimpanzee travel route density showing overlap with human-made trails (left) 
and location of “established trails” (right). The 50 m search radius is used for visualisation purposes. 
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4.4 Discussion 

Landscape features can have significant impacts on the movement efficiency of animals and 

thus directly influence their fitness (Wilson et al., 2012a, Perna and Latty, 2014).  While large 

scale responses to energy landscape are well understood, there are few studies that consider 

finer scale responses and those that do generally only focus on a single factor, such as slope 

(Wilson et al., 2012a, Shepard et al., 2013).  Here, we provide new insights into drivers of 

chimpanzee movement.   

 

Our line density analysis uncovered a network of high-use chimpanzee movement routes 

across the Mayebe community’s home range.  The most intensely used routes were located 

on human-made trails and statistical analysis showed that chimpanzees preferentially travel 

on human-made trails.  Whilst chimpanzees have been observed using human-made trails in 

Budongo Forest Reserve, Uganda (Zommers et al., 2013), this study is the first to show 

chimpanzee preference for travel on human-made trails and adds to the few documented 

cases for non-human primates (e.g. baboons: Noser and Byrne, 2013; Strandburg-Peshkin et 

al., 2017).  There are costs associated with travelling on human-made trails, including 

exposure to humans (Brncic et al., 2015) and the ‘turn costs’ associated with travelling on 

tortuous routes (Wilson et al., 2013, Halsey, 2016).  Conversely, by travelling on human-made 

trails animals can decrease energy expenditure, due to the compact level substrate and 

cleared superstrate, without having to bear the cost of trail construction or maintenance (Perna 

and Latty, 2014).  Several of Nyungwe’s trails also have bridges that facilitate travel across 

streams that would otherwise be difficult or impossible to traverse.  The savings in movement 

energy and the chimpanzees’ habituation to humans are likely both important factors 

influencing their preferential use of human-made trails.   

 

Chimpanzees showed weak preference for travel on ridge tops; however, several repeatedly 

used routes did follow ridge lines and we observed chimpanzees using ridges to travel up 
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Nyungwe’s highest mountain on several occasions.  The energetic benefits of travelling on 

ridges is likely influenced by the distance and elevation change between the start and end 

points of travel segments.  For example, the cost of deviating to use a ridge may outweigh the 

energetic gains when the difference in elevation between the starting point and goal is 

relatively small, but the deviation may be worthwhile for larger elevation changes.  A more 

sophisticated model would be required to examine more nuanced influences.   

 

While some high-use routes were associated with human-made trails and ridges, many were 

not associated with any prominent topographic features and some were orientated 

perpendicular to ridges, requiring travel up and down steep valleys.  As there are no other 

large mammals in Nyungwe, we expect that these routes were likely formed by the same 

mechanisms that produce human pedestrian trails (Helbing et al., 1997a, Helbing et al., 

1997b), whereby chimpanzees will preferentially use the existing human trail system, but when 

the detour is too large they will take the most efficient, or least-cost, route to their goal.  In 

doing so they trample vegetation, compacting the substrate and reducing the superstrate, 

which makes the route more attractive to other chimpanzees.  The more frequently the route 

is used the more attractive it becomes.  When the frequency of use is greater than vegetation 

growth, the route is maintained and eventually becomes an established trail (Shepard et al., 

2013, Perna and Latty, 2014).   

 

Much of Nyungwe has been colonised by a rapidly growing climbing vine, Sericostachys 

scandens (Chao et al., 2009).  However, chimpanzees were observed trampling through and 

subsequently reusing an 800 m route through Sericostachys scandens that was maintained 

for at least three weeks.  In comparison to other primates that expand and contract their 

monthly ranges in response to changes in fruit availability (Hemingway and Bynum, 2005), the 

Mayebe community have a concentrated ranging pattern, with monthly home ranges that shift 

location across fruiting seasons, but remain relatively consistent in size (Moore et al., 2018, 
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S.J. Green, unpublished data).  This ranging strategy promotes more frequent trail re-use 

allowing for maintenance of seasonal trails.   

 

Human trails in rugged environments are usually sinuous, as they are designed to avoid steep 

slopes.  In comparison the established chimpanzee trails recorded in Nyungwe were relatively 

linear (Figure 4.3), seemingly ignoring the steep terrain.  If established trails were routes that 

minimise metabolic costs (as suggested by Shepard et al., 2013), their relative linearity 

indicates that chimpanzees expend less energy travelling up slopes than humans.  

Chimpanzees will thus incur ‘turn costs’ (Wilson et al., 2013, Halsey, 2016) when travelling on 

human-made trails.  The existence of relatively linear, high-use established trails and the 

preferential use of human-made trails despite ‘turn costs’ may indicate that substrate and 

superstrate are more important drivers of chimpanzee movement than slope, but more 

detailed elevation, super and substrate information are needed to test this.  With fine-scale 

remote sensing technologies becoming increasingly more affordable, future studies could 

obtain this information using a combination of imagery collected from satellite and/or 

Unmanned Aerial Vehicles (UAV)’s and field surveys (see Strandburg-Peshkin et al., 2017 for 

an example).  The relative importance of each landscape factor could then be tested using 

step-selection models (Thurfjell et al., 2014).   

 

Other drivers of animal movement, such as predator avoidance (Boesch, 1991, Hodges et al., 

2014), competition with neighbouring groups (Wilson et al., 2012b, Crofoot, 2013), mating 

opportunities (Clutton-Brock, 1989, Eberle and Kappeler, 2002), visibility (Di Fiore and Suarez, 

2007, Gregory et al., 2014) and within-group social interactions (Strandburg-Peshkin et al., 

2017) may also be at play.  For example, human-made and established trails appeared to 

facilitate some chimpanzee fusion events in Nyungwe.  We regularly observed chimpanzees 

pant-hoot (a long-distance vocalisation) upon reaching a trail, at which point they would stop 

to wait for another foraging party to arrive before moving off together.  The use of trails as 

“reunion sites” is consistent with Di Fiore and Suarez’s (2007) observations of spider monkey 
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fusion events that commonly occur at key nodes in their arboreal route network.  However, as 

dense undergrowth made it difficult to observe “off-trail” chimpanzee fusion events, it is not 

known whether chimpanzee fusion events were more common on trails than off.  Reusing 

routes can also play an important role in maintaining contact between foraging parties. (Di 

Fiore and Suarez, 2007, Perna and Latty, 2014, Strandburg-Peshkin et al., 2017).  

Chimpanzees were often observed following an established trail that another party had taken 

several hours before.  Regular use of human-made and established trails may thus help to 

maintain group cohesion in primates with flexible grouping patterns.   

 

Without knowing the functional relationship between movement costs and terrain, it is difficult 

to isolate the energy landscape from other potential drivers of animal movement (Shepard et 

al., 2013, Lempidakis et al., 2018).  However, insight can be gained by comparing the 

movement patterns of chimpanzees in different environments.  Chimpanzee’s in Taï, Côte 

d'Ivoire rarely re-use routes (Jang et al., 2019).  Taï has relatively flat terrain and sparse 

undergrowth (Boesch and Boesch-Achermann, 2000), which suggests that landscape factors 

are an important driver of chimpanzee route re-use.  Studies of route re-use and preferential 

use of human-made trails by chimpanzee in habitats with dense undergrowth, such as Mahale, 

Tanzania (Nakamura et al., 2015) and Kahuzi‐Biega, Democratic Republic of Congo 

(Yamagiwa and Basabose, 2006) are needed to shed light on the importance of superstrate 

in driving preferential trail use.   

 

Our study also provides new insights into the spatial cognition of chimpanzees.  The form of 

cognitive maps used by primates is a growing area of research that remains subject to debate 

(Garber and Dolins, 2014, Trapanese et al., 2018).  Route re-use is often interpreted as 

evidence for use of a topological mental map (Milton, 2000, Di Fiore and Suarez, 2007, Noser 

and Byrne, 2007, Presotto and Izar, 2010, Hopkins, 2016).  Normand and Boesch (2009) 

found evidence to support use of a Euclidean mental map by chimpanzees in Taï National 
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Park, Côte d’Ivoire, but recommended further research in different habitat types.  Euclidean 

maps may be necessary in relatively homogenous landscapes, such as Taï (Normand and 

Boesch, 2009), but not in more heterogeneous habitats, such as Nyungwe, where the greater 

availability of landmarks make a topological representation of space more viable (Fagan et al., 

2013).  However, it is impossible to know for certain which representation of space Nyungwe 

chimpanzees use, as they gain the benefit of reduced energetic expenditure, as well as 

possible reductions in the cognitive demands of navigation (Dukas, 1999) by travelling on 

trails.  It is possible that they use a mixture of both topological and Euclidean systems of 

reference, whereby they update their position with the aid of the configuration of trails and 

other landmarks (Benhamou, 1997).   

