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SUMMARY

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 [1, 2], it is not known whether animals can
use knowledge of their landscape to walk least-cost routes [3]. This ability is likely to be particularly important
for animals living in highly variable energy landscapes, where movement costs are exacerbated [4, 5]. Here,
we used least-cost modeling, which determines the most efficient route assuming full knowledge of the envi-
ronment, to investigate whether chimpanzees (Pan troglodytes) living in a rugged, montane environment walk
least-cost routes to out-of-sight goals. We compared the “costs” and geometry of observed movements with
predicted least-cost routes and local knowledge (agent-based) and straight-line null models. The least-cost
model performed better than the local knowledge and straight-line models across all parameters, and linear
mixed modeling showed a strong relationship between the cost of observed chimpanzee travel and least-
cost routes. Our study provides the first example of the ability to take least-cost routes to out-of-sight goals
by chimpanzees and suggests they have spatial memory of their home range landscape. This ability may be a
key trait that has 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 hominins may have facili-
tated their adaptation to a variety of environmental conditions and lead us to hypothesize that landscape

complexity may play a role in shaping cognition.
RESULTS

Physical features of the landscape, such as steep slopes or
dense vegetation, can significantly increase energy expenditure
during foraging, [6] and recent studies have shown that animals
will alter their ranging patterns in response to landscape features
[3, 7-10]. This landscape driven variation in movement costs is
termed the “energy landscape,” [4, 5] and it follows that animals
living in more variable energy landscapes would gain fitness
benefits from remembering the physical landscape of their
natural environment and using this knowledge to walk energy-
minimizing routes. By using chimpanzee ranging data collected
in Nyungwe National Park, Rwanda (Figure 1) and a least-cost
model that incorporates direction of travel (anisotropic), we
were able to investigate whether chimpanzees use efficient
foraging routes in a variable energy landscape.

To test for evidence that chimpanzees use energetically effi-
cient routes to goals outside the line of sight (out of sight), we
used change points to define movement segments [11] and
used a subset of these movement segments, together with the
available laboratory measurements of chimpanzee energy

expenditure, to define movement “costs.” We then compared
the costs and geometry of observed movements (minimum
segment length: 150 m) with predicted least-cost paths (LCPs)
and two null models. One null model assumes chimpanzees
use knowledge of the landscape within their visual detection
(30 m) when choosing travel routes (the local knowledge model),
and the other assumes chimpanzees do not incorporate the
landscape in travel decisions (the straight-line model).

The least-cost model was a better predictor of actual chim-
panzee travel than the local knowledge and straight-line model
across all measures and for all parameters. The relationship be-
tween actual travel costs and the local knowledge model is
analyzed separately, as for 89 of the 167 segments, chimpan-
zees/agents did not reach the end point following the local
knowledge rule.

The normalized root mean square errors (NRMSEs) of cumula-
tive 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 1). The NRMSE between least-cost and
actual cumulative costs was less than 5%, indicating that chim-
panzee path segments are similar in “cost” to the LCP.
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Figure 1. Location of the Study Area in
/ Nyungwe National Park, Rwanda

N Nyungwe is montane forest in south-west Rwanda
that supports a community of chimpanzees that
range to the highest known altitudinal limit of their
species distribution. The study community’s home
range (Adjusted 100% MCP) has a highly variable
energy landscape, consisting of rugged terrain,
dense ground cover, and a network of human-
made trails.

segments, only three had at least one
simulation where the agent was able to
reach the end point with a cumulative
cost greater than or equal to that of the
chimpanzees (Figure S2).

The LMM with the least-cost and
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the predictor variables and actual costs
as the response variable, yielded VIFs
below the recommended cut offs for
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both cumulative and per m costs. The

Multicollinearity (VIF > 10) was detected in the cumulative
cost linear mixed effects model (LMM), and cumulative costs
were therefore excluded from further analysis. However, the
cost per m LMM yielded a VIF of 2.99, which is below recom-
mended cut-offs [12, 13]. The full LMM with the least-cost
and straight-line costs as predictor variables and actual costs
per m as the response, was significantly different from the
null model containing only the intercept and the random effect
(chi square = 100.84, df = 3, p = < 0.001). The final model re-
vealed a significant effect of both the least-cost and straight-
line models on actual cost per m (Table 2), but separate models
revealed that the least-cost model explained 91% of the varia-
tion in actual costs (estimate = 0.71, standard error = 0.02, =
0.91, p = < 0.001), while the straight-line model only explained
66% of the variation (estimate = 0.60, standard error = 0.3, P=
0.66, p = < 0.001).