 

Lastly, we limited our analysis to male chimpanzees as males were expected to use human-

made trails and ridges more often, as they are usually more terrestrial (Wrangham and Smuts, 

1980, Hunt, 1989, Doran, 1993, Takemoto, 2004, Pokempner, 2009), and travel longer 

distances per day (Wrangham and Smuts, 1980, Chapman and Wrangham, 1993, Doran, 

1997, Williams et al., 2002, Bates and Byrne, 2009) and between food patches (Pokempner, 

2009) than anestrous females.  However, the energetic demands of gestation, lactation and 

travel with dependent offspring may make anestrous females more sensitive to the energy 

landscape than males.  Female eastern chimpanzees also concentrate their ranging in small, 

individual core areas (Murray et al., 2007), which may promote more frequent route re-use.  

Future research on anestrous female ranging responses to the energy landscape may yield 

further insights into sex differences in foraging strategies.   

 

4.4.1 Conclusion 

Despite predictive models of animal movement being used in a growing number of studies 

with application to a variety of fields from cognition to conservation planning (Kays et al., 

2015), the influence of energy landscape on animal ranging decisions has been largely 
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ignored.  By utilising advances in GIS analytical techniques and mapping established trails, 

we demonstrate how landscape features can shape animal ranging patterns.  To our 

knowledge, this is the first study to empirically demonstrate route re-use and preferential use 

of human-made trails by chimpanzees.  These ranging strategies may be driven by the need 

to conserve energy whilst moving through dense superstrate in a rugged low resource 

montane environment.  Further studies in varied environments would shed light on this.   
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5. Chimpanzees use advanced spatial cognition to plan least-cost 
routes 

 

Submitted to Current Biology for publication 

 

While the ability of naturally ranging animals to recall the location of food resources and use 

straight-line routes between them has been demonstrated in several studies, it is not known 

whether animals can use knowledge of their physical landscape to plan least-cost routes.  This 

ability is likely to be particularly important for animals living in highly variable energy 

landscapes, where movement costs are exacerbated.  Here, we used least-cost modelling to 

investigate whether chimpanzees (Pan troglodytes) living in a rugged, montane environment 

use advanced cognitive skills to plan energy-efficient routes.  We used a subset of chimpanzee 

movement segments together with the available laboratory measurements of chimpanzee 

energy expenditure to assign movement ‘costs’ which were incorporated in an anisotropic 

least-cost model and straight-line null model.  The least-cost model performed better than the 

straight-line model across all parameters, and linear mixed modelling showed a strong 

relationship between the cost of observed chimpanzee travel and predicted least-cost routes.  

To our knowledge, our study provides the first example of spatial memory for landscape and 

the ability to plan least-cost routes in non-human animals.  These cognitive abilities may be a 

key trait that have enabled chimpanzees to maintain their energy balance in a low-resource 

environment.  Our findings provide a further example of how the advanced cognitive 

complexity of hominids have facilitated their adaptation to a variety of environmental conditions 

and lead us to hypothesise that landscape complexity may play a role in shaping cognition.   
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5.1 Introduction 

Advanced cognitive abilities can facilitate increased foraging efficiency, particularly in animals 

that depend on clumped resources (Milton, 1981, Benhamou, 1994, Janmaat and Chancellor, 

2010, Fagan et al., 2013, Janson, 2019).  Research on spatial cognition of naturally ranging 

animals has generally focused on the abilities of animals to remember the location, type and 

seasonality of food resources and plan distance-minimising routes between them (Janson and 

Byrne, 2007, Zuberbühler and Janmaat, 2010).  However, it is not known whether animals can 

remember the physical landscape of their natural environment and use this knowledge to plan 

energy-minimising routes (Howard et al., 2015).   

 

Physical features of the landscape such as steep slopes or dense vegetation, can significantly 

increase energy expenditure during foraging (Halsey, 2016) and recent studies have shown 

that animals will alter their ranging patterns in response to landscape features (Dickson et al., 

2005, Wall et al., 2006, Sapir et al., 2011, Newmark and Rickart, 2012, Howard et al., 2015).  

This landscape driven variation in movement costs is termed the ‘energy landscape’ (Wilson 

et al., 2012, Shepard et al., 2013) and it follows that animals living in more variable energy 

landscapes would gain fitness benefits from remembering the landscape of their home range 

and planning efficient routes.  Advances in hand-held Global Positioning Systems (GPS) 

allowing more accurate collection of movement data in rugged environments and increasingly 

sophisticated modelling tools that can incorporate landscape features into measures of 

movement efficiency have opened opportunities for analysis of animal memory of landscape 

and route choice (Fagan et al., 2013, Kays et al., 2015).   

 

Spatial memory of landscapes and the ability to plan least-cost routes is expected to be most 

beneficial to animals that a) live in highly variable energy landscapes, as the potential 

savings in movement costs are greater, and b) rely on resources that are (based on Milton, 

1981) (i) stationary, and therefore predictable in space as opposed to mobile prey, (ii) 

patchily distributed, making random search a less efficient strategy, and (iii) lower in 
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density, resulting in increased travel distances between patches and thus increased 

movement costs. 

 

Chimpanzees (Pan troglodytes) have been the subject of more spatial cognition studies than 

any other non-human primate (Menzel, 2012), but as most field studies have been undertaken 

in relatively homogenous environments (Wittig and Crockford, 2018), their ability to remember 

landscapes and incorporate this into their route planning has not been tested.  Chimpanzees 

rely on food resources that are characterised by high spatio-temporal complexity (Janmaat et 

al., 2016) and thus travel relatively long daily distances, expending more energy on terrestrial 

locomotion than any other activity (Leonard and Robertson, 1997, Pontzer and Wrangham, 

2004).  A recent study in Nyungwe National Park, Rwanda showed that chimpanzee ranging 

patterns can be influenced by their terrain (Green et al., 2020), making them perfect subjects 

to investigate spatial cognition of landscape.   

 

Nyungwe is a low-productivity montane forest (Gross-Camp et al., 2009) in south-west 

Rwanda that supports a community of chimpanzees that range from 1,795 to 2,951 m ASL, 

the highest recorded altitude for wild chimpanzees (Green et al., 2020).  Across locations 

where chimpanzees have been studied, Nyungwe has one of the most variable energy 

landscapes, consisting of rugged terrain, dense ground cover and a network of human-made 

trails that chimpanzees preferentially use for travel (Figure 5.1, Green et al., 2020).  The aim 

of this study was to investigate whether chimpanzees are able to use advanced cognitive skills 

to reduce energy expenditure in a low productivity environment.  We hypothesise that 

chimpanzees in Nyungwe have spatial memory of landscape and take least-cost routes to 

goals outside the line of sight (out of sight).   

 

These hypotheses were tested using chimpanzee ranging data collected over 14 months and 

an anisotropic least-cost path (LCP) model that determines the path of least resistance 

assuming full knowledge of the environment.  Efficiency is calculated as the cost of moving 
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across the landscape and can include features that impede animal travel, such as slope, 

vegetation cover or human disturbance (Zeller et al., 2012).  Least-cost analysis is increasingly 

employed to model animal movement for landscape connectivity studies; however, recent 

reviews found that few studies use empirical data to assign landscape costs or assess model 

accuracy (Sawyer et al., 2011, Zeller et al., 2012).  Most studies also employ isotropic models 

which are often not realistic (Etherington, 2016), particularly in rugged environments where 

the cost to travel upslope is greater than downslope for many species (Halsey and White, 

2017).   

 

Here, we use change points to define movement phases (Byrne et al., 2009) and use a subset 

of these movement phases, together with the available laboratory measurements of 

chimpanzee energy expenditure, to define movement ‘costs’.  We then compare the costs and 

geometry of observed movements with predicted least-cost routes and a straight-line null 

model to test for evidence of use of cognitive mechanisms to plan energetically efficient routes.  
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Figure 5.1 Location of the study area in Nyungwe National Park, Rwanda 
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5.2 Methods  

Data were collected between November 2016 and December 2017 in Nyungwe National Park, 

Rwanda (Figure 5.1).  Nyungwe is a rugged montane tropical forest characterised by relatively 

steep slopes, an open canopy and dense ground vegetation.  It protects 1,020 km2 of forest 

and is estimated to contain 380 chimpanzees (IUCN, 2010).  The study community range, to 

our knowledge, to the highest altitudinal limit of their species distribution (2,951 m ASL, Green 

et al., 2020) and consisted of 67 members by the end of the study: 14 adult and 4 sub-adult 

males, 18 adult and 7 sub-adult females, 12 juveniles and 12 infants (Appendix A).   

 

Male chimpanzees are known to travel longer daily distances and have larger home ranges 

than anestrous females (Wrangham and Smuts, 1980, Chapman and Wrangham, 1993, 

Doran, 1997, Williams et al., 2002, Bates and Byrne, 2009).  Thus, only male chimpanzees 

were sampled to maximise path data (n = 14 individuals).  Focal follows (Altmann, 1974) were 

undertaken for as long as possible, ideally from nest to nest, on approximately ten days per 

month.  Their locations were recorded at 5 m intervals with a hand-held Garmin GPSMAP 64 

device, with GLONASS receiver.  The GPS accuracy was within 3–6 m throughout most of 

the Mayebe home range, but could increase to 20 m in some valleys.  Party size and 

composition was recorded every 15 minutes, with any individuals within 50 m of each other 

considered to be a part of the same party (following Clark and Wrangham, 1994).   

5.2.1 Least-cost analysis 

To investigate whether chimpanzees use LCPs when travelling across their environment, we 

employed the ArcGIS Path Distance Tool which incorporates anisotropy by modifying the cost 

distance function with a user defined vertical factor.  Path Distance calculates the cost of travel 

between two perpendicularly adjacent cells (𝑎 and 𝑏) using the following formula: 
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𝑎1 =
(𝑐𝑜𝑠𝑡_𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑎) + 𝑐𝑜𝑠𝑡_𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑏))

2
∗ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒_𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑎𝑏) ∗ 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙_𝑓𝑎𝑐𝑡𝑜𝑟(𝑎𝑏) 

 

𝑊ℎ𝑒𝑟𝑒:  
 

𝑎1 = 𝑐𝑜𝑠𝑡 𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑 𝑡𝑜 𝑡𝑟𝑎𝑣𝑒𝑙 𝑓𝑟𝑜𝑚 𝑐𝑒𝑙𝑙 𝑎 𝑡𝑜 𝑐𝑒𝑙𝑙 𝑏 
𝑐𝑜𝑠𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑎) = 𝑡ℎ𝑒 𝑐𝑜𝑠𝑡 𝑡𝑜 𝑡𝑟𝑎𝑣𝑒𝑙 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑐𝑒𝑙𝑙 𝑎 
𝑐𝑜𝑠𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝑏) = 𝑡ℎ𝑒 𝑐𝑜𝑠𝑡 𝑡𝑜 𝑡𝑟𝑎𝑣𝑒𝑙 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑐𝑒𝑙𝑙 𝑏 
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑎𝑏) = 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐𝑒𝑙𝑙𝑠 𝑎 𝑎𝑛𝑑 𝑏 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  
𝑓𝑟𝑜𝑚 𝑎 𝑑𝑖𝑔𝑖𝑡𝑎𝑙 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑚𝑜𝑑𝑒𝑙   
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑎𝑏) = 𝑎𝑐𝑐𝑜𝑢𝑛𝑡𝑠 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑡𝑟𝑎𝑣𝑒𝑙 𝑓𝑟𝑜𝑚 𝑐𝑒𝑙𝑙 𝑎 𝑡𝑜 𝑏,  
𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑎 𝑢𝑠𝑒𝑟 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑 𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛𝑠ℎ𝑖𝑝 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒  
𝑚𝑜𝑣𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒 𝑎𝑛𝑑 𝑡ℎ𝑒 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 
 

For diagonally connected cells, the larger distance (√2) between cells 𝑎 and 𝑏 is accounted 

for as follows:  

 

𝑎1 =
(𝑐𝑜𝑠𝑡_𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑎) + 𝑐𝑜𝑠𝑡_𝑠𝑢𝑟𝑓𝑎𝑐𝑒(𝑏))

2
∗ 1.414214 ∗ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒_𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑎𝑏) ∗ 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙_𝑓𝑎𝑐𝑡𝑜𝑟(𝑎𝑏) 

5.2.2 Least-cost model inputs 

Shepard et al. (2013) identify three landscape factors that influence costs of transport for 

terrestrial animals: topographic variation, and super and substrate penetrability.  Substrate is 

defined as “the medium over or on which an animal moves” (Shepard et al., 2013 p. 299), and 

superstrate as “any material against which an animal must push to move” (Shepard et al., 

2013 p. 300).  Landscape features that had the potential to influence chimpanzee travel in our 

study area were: slope, trails (reduced superstrate, compact substrate and gently sloping 

topography), ridges (reduced superstrate) and streams (costly substrate).  

 

A 30 m x 30 m resolution Shuttle Radar Topography Mission (SRTM, available from the US 

Geological Survey’s EROS Data Center) digital elevation model (DEM) covering the study 

area was used to calculate a GIS slope layer.  Human-made trails were mapped by walking 

all trails within the Mayebe chimpanzees home range, taking GPS readings every 5 m.  This 

included both tourist trails and informal shortcuts.  Established chimpanzee trails were mapped 

whenever chimpanzees were observed travelling along them.  These are trails that were 
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narrower than 1 m, had level substrate that cut into steep slopes, were free from superstrate 

up to approximately 1 meter (sometimes forming a tunnel through vine thickets), and where 

bark had been worn off any dead logs or living vines that lay on the trail, suggesting regular 

use by chimpanzees.  These human and established trails were imported into ArcGIS and 

converted to a raster corresponding to the 30 m x 30 m SRTM DEM.  

 

The ArcGIS 10.6 Hydrology Toolset was used to extract stream and ridge lines from 30 m x 

30 m SRTM DEM.  Extracted stream and ridge lines were visually inspected using Google 

Earth and any lines that had not been extracted using automated techniques were manually 

digitised on screen as described by Gregory et al. (2014).  Both stream and ridge lines were 

converted to a raster corresponding to the 30 m x 30 m SRTM DEM.  

5.2.3 Path segmentation 

To create daily travel paths, any location points that were less than 30 m apart were discarded 

to align with the DEM resolution and each consecutive waypoint was then joined with a 

straight-line segment in ArcMap 10.6 (n = 106 days).  The paths were then divided into 

segments for analyses based on changes in travel direction following Noser and Byrne (2013), 

Ban et al. (2016), Polansky et al. (2015) and Presotto et al. (2018).  We considered a spatial 

criterion to be more appropriate than a temporal criterion [used by Valero and Byrne (2007) 

and Bates and Byrne (2009)] as a defined ‘stop time’ would not capture some important 

determinants of chimpanzee travel routes such as changes in direction after hearing a pant-

hoot (fusion) or reaching a tree that bore no ripe fruits (fruit monitoring).   

 

A change point test (CPT) developed by Byrne et al. (2009) was then used to detect significant 

changes in travel direction.  Variants of the test were run from q = 1 through q = 10 for 10% of 

the daily travel paths using an alpha level of p < 0.05 with q = 5 chosen as the most 

representative since this value maximised the number of change points detected for each 

day's path while also failing to ‘overshoot the change point’ (Byrne et al., 2009).  After running 
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the CPT on all paths, the behaviour associated with each change point was recorded.  Change 

points that were associated with any behaviour other than ‘traveling’ and did not occur on a 

human-made or established trail, were used to divide paths into segments.  Since the CPT 

would sometimes identify a change point one to two steps away from what could be 

considered the intuitive change point (Byrne et al., 2009), the behaviour associated with the 

two location points immediately before and after the detected change point were checked 

before dividing segments.  Any segments less than 150 m were excluded from analysis as 

movements to out of sight resources was the focus of the study.  This resulted in a total of 217 

segments.  

5.2.4 Movement costs 

Fifty segments were set aside for model testing.  Whilst it is not possible to isolate the influence 

of each landscape factor on travel in observational studies, segments chosen for model testing 

contained travel both off and on trails and incorporated a range of landscapes characteristic 

from flat to rugged terrain.  As there is a paucity of research examining the role of landscape 

characteristics on energy expenditure of primates, landscape factors were examined in turn 

to develop a cost surface incorporating topography as well as trails and sub/superstrate.   