These results held true for distant goals (>1 km in length). The
NRMSE between actual and least-cost cumulative costs
remained less than 5%, and the NRMSE between per m costs re-
mained less than 10%, while the NRSME between actual and
straight-line costs more than doubled for both cumulative and
per m costs (Table 1). 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, r* =
0.88, p = < 0.001).

The least-cost model is also a better predictor of actual travel
sinuosity and length than the straight-line model (Table S1), with
chimpanzees taking longer, more sinuous paths that incorporate
trails and/or avoid steep inclines (e.g., Figure 2).

For 89 of the 167 segments, agents did not reach the end point
following the local knowledge rule. For the 78 segments where
the agent did reach the endpoint in at least one simulation, the
probability was low, with only 7 segments having a >50% prob-
ability of reaching the end point (Figure S1). Of these 78
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full model was significantly different

from the null model for cumulative (chi
sq = 204.69, df = 3, p = < 0.001) and per m costs (chi sq =
197.24, df = 3, p = < 0.001). The final model revealed a significant
effect of the least-cost, but not the local knowledge model on
actual cumulative costs (Table S2) and actual costs per m
(Table S3).

DISCUSSION

The least-cost model predicted the costs and sinuosity of chim-
panzee paths better than the local knowledge, and straight-line
model and linear mixed modeling showed a strong relationship
between the costs of chimpanzee travel and the modeled
least-cost routes. These results cannot be explained by use of vi-
sual or olfactory cues, as agent-based modeling showed that
chimpanzees/agents rarely reached the “goal” when navigating
using local knowledge of the landscape only. For those seg-
ments where agents were able to reach the goal, the local knowl-
edge model was a poor predictor of actual travel costs
compared to the least-cost model.

While 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 [14, 15]. Outputs not based on modeled
costs (path segment sinuosity and length) also showed better
agreement with the least-cost than the local knowledge and
straight-line models. As the model employed assumes complete
knowledge of the landscape [15], our results provide strong
evidence that chimpanzees walk least-cost routes to out-of-
sight goals, suggesting that Nyungwe chimpanzees use spatial
knowledge of their home range landscape to optimize travel.
Chimpanzees demonstrated remarkable spatial accuracy in tak-
ing least-cost routes, even for long (>1 km) path segments when
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Table 1. Costs of Chimpanzee Path Segments Compared to
Least-Cost and Straight-Line Models

Table 2. Results of the LMM with Actual Costs per m as the
Response Variable and Least-Cost and Straight-Line Cost per m

Cumulative cost Cost per m as the Predictor Variables (n = 167)
Model Mean SD NRMSE Mean SD NRMSE Predictor Variable Estimate Std. Error t %% Cl P
All segments (n = 167) Intercept 1.79 0.02
Actual 954 705 NA 1.80 0.75 NA LCP 0.65 0.03 22.07 0.02,0.14 <0.001
LCP 902 676 3% 1.72 0.71 6% Straight 0.08 0.03 2.67 0.59,0.71 0.008
Straight 1,150 1,024 10% 2.23 083 17% LCP, least-cost path; straight, straight-line path
Segments > 1 km (n = 27)
Actual 2,079 884 NA 1.37 033 NA
LCP 1,967 869 4% 135 031 8% landscape features that facilitate chimpanzee movement (e.g.,
Straight 2,757 10386  28% 293 058  57% exposed rocks, vines that allowed chimpanzees to climb up or

SD, standard deviation; NRMSE, normalized root mean square error;
actual, actual path, LCP, least-cost path; straight, straight-line path.

the number of potential alternative routes increases consider-
ably. These results differ to previous studies, which found no
relationship between predicted least-cost and actual travel
routes in non-human primates [3, 16]. However, these findings
may be due to the use of unrealistic isotropic models [15] and
lack of model calibration to pathway data [14] and not a reflection
of the animals’ cognitive abilities.

Inferring 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 pro-
cesses that are not goal-orientated [1]. Thus, a number of
onerous measurements are required to infer cognitive processes
[1], such as recording all alternative food resources bypassed
[17, 18] and identifying which of those resources are more valu-
able, which can be extremely difficult in itself [19]. Our work sug-
gests that LCP modeling can offer an alternative approach to
infer cognitive abilities in wild animals that are known to modu-
late their movements in response to energy landscapes.

Advances in hand-held Global Positioning Systems (GPS)
allowing more accurate collection of movement data in rugged
environments and increasingly sophisticated modeling tools
that can incorporate landscape features into measures of move-
ment efficiency have opened opportunities for analysis of animal
memory of landscape and route choice [20, 21]. The ability to
choose least-cost routes to out-of-sight goals 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 [22]) (1) sta-
tionary, and therefore predictable in space as opposed to mobile
prey, (2) patchily distributed, making random search a less effi-
cient strategy, and (3) lower in density, resulting in increased
travel distances between patches and thus increased movement
costs.