Vertical factor 

To date, the best available information on chimpanzee energetics is Taylor et al.’s (1972) 

measurements of the energy use of a chimpanzee running on a treadmill with a +15 degree, 

and -15 degree incline.  The chimpanzee used up to 1.75 times more energy on a +15 degree 

incline and as little as 0.64 times less energy on a -15 degree incline compared to a level 

surface.  As our study area has slopes up to 58 degrees we extrapolated our data based on 

the trends shown for other quadrupeds (Halsey and White, 2017).  As the true function of 

energy expenditure to slope is not known, we assume a linear function extrapolated for slope 

ranging from 0 to +58 degrees with values held constant for negative slopes.  These values 

were converted to a Vertical Factor Table for input to the Path Distance tool (Table 5.1).   
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Table 5.1 Extrapolated chimpanzee Vertical Factor Table  

Slope (degrees) -60 -45 -30 -15 0 15 30 45 60 

Vertical Factor 0.64 0.64 0.64 0.64 1 1.75 2.5 3.25 4 

 

As measured movement costs for chimpanzees are only available for three gradients, a 

Vertical Factor Table developed for humans was also tested as recommended by Lempidakis 

et al. (2018).  Tobler’s empirically derived Hiking Function (Tobler, 1993) was used to convert 

slope to velocity using the following equation:  

 

𝑉 = 6𝑒( .  | . |) 
 
𝑊ℎ𝑒𝑟𝑒:  

 
𝑉 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
𝐺 = 𝑆𝑙𝑜𝑝𝑒 
𝑒 = 𝐸𝑢𝑙𝑒𝑟 𝑠 𝑛𝑢𝑚𝑏𝑒𝑟 

 

Vertical Factors calculated using this formula (Tripceich, 2009) were used to calculate Path 

Distance.  Tobler’s hiking function and the extrapolated chimpanzee modelwere tested against 

segments that did not contain any trail travel.  The extrapolated chimpanzee model visually 

approximated the actual path well, while Tobler’s hiking function overestimated the sinuosity 

of most segments.   

Cost surface  

Trails 

Of the remaining landscape features, human-made trails were expected to have the greatest 

influence on chimpanzee travel patterns.  Cost values were iteratively tested for on versus off-

trail travel on all test segments that included some trail travel.  Relative to the fixed cost of 1, 

we tested off-trail cell costs from 2 to 10 using 1 increment intervals.  As all travel segments 

were influenced by topography, the segments were tested with and without the chimpanzee 

Vertical Factors identified previously (Table 5.1).  An off-trail cost value of 2 with chimpanzee 
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Vertical Factors included was the most accurate in predicting the locations where 

chimpanzees would enter and exit human-made trails.   

 

As the model did not provide a good visual fit for all segments, the cost surface was further 

refined by including established trails.  All cells that contained a human-made trail or 

established trail were given a value of 1 and all others a value of 2.  The majority of segments 

showed improved visual representation with the addition of established trail costs.   

Ridges and streams 

Adding cost values for ridges and streams did not improve the model for any of the test 

segments and were therefore excluded from further analysis. 

5.2.5 Final model inputs 

The inputs to the Path Distance tool included: a cost surface raster consisting of a 30 x 30 m 

grid with all human-made and established trail cells representing a cost of 1 and all others a 

cost of 2; the 30 x 30 m SRTM DEM Surface Raster and the extrapolated chimpanzee Vertical 

Factor Table (Table 5.1).   

5.2.6 Least-cost model accuracy 

A Path Distance model was then run for each test segment.  The output cost distance and 

backlink rasters were then used in the ArcGIS Cost Path tool and the cumulative cost for each 

segment was extracted.   

 

To calculate the cumulative cost of travel on the actual segments, each polyline segment was 

converted to a 30 m x 30 m raster, and the SRTM DEM cells that corresponded to these 

rasters were extracted.  This was input as a Surface Raster in the Path Distance tool and the 

same process was followed.  

 



108 

To assess the accuracy of the least-cost model, the normalised root mean square error 

(NRMSE) between the cumulative cost of the actual and modelled LCP segments was 

calculated by dividing the root mean square error by the range of actual path costs (maxobs 

– minobs).  The LCP achieved a NRMSE of within 3% (n = 50).   

5.2.7 Comparing actual travel to the least-cost model 

To test whether chimpanzees use LCPs when travelling in their environment, the costs of 

actual travel were compared with straight-line travel (the null model) for all remaining 

segments (n = 167).   

 

To calculate the cumulative cost of linear travel, straight polylines were created between the 

start and end of each segment in ArcGIS.  The polylines were then converted to 30 m x 30 m 

rasters, and the SRTM DEM cells that corresponded to these rasters were extracted.  This 

was input as a Surface Raster in the Path Distance tool and the same process was followed.   

The per m costs of actual and modelled paths were calculated by the dividing the cumulative 

costs by segment length.   

 

To compare the geometry of actual and modelled LCPs, the sinuosity of each segment was 

calculated by dividing the least-cost and actual distance by the straight-line distance.  

Analysis 

The NRMSE was calculated following Howard et al. (2015) to measure how accurately the 

least-cost and straight-line models predicted actual travel costs and sinuosity.  The strength 

of the relationship between actual travel costs and the least-cost and straight-line models was 

examined using a linear mixed effects model (LMM) and identity link function.  Actual cost was 

modelled as the dependent variable and fixed effects were the least-cost and straight-line 

costs.  To account for certain individuals having a disproportionate effect on the dependent 

variable, the identity of the focal chimpanzee was included as a random effect.  To examine 

potential collinearity among the two independent variables, we determined variance inflation 
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factors (VIF) applied to a standard linear model without the random effects.  Multicollinearity 

was detected in the cumulative cost model (VIF > 10) and cumulative costs were therefore 

excluded from further analysis.  However, the cost per m linear model yielded a VIF of 2.99, 

which is below recommended cut-offs (Quinn and Keough, 2002, Zuur et al., 2009).   

 

The assumptions of normally distributed and homogeneous residuals were checked by 

visually inspecting the distribution of the residuals and plotting the residuals against fitted 

values (Quinn and Keough, 2002).  To achieve comparable estimates and increase the 

likelihood of model convergence, all covariates were z-transformed to a mean of zero and a 

standard deviation of one before fitting the model (Schielzeth, 2010).  To establish the 

significance of the combined set of predictor variables, we ran a likelihood ratio test comparing 

the full model with a respective null model containing only the intercept and random effect 

(Dobson and Barnett, 2002, Forstmeier and Schielzeth, 2011).   

 

To test if results changed when the number of alternative routes increases, the same analyses 

were run for long segments (> 1 km) only (n = 27).  
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5.3 Results 

The NRMSE’s of cumulative and per m costs were lowest for the least-cost model, with the 

straight-line model overestimating both cumulative and per m travel costs (Table 5.2).  The 

NRMSE between least-cost and actual cumulative costs was less than 5%, indicating that 

chimpanzee movement segments are similar in ‘cost’ to the LCP.   

 

The full LMM with the least-cost and straight-line costs as predictor variables and actual costs 

as the response, was significantly different from the null model containing only the intercept 

and the random effect (chi sq = 100.84, df = 3, p = <0.001).  The final model revealed a 

significant effect of both the least-cost and straight-line models on actual cost (Table 5.3), but 

separate models revealed that the least-cost model explained 91% of the variation in actual 

costs (estimate = 0.71, standard error = 0.02, r2 = 0.91, p = <0.001, Figure 5.3), while the 

straight-line model only explained 66% of the variation (estimate = 0.60, standard error = 0.3, 

r2 = 0.66, p = <0.001, Figure 5.3).    

 

Table 5.2 Costs of chimpanzee travel segments compared to least-cost and straight-line models. 
SD: standard deviation; NRMSE: normalised root mean square error; Actual: actual path, LCP: least-cost 
path; Straight: straight-line path. 

 
Model 

Cumulative cost Cost per m 

 Mean SD NRMSE Mean SD NRMSE 

 Actual 954 705 NA 1.80 0.75 NA 

All segments 
(n = 167) 

LCP 902 676 3% 1.72 0.71 6% 

 Straight 1,150 1,024 10% 2.23 0.83 17% 

 Actual 2,079 884 NA 1.37 0.33 NA 

Segments > 1 km 
(n = 27) 

LCP 1,967 869 4% 1.35 0.31 8% 

 Straight 2,757 1,386 28% 2.23 0.58 57% 
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Table 5.3 Results of the LMM with actual costs per m as the response variable (n = 167) 

Predictor Variable Estimate Std. Error t 95% CI P 

Intercept 1.79 0.02    

LCP 0.65 0.03 22.07 0.02, 0.14 <0.001 

Straight 0.08 0.03 2.67 0.59, 0.71 0.008 

 

A 

 

B 

 

 

Figure 5.2 Relationship between the actual cost per m and the least-cost model (A),and straight-line 
model (B) for 167 travel segments 
 

These results held true for long segments (>1 km in length).  The NRMSE between actual and 

least-cost cumulative costs remained less than 5% and the NRMSE between per m costs 

remained less than 10%, while the NRSME between actual and straight-line costs more than 

doubled for both cumulative and per m costs (Table 5.2).  The LMM showed that the least-

cost model was still a strong predictor of actual per m costs for long segments (estimate = 

0.31, standard error = 0.02, r2 = 0.88, p = <0.001).   
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The least-cost model is also a better predictor of actual travel sinuosity and length than the 

straight-line model (Table 5.4), with chimpanzees taking longer, more sinuous paths that 

incorporate trails and/or avoid steep inclines (e.g. Figure 5.3).   

 

Table 5.4 Length and sinuosity of chimpanzee travel segments compared to least-cost and straight-
line models. SD: standard deviation; NRMSE: normalised root mean square error; Actual: actual path, LCP: 
least-cost path; Straight: straight-line path. 

Model 
Length (m) Sinuosity  

Mean SD NRMSE Mean SD NRMSE 

Actual 596 519 NA 1.12 0.14 NA 

LCP 592 509 2% 1.09 0.12 13% 

Straight Line 523 431 4% 1 0 22% 

 

 

Figure 5.3 Modelled and actual path segments on 9 April 2017 (left) and 27 November 2017 (right) 
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5.4 Discussion 

The ability of naturally ranging animals to remember the location of food resources and plan 

least-distance routes has been demonstrated in several studies (review in Trapanese et al., 

2018), but the extent to which animals remember the landscape of their home range and plan 

least-cost routes is not well understood.  By using chimpanzee ranging data and anisotropic 

least-cost modelling, we were able to investigate chimpanzee spatial memory of landscape 

and test their ability to plan efficient foraging routes in a variable energy landscape. 

 

The least-cost model predicted the costs and sinuosity of chimpanzee paths better than the 

straight-line model and linear mixed modelling showed a strong relationship between the costs 

of chimpanzee travel and the modelled least-cost routes.  These results cannot be explained 

by use of visual cues, as the minimum segment length (150 m) was substantially greater than 

the distance from which human observers could see trails and other prominent landmarks in 

Nyungwe (S.J. Green, unpublished data) and aligns with the visual perception radius used in 

tests of chimpanzee spatial memory of fruit trees in a previous study (Janmaat et al., 2013).  

Whilst the travel costs do not represent metabolic rates, the available laboratory data on 

chimpanzee energetics was used to inform vertical factor calculations and the cost surface 

was calibrated to a subset of chimpanzee pathway data, which recent reviews have 

recommended as the most ecological meaningful technique (Zeller et al., 2012, Etherington, 

2016).  Outputs not based on modelled costs (travel segment sinuosity and length) also 

showed better agreement with the least-cost than the straight-line model.  As the model 

employed assumes complete knowledge of the landscape (Etherington, 2016), our results 

provide strong evidence that Nyungwe chimpanzees have comprehensive spatial memory of 

their home range landscape and plan least-cost routes to out of sight goals.  Future studies 

could use agent-based modelling to test the possibility that chimpanzees are able to take the 

same least-cost routes to out of sight goals by continually travelling the least-cost route within 

their visual detection distance.   
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Chimpanzees demonstrated remarkable spatial accuracy in planning least-cost routes, even 

for long (>1 km) movement segments when the number of potential alternative routes 

increases considerably.  These results differ to previous studies which found no relationship 

between predicted least-cost and actual travel routes in non-human primates (Gregory, 2011, 

Howard et al., 2015).  However, these findings are likely due to the use of unrealistic isotropic 

models (Etherington, 2016) and lack of model calibration to pathway data (Zeller et al., 2012) 

and not a reflection of the animals’ cognitive abilities.   

 

Demonstrating spatial knowledge in naturally ranging animals that travel in relatively linear 

segments is difficult, as straight-line movement can be associated with a number of foraging 

processes that are not goal-orientated (Janson and Byrne, 2007).  Thus, a number of onerous 

measurements are required to infer cognitive processes (Janson and Byrne, 2007), such as 

recording all alternative food resources bypassed (Normand et al., 2009, Janmaat et al., 

2013), and identifying which of those resources are more valuable, which can be extremely 

difficult in itself (Ban et al., 2016).  Our work demonstrates that least-cost path modelling can 

offer an alternative approach to assess cognitive abilities in wild animals that are known to 

modulate their movements in response to energy landscapes.   

 

Ecological models, by their nature, represent a simplified version of the natural environment 

and are therefore limited in their ability to capture the full complexity of interactions between 

landscape features and animal movement.  Whilst our model was able to predict the travel 

costs of chimpanzees within a 3% error, analysing where the model did not fit well can yield 

important insights into other key drivers of animal movement (Shepard et al., 2013, Lempidakis 

et al., 2018).  Some inconsistencies could be explained by the lack of a detailed super and 

substrate map, which resulted in landscape features that facilitate chimpanzee movement 

(e.g. exposed rocks, vines that allowed chimpanzees to climb up or down steep cliff faces and 

fallen logs that enable stream crossings) being omitted from the cost surface.  The importance 

of compact substrate and reduced superstrate was demonstrated by one occasion when the 
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focal chimpanzee deviated 75 m from the predicted least-cost route to travel along an area at 

the altitudinal limit of their home-range with exposed rocks and sparse ground cover.  

Additionally, the DEM used was coarser in resolution than other model elements (e.g. trails).  

This sometimes resulted in the least-cost model underestimating actual travel costs.  More 

detailed elevation, super and substrate layers could be obtained using high resolution imagery 

collected using new satellite constellations (Planet Labs), or surveys flown by manned and 

Unmanned Aerial Vehicles (UAV)’s.  Landscape features could be extracted with the aid of 

LiDAR classification softwares to produce high resolution cost surfaces (see Strandburg-

Peshkin et al., 2017 for an example).  With fine-scale remote sensing technologies becoming 

increasingly more affordable, this offers an exciting area for future research.   

 

To our knowledge, this study provides the first example of spatial memory for landscape and 

the ability to plan least-cost routes in non-human animals.  As the energetic cost of terrestrial 

locomotion comprises a substantial proportion of a chimpanzees daily energy budget, the 

ability to plan energy-minimising routes may be a key trait that has allowed Nyungwe 

chimpanzees to survive in a low-resource, montane environment.  Our study provides a further 

example of how the advanced mental complexity of hominids may have facilitated their 

adaptation to a variety of environmental conditions.   

 

Recent research has renewed interest in the role ecological variation plays in shaping 

cognitive abilities (Rosati, 2017).  The ‘ecological intelligence’ or ‘harsh environment’ 

hypothesis argues that environments with resources that are low in abundance, sparsely 

distributed and ephemeral, favour the development of mental abilities that facilitate efficient 

foraging (Milton, 1981, Milton, 1988, Sol et al., 2005, Dukas, 2009).  There is growing evidence 

to support this from comparative studies of primates (review in Rosati, 2017), birds (Freas et 

al., 2012, Pravosudov and Roth, 2013, Roth et al., 2013, Sonnenberg et al., 2019), bats and 

rodents (review in Harvey and Krebs, 1990).  However, a recent study highlighted the need 

for a clearer definition of what constitutes environmental ‘harshness’ (Hermer et al., 2018).  
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Based on the results of this study, we propose that environmental harshness could be 

expanded beyond the spatio-temporal complexity of food resources to include landscape 

complexity.  Studies in relatively homogenous landscapes have provided good evidence that 

chimpanzees consider the Euclidean distances between potential food trees when deciding 

where to forage (Normand et al., 2009).  Chimpanzees in highly variable energy landscapes 

face the additional cognitive load of recalling the landscape between themselves and potential 

food trees and comparing the least-cost routes between them.  Future research on the 

cognitive abilities used by chimpanzees and other large-brained animals to navigate a variety 

of landscapes is required to shed light on the role energy landscapes play in shaping animal 

cognition.   