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. Our model was able
to predict the travel costs of chimpanzees within a 3% error.
However, analyzing where the model did not fit well can yield
important insights into other key drivers of animal movement
[5, 23]. Some inconsistencies could be explained by the lack of
detailed super and substrate information, which resulted in

down steep cliff faces and fallen logs that enable stream cross-
ings) being omitted from the cost surface. The importance of
compact substrate and reduced superstrate was demonstrated
by one occasion when the focal chimpanzee deviated 75 m from
the predicted least-cost route to travel along an area at the alti-
tudinal limit of their home-range with exposed rocks and sparse
ground cover. Additionally, the digital elevation model (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, su-
per, 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
(UAVs). Landscape features could be extracted with the aid of
LiDAR classification software to produce high resolution cost
surfaces (see [24] for an example). With fine-scale remote
sensing technologies becoming increasingly more affordable,
this offers an exciting area for future research.

To maximize collection of travel path data, we limited our
analysis to male chimpanzees. However, using least-cost
routes may be more beneficial to anestrous females who bear
the additional energetic costs of gestation, lactation, and travel
with dependent offspring. Application of least-cost modeling to
anestrous female chimpanzees in future research is recommen-
ded to test for sex differences in ranging response to the energy
landscape.

Our study also assumes that chimpanzees move to a goal of
optimizing energy balance, but as our cost surface does not
represent metabolic rates, alternative drivers like time [25]
cannot be excluded. Future studies could rule out alternative
drivers of route choice by constructing cost-space maps for sub-
jects where the functional relationship between movement costs
and terrain is well understood [4, 5] or, where ethically justifiable,
use animal-attached accelerometers to measure energy expen-
diture across defined landscape features (e.g., [4]).

To our knowledge, this study provides the first example of
chimpanzees’ ability to walk least-cost routes to out-of-sight
goals, suggesting they have spatial knowledge of their home
range landscape. As chimpanzees exhibit a relatively inefficient
form of terrestrial locomotion (knuckle walking [26]) and expend
more energy traveling up slopes than on level ground [27, 28], the
ability to use least-cost 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 hominins may have facilitated
their adaptation to a variety of environmental conditions.
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Recent research has renewed interest in the role ecological
variation plays in shaping cognitive abilities [29, 30]. The
“ecological intelligence” or “harsh environment” hypothesis
argues that environments with resources that are low in
abundance, sparsely distributed and ephemeral, favor the
development of mental abilities that facilitate efficient foraging
[22, 31-33]. There is growing evidence to support this from
comparative studies of primates (review in [29]), birds [34-37],
bats, and rodents (review in [38]). However, a recent study high-
lighted the need for a clearer definition of what constitutes envi-
ronmental “harshness” [39]. 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 homoge-
neous landscapes suggest that chimpanzees consider the
Euclidean distances between potential food trees when deciding
where to forage [17]. Chimpanzees in highly variable energy
landscapes may 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.

While there is growing evidence that naturally ranging animals
are able to remember the location, type, and seasonality of food
resources and choose distance-minimizing routes between
them [2, 20, 40], their ability to walk efficient foraging routes in
heterogenous landscapes is not well understood. By using
anisotropic least-cost modeling, we provide the first evidence
that chimpanzees are able to walk least-cost routes, suggesting
that they have spatial knowledge of their physical landscape.
This ability 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-
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cost modeling in cognitive studies of other naturally ranging an-
imals in a variety of landscapes would shed light on this.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact and materials availability
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
e METHOD DETAILS
Movement observations
Least-cost analysis
Least-cost model inputs
Path segmentation
Movement costs
Vertical factor
Cost surface
Final least-cost model inputs
Least-cost model accuracy
Comparing actual travel to the least-cost model
Straight-line model
Local knowledge model
® QUANTIFICATION AND STATISTICAL ANALYSIS
O Least-cost and straight-line models
O Local knowledge model

o

OO0OO0OO0OO0O0OO0OO0OO0OO0O0

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.
cub.2020.08.076.


https://doi.org/10.1016/j.cub.2020.08.076
https://doi.org/10.1016/j.cub.2020.08.076

10.1016/j.cub.2020.08.076

Please cite this article in press as: Green et al., Chimpanzees Use Least-Cost Routes to Out-of-Sight Goals, Current Biology (2020), https://doi.org/

Current Biology

ACKNOWLEDGMENTS

We thank Tony Mudakikwa and Albert Kayitare at the Rwandan Development
Board (RDB) for permission to conduct research at Nyungwe National Park,
Innocent Ndikubwimana and