5.4.1 Conclusion 

While there is growing evidence that naturally ranging animals are able to remember the type 

and location of food resources (Fagan et al., 2013, Trapanese et al., 2018), their ability to plan 

efficient foraging routes in heterogeneous landscapes is not well understood.  By using 

empirical data to define chimpanzee movement costs and anisotropic least-cost modelling, we 

provide the first evidence for spatial memory of landscape and planning of least-cost routes 

by a non-human animal.  These cognitive abilities may be key to chimpanzee survival in low 

resource, montane environments and may have been shaped by the ‘harshness’ of their 

energy landscape.  Application of least-cost modelling in cognitive studies of other naturally 

ranging animals in a variety of landscapes would shed light on this. 
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6. General Discussion 

Animals living in marginal environments often display unique, fitness enhancing behaviours 

(Kawecki, 2008).  Chimpanzees are our best living analogues of early human behaviour 

(Muller et al., 2017), yet little is known on how chimpanzees have adapted to harsh montane 

environments.  Chimpanzees have a relatively inefficient form of terrestrial locomotion, 

expending significantly more energy travelling up slopes than on level ground, and rely on 

patchily distributed, seasonally variable resources.  Behaviours that allow chimpanzees to 

minimise energy expenditure during travel are therefore expected to be favoured in rugged, 

montane environments.  The aim of this thesis was to improve our understanding of how 

chimpanzees in Nyungwe National Park, Rwanda have adapted to a marginal, high-altitude 

environment using spatial analyses of their travel routes.  Here, three strategies that Nyungwe 

chimpanzees may use to maintain their energy balance were examined: 1) adjustment of daily 

travel distance and home range size during periods of low fruit availability, 2) preferential use 

of human-made trails and ridge tops for travel, and 3) use of advanced spatial cognition to 

plan energy-efficient routes.  

 

During periods of habitat-wide low fruit availability, Nyungwe chimpanzees adopted an energy-

minimising strategy by reducing their DPL.  This is consistent with findings for chimpanzees 

in mid-altitude (Wrangham, 1977, Goodall, 1986, Matsumoto-Oda, 2002, Nakamura et al., 

2013) and low-altitude forests (Doran, 1997, Herbinger et al., 2001, N’guessan et al., 2009).  

In contrast to the predictions of the ecological constraint model (Bradbury and Vehrencamp, 

1976, Clutton-Brock and Harvey, 1977, Chapman and Chapman, 2000), DPL was not 

correlated with party size.  Chimpanzees were able to maintain relatively large party sizes 

during low fruit months by feeding in large Ficus lutea trees and patches of terrestrial 

herbaceous vegetation, that are abundant throughout their home range.   
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The reduction in DPL during low fruit months; however, was not associated with a decrease 

in foraging area.  Monthly home ranges remained relatively consistent in size, but shifted 

location across the study period.  Chimpanzees ranged in the centre of their home range 

during periods of low fruit availability and at the edges during high fruit months.  In contrast, 

chimpanzees in the montane forest at Kahuzi‐Biega, Democratic Republic of Congo (the only 

other montane site where ranging patterns have been studied), concentrated their space-use 

in a relatively small, central core area during periods of high fruit availability and ranged more 

widely during fruit scarce months (Basabose, 2005, Yamagiwa et al., 2012).  Nyungwe 

chimpanzees occupy a wider altitudinal range than the Kahuzi study community and their 

monthly diet was often dominated by one or two fruit species that were restricted to different 

altitudinal ranges.  Range shifting may therefore be a behavioural adaptation to the altitudinal 

variation in availability of important food items.   

 

Chimpanzee fruit tree diversity was low at the altitudinal peak of their range, with a distinct 

decrease in diversity observed at 2,600 m ASL, where the forest transitioned from middle 

montane, to Sclerophyllous cloud forest (Fischer and Killmann, 2008).  However, 

chimpanzees did not avoid high-altitudes.  In fact, they ranged at the altitudinal extreme of 

their range for two consecutive months, while feeding on fruits of Podocarpus latifolius, which 

grew in dense groves from 2,600 – 2,950 m ASL.  Thus, while high-altitudes are thought to be 

harsh environments for primates (Grow et al., 2013), they can be a key part of a species’ home 

range when they prove a refugium for important food species. 

 

Line density analysis identified a network of high-use routes across their range and 

chimpanzees were observed travelling along several established trails that were not human-

made.  While there is little data available for non-human mammals, studies on humans found 

that walking through dense brush is significantly more energetically costly than on open 

ground (Soule and Goldman, 1975, Richmond et al., 2015).  As Nyungwe has a variable 

energy landscape, with dense superstrates (vine thickets and ground herbs) covering much 
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of the forest, the re-use of travel routes likely offers energetic benefits.  When chimpanzees 

travel through dense undergrowth, they trample vegetation, compacting the substrate and 

reducing the superstrate.  This makes the route less costly to traverse and likely more 

attractive to other chimpanzees, with established trails formed when the frequency of use is 

greater than vegetation growth (Shepard et al., 2013, Perna and Latty, 2014).   

 

Chimpanzees also showed preference for travel on human-made trails.  Most mammal 

species avoid human-made infrastructure (review in Benítez-López et al., 2010), and while 

chimpanzees have been observed using human-made trails at another study site (Budongo, 

Uganda, Zommers et al., 2013), this study is the first to show chimpanzee preference for travel 

on human-made trails.  By travelling on human-made trails animals can reduce their energy 

expenditure, without having to bear the cost of trail construction or maintenance (Perna and 

Latty, 2014).  In addition to the compact level substrate and cleared superstrate, Nyungwe’s 

trails were also designed to avoid steep slopes and facilitate travel across streams.  The 

energy savings offered by human-made trails, their restricted use to Park staff and the 

chimpanzees’ habituation to humans are likely important factors influencing their preferential 

use of human-made trails.   

 

As there is little information on the functional relationship between movement costs and 

terrain, isolating the energy landscape from other potential drivers of movement is difficult 

(Shepard et al., 2013, Lempidakis et al., 2018).  For example, trail use may play a role in 

maintaining group cohesion in taxa with fluid grouping patterns (Di Fiore and Suarez, 2007).  

Human-made and established trails appeared to facilitate some chimpanzee fusion events in 

Nyungwe and I often observed chimpanzees following an established trail that another party 

had taken several hours before.  Future research on the frequency of off and on-trail fusion 

events is needed to shed light on the implications of trail-use on sociality in primates with 

flexible grouping patterns.   
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Route re-use by primates is often interpreted as evidence that they are using a topological 

mental map to navigate (Milton, 2000, Di Fiore and Suarez, 2007, Noser and Byrne, 2007, 

Presotto and Izar, 2010, Hopkins, 2016).  However, chimpanzees in Taï, Côte d'Ivoire, rarely 

re-use routes (Porter et al., submitted, cited in Jang et al., 2019) and show evidence of using 

a Euclidean form of cognitive map (Normand and Boesch, 2009).  Compared to other 

chimpanzee study sites, Taï, has relatively flat terrain and sparse undergrowth (Boesch and 

Boesch-Achermann, 2000).  Chimpanzees would therefore gain little energetic benefit from 

re-using routes, and the lack of landmarks in their relatively homogeneous landscape may 

necessitate the use of a Euclidean mental map.  In contrast, by re-using routes and travelling 

on human-made trails, Nyungwe chimpanzees gain both energetic benefits as well as possible 

reductions in the cognitive demands of navigation (Dukas, 1999).  It is possible that they use 

a mixture of both topological and Euclidean systems of reference, whereby they update their 

position with the aid of the configuration of trails and other landmarks (Benhamou, 1997).   

 

Animals with advanced cognitive skills can also increase their foraging efficiency by planning 

optimal travel routes, that minimise energy expenditure.  While several studies have shown 

that non-human animals can remember the location, type and seasonality of food resources 

and plan distance-minimising routes between them (Janson and Byrne, 2007, Zuberbühler 

and Janmaat, 2010), mine is the first to provide evidence suggesting that a non-human animal 

can remember the physical landscape of their natural environment and use this knowledge to 

plan energy-minimising routes.  Nyungwe chimpanzees took routes that were more similar in 

‘cost’ and geometry to a modelled least-cost route than a straight-line null model.  Linear mixed 

modelling showed a strong relationship between the cost of the actual and modelled least-

cost routes, even for long (>1 km) movement segments.   

 

There is evidence that chimpanzees in relatively homogenous landscapes possess good 

spatial knowledge of the food trees in their home range and consider the Euclidean distances 

between them when making foraging decisions (Normand et al., 2009, Normand and Boesch, 
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2009, Janmaat et al., 2013, Janmaat et al., 2014, Ban et al., 2016).  Chimpanzees in highly 

variable energy landscapes face the additional cognitive load of recalling the landscape 

between themselves and potential food trees and comparing the least-cost routes between 

them.  As the steep slopes and dense undergrowth in Nyungwe likely increase the energetic 

cost of terrestrial locomotion, the ability to plan least-cost routes may be key to chimpanzee 

survival in rugged, low-resource environments.  These findings improve our understanding of 

how the advanced cognitive skills of hominids may have facilitated their adaptation to a variety 

of environmental conditions and demonstrate the importance of studying animal cognition in 

different ecological contexts.   

 

Studying spatial cognition in naturally ranging animals that travel in relatively linear segments 

is challenging, as linear travel can be associated with a number of search processes that are 

not goal-orientated (Janson and Byrne, 2007).  My research demonstrates that least-cost 

modelling can offer an alternative approach to assess cognitive abilities in wild animals that 

modulate their movements in response to energy landscapes.  Continuing improvements in 

animal-mounted sensors, e.g. miniaturisation, and remote sensing technologies (Kays et al., 

2015, King et al., 2018, Lyons et al., 2019), make this an exciting area for future research.   

 

Lastly, Nyungwe chimpanzees are under threat from fire, poaching, illegal agriculture and 

infrastructure development and have been identified as a “conservation target” by the RDB 

(2012).  Effective species conservation requires a detailed understanding of the ecological 

factors influencing space-use (Kertson and Marzluff, 2011).  This knowledge facilitates the 

design of wildlife corridors, identification of high conservation potential areas and modelling 

population responses to climate and land-use change (Fletcher and Fortin, 2018).  This study 

improves our understanding of the ecological drivers of chimpanzee space-use in montane 

forests and will be provided to conservation practitioners to hopefully inform chimpanzee 

conservation practices in Nyungwe and other, similar, montane environments.   
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6.1 Future directions  

Ranging patterns in mammals are often sex specific due to the different determinants of 

reproductive success; female reproductive success is thought to be limited by energy intake 

due to the high energetic costs of gestation, lactation and travel with dependant offspring while 

male reproductive success is thought to be primarily influenced by access to mates (Emlen 

and Oring, 1977, Clutton-Brock, 1989).  Sex differences in ranging are common amongst 

eastern chimpanzees (Pan troglodytes schweinfurthii), with males traveling longer daily 

distances and having larger home ranges than anestrous females (Wrangham and Smuts, 

1979, Chapman and Wrangham, 1993, Doran, 1997, Williams et al., 2002, Bates and Byrne, 

2009).  Male chimpanzees travel in large parties and regularly engage in border patrols to 

defend the food resources and females within their territory from neighbouring communities 

(Nishida 1968, Sugiyama 1968, Williams et al. 2002), whereas anestrous females travel either 

alone or in small parties with other females and rarely visit the border (Nishida, 1979, 

Wrangham, 1980, Emery Thompson and Wrangham, 2006).  While my study focused on 

males to maximise collection of movement segment data, females may be more sensitive to 

the energy landscape due to the energetic demands of gestation, lactation and travel with 

dependent offspring.  As female eastern chimpanzees range in small, individual core areas to 

which they show high site fidelity (Wrangham and Smuts, 1980, Hasegawa, 1990, Williams et 

al., 2002, Emery Thompson et al., 2007, Murray et al., 2007), they may also re-use trails more 

frequently than males.  Future research on ranging responses of anestrous females to the 

energy landscape may provide a further example of sex differences in foraging strategies.   

 

In comparison to other primates that expand and contract their monthly ranges in response to 

changes in fruit availability (Hemingway and Bynum, 2005), male chimpanzees in Nyungwe 

shifted the location of their monthly home range throughout the study period.  Analysis of 

chimpanzee food tree density in Nyungwe suggest that range shifting may be a behavioural 

adaptation to altitudinal variation in food availability.  An interesting area for future research 
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would be to examine whether female chimpanzees in Nyungwe show the same site fidelity to 

individual core areas observed in other eastern chimpanzee communities, or if they too shift 

their range location in order to access preferred foods.   

 

The analysis of chimpanzee ranging response to fruit scarcity was limited by the length of the 

study period.  Whilst 14 months of data revealed seasonal changes in space-use and food 

availability, the two months that were sampled twice, November and December, showed 

substantial differences in both the availability of ripe fruit and chimpanzee space-use.  This 

inter-annual variation highlights the importance of multi-year field studies in behavioural 

ecology (Clutton-Brock and Sheldon, 2010, Kappeler and Watts, 2012).  Long-term records of 

phenology, diet and ranging would not only improve our understanding of the relationship 

between food availability and range shifts, but will play an important role in modelling the 

potential impacts of climate change on this endangered species.   

 

Our understanding of the influence of seasonal reductions in fruit availability on chimpanzee 

energy balance, in harsh high-elevation environments could also be improved using 

physiological analyses.  Developments in non-invasive methods over the past two decades 

has improved our ability to monitor the physiology of wild animals (Emery Thompson, 2017).  

Future studies could measure C-peptide concentrations, glucocorticoid levels and thyroid 

hormone from urine and faeces samples to test seasonal variation in energy balance of 

naturally ranging chimpanzees (e.g. Chapman et al., 2007, Emery Thompson and Knott, 2008, 

Wasser et al., 2010,  Grueter et al., 2014, Wessling et al., 2018).   

 

The relative linearity of established chimpanzee trails and the preferential use of human-made 

trails despite ‘turn costs’ (Wilson et al., 2013, Halsey, 2016) indicated that substrate and/or 

superstrate are more important drivers of chimpanzee movement than slope in Nyungwe.  This 

is surprising given that chimpanzees expend significantly more energy travelling up slopes 

than on level ground (Taylor et al., 1972).  More detailed information is required to investigate 
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the influence of individual landscape factors on ranging patterns.  Future studies could make 

use of advances in fine-scale remote sensing technologies and LiDAR classification software 

to produce high resolution elevation, super and substrate layers.  For example, rather than 

using trails as a proxy for reduced superstrate, relative superstrate penetrability could be 

extracted from imagery collected using new satellite constellations (Planet Labs and Sentinel), 

or surveys flown by (hu)manned and UAV’s.  The relative importance of each landscape factor 

in driving animal movement patterns could then be investigated using step-selection models.  

These models compare environmental features associated with an animal’s observed 

movement step (the straight-line segment between two consecutive location points) to 

potential alternative steps it could have taken (Thurfjell et al., 2014).  This knowledge would 

improve predictive models of animal movement in numerous scientific disciplines from 

conservation biology to population ecology. 

 

Recent research has renewed interest in the role ecological variation plays in the emergence 

of complex cognition (Rosati, 2017).  There is growing evidence to support the ‘ecological 

intelligence’ hypothesis, which argues that ‘harsh environments’ favour the development of 

mental abilities that facilitate efficient foraging (Freas et al., 2012, Pravosudov and Roth, 2013, 

Roth et al., 2013, Rosati, 2017, Janson, 2019, Sonnenberg et al., 2019).  Harsh environments 

have previously been defined as those with sparsely distributed, ephemeral resources that are 

low in abundance (Milton, 1981, Milton, 1988, Sol et al., 2005, Dukas, 2009).  I propose that, 

for animals where locomotion comprises a substantial proportion of the daily energy budget, 

variable energy landscapes could also be considered ‘harsh environments’.  Application of 

least-cost modelling in cognitive studies of wild animals in a variety of landscapes is required 

to examine the role of landscape complexity in shaping advanced mental abilities.  Ideal study 

subjects would be large brained, live in highly variable energy landscapes and rely on 

resources that are (based on Milton, 1981) a) stationary, and therefore predictable in space, 

b) patchily distributed, making random search a less efficient strategy, and c) lower in density, 

resulting in increased travel distances between patches and thus increased movement costs.  
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Future studies could use the methods described above to produce fine-scale elevation, super 

and substrate layers and assign movement costs to landscape features using a subset of 

travel routes as described in Chapter 5.  Alternatively, and where ethically justifiable, animal-

attached accelerometers could be used to measure energy expenditure, as described by 

Wilson et al. (2012).   

6.2 Conclusion 

High-altitudes are often considered harsh environments for primates as the available energy 

is relatively low and travel costs are high.  Primates living in marginal montane environments 

may therefore display unique, fitness enhancing behaviours.  Understanding the behavioural 

diversity of our closest living relatives informs hypotheses on the origins and evolution of 

human behaviour (Muller et al., 2017).  Chimpanzees are ecologically flexible, and their 

behaviour varies substantially among sites (McGrew, 2010, Whiten et al., 1999, Boesch et al., 

2002, Langergraber et al., 2010).  Yet, the behavioural strategies that have enabled 

chimpanzees to maintain their energy balance in harsh montane environments are not well 

understood.  By analysing the ranging patterns of chimpanzees that range at the altitudinal 

extreme of their species distribution, I uncovered new behavioural strategies that may be key 

to their survival.  Chimpanzees in Nyungwe decreased their daily travel distances during 

periods of fruit scarcity and shifted the location of their monthly home range, likely due to 

differences in the altitudinal distribution of important food items.  They alter their movements 

in response to the energy landscape, preferentially using human-made trails for travel and 

creating their own trails through dense undergrowth.  They also show evidence of using 

knowledge of the topography and location of trails in their home range to plan least-cost 

routes.  These abilities may be a key to their survival in a harsh, montane environment.  These 

findings highlight the importance of understanding the influence of the physical landscape on 

animal ranging patterns and incorporating the energy landscape in predictive models of animal 

movement.  Moreover, these results provide unique insights into how advanced cognitive 
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abilities can facilitate adaptation to a variety of environmental conditions and led to the 

hypothesis that variable energy landscapes may play a role in shaping cognition.   
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Appendix A – Identification Plates 

No. Temporary Field Name* Sex Age Class Back Colour 

1 Big Ted M Adult Brown 

2 Bob M Adult Black 

3 Brown Ears M Adult Black 

4 Fonz M Adult Brown 

5 Fud M Adult Brown 

6 Georges Brother M Adult Brown 

7 Golden Matheus M Adult Brown 

8 Gutwi M Adult Black 

9 Hugh M Adult Black 

10 Jeckell M Adult Brown 

11 Long Grey Beard M Adult Brown 

12 Scrag M Adult Black 

13 Suave M Adult Black 

14 Igaju M Adult Brown 

15 BBM F Adult Brown 

16 BM F Adult Brown 

17 Brown-legged Mum F Adult Brown 

18 Carol F Adult Black 

19 Christy F Adult Black 

20 Claudia F Adult Brown 

21 CM F Adult Brown 

22 Elf Mum F Adult Black 

23 Judy F Adult Black 

24 LBM F Adult Black 

25 Lucy F Adult Black 

26 Old Duck F Adult Black 

27 OKM F Adult Brown 

28 SM F Adult Brown 

29 Umutima F Adult Black 

30 Isaro F Adult Brown 

31 YKM F Adult Brown 

32 Zara F Adult Brown 

33 Curious George M Sub-adult Black 

34 Freckles M Sub-adult Black 

35 Rodan M Sub-adult Black 

36 Shyaka M Sub-adult Black 

37 Abigail F Sub-adult Black 

38 Cindy F Sub-adult Black 

39 Georgina (snare) F Sub-adult Black 
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40 Jemima F Sub-adult Black 

41 Sam F Sub-adult Black 

42 Sarah (snare) F Sub-adult Black 

43 Suzy F Sub-adult Black 

44 Arnold (big bent ears) M Juvenile Black 

45 Blake M Juvenile Black 

46 Brad (bent ears) M Juvenile Black 

47 Cam M Juvenile Black 

48 Craig (round ears) M Juvenile Black 

49 Paul M Juvenile Black 

50 Scott (snare) M Juvenile Black 

51 Sven M Juvenile Black 

52 Philipa F Juvenile Black 

53 Keza F Juvenile Black 

54 Lowanna F Juvenile Black 

55 Chris ?? Juvenile Black 

Note: *Kinyarwandan names to be given by WCS and RDB 
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1. Big Ted 
 Mid-ranking adult male 

 Very brown back, large with stout stature and a defined, grey beard 
 Well habituated 
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2. Bob 
 Mid-ranking adult male 

 Black back and legs, medium sized with average stature, long, flat face with drooping 
lower lip, scar and slight limp on left hand  

 Well habituated 
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3. Brown Ears 
 Low ranking adult male 

 Black back, small with average stature, brown sideburns with distinctive brown ears 
 Can be frightened by close human presence 
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4. Fonz 
 High-ranking adult male (possibly the alpha male) 

 Some brown on back but often looks black in trees, large with stout stature, very 
large head with distinctive upside down ‘M’ nose print 

 Well habituated 
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5. Fud 
 Mid-ranking adult male 

 Very brown back, legs and head.  Large with slim stature, narrow face with drooping 
lower lip 

 Well habituated 
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6. George’s Brother 
 Low-ranking adult male 

 Brown back and legs, medium sized with stout stature, long jaw and bushy sideburns 
 Often seen with Chimp 33 Curious George. 
 Well habituated 
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7. Golden Matheus 
 Low-ranking adult male 

 Very brown back, legs and head, small with slim stature 
 Well habituated 
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8. Gutwi 
 High-ranking adult male 

 Black back and legs, large with stout stature, very distinctive pale face and grey, 
receding hairline, missing top part of left ear 

 Well habituated 
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9. Hugh 
 Mid-ranking adult male 

 Black back, large with stout stature, brown face and defined, grey beard 
 Easily confused with Big Ted from a distance 
 Frightened by close human presence 
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10. Jeckell 
 Mid-ranking adult male 

 Brown back and legs, large with stout stature, receding hairline with short grey beard 
  Easily confused with Fonz at certain angles. 
 Well habituated 
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11. Long Grey Beard 
 High-ranking adult male 

 Very brown back and head, medium sized chimp with stout stature, distinctive grey 
beard and receding hairline 

 Small scar on left cheek 
 Well habituated 
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12. Scrag 
 High-ranking adult male 

 Black back and legs, large sized chimp with slim stature, scruffy, black hair on head 
and shoulders  

 Walks with a rolling stride   
 Well habituated 
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13. Suave 
 Low-ranking adult male 

 Black back and legs, small sized chimp with average stature, distinctive close-set 
eyes, long sideburns and smooth upper jaw   

 Well habituated 
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14. Igaju 
 Mid-ranking adult male 

 Very brown back, legs and head, medium sized chimp with average stature, very 
brown hair on head and sideburns 

 Well habituated 
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15. BBM 
 Adult female with small infant that sometimes leaves her side 

 Slightly brown back and legs, with stout stature, mottled face colour, short grey beard 
and receding hairline  

 Well habituated 
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16. BM 
 Adult female with small infant that sometimes leaves her side 

 Slightly brown back and legs, with an average stature, distinctive mask shaped, 
mottled face 

 Often followed by juvenile male (Chimp 46 Burney)  
 Easily frightened by close human presence 

 
  



161 

 

17. Brown Legged Mum 
 Adult Female with large male infant that often leaves her side 

 Brown legs and head, short grey beard, large with stout stature  
 Well habituated 
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18. Carol 
 Adult female 

 Black back and legs, large chimp with average stature, long face with large, bent 
ears 

 Well habituated 
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19. Christy 
 Adult female 

 Black back, medium size chimp with slim stature, long face with protruding, brown 
ears 

 Well habituated. 
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20. Claudia 
 Adult female 

 Brown legs and lower back, slightly brown hair with a short grey beard, large with 
average stature.  

 Easily frightened by close human presence 
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21. CM 
 Adult female with medium sized infant that often leaves her side 

 Black legs and back, slightly brown hair and side-burns, medium sized with average 
stature.  

 Often followed by juvenile male (Chimp 47 Cam). 
 Can be frightened by close human presence 
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22. Elf Mum 
 Adult female with medium sized infant 

 Black back and legs, large with slim stature, long, narrow face with large, pointed 
ears 

 Well habituated. 
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23. Judy 
 Adult female  

 Black back, small with slim stature 
 Easily frightened by close human presence 
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24. LBM 
 Adult female with large infant that often leaves her side 

 Black back and legs, medium sized with average stature, prominent brow ridge and 
receding hairline.   

 Well habituated. 

 
  


	THESIS - DOCTOR OF PHILOSOPHY - GREEN, Samantha Jane - 2020 - Part 1
	TH20 66-02  THESIS - DOCTOR OF PHILOSOPHY - GREEN, Samantha Jane - 10515062 - 2020 - Part 2 a



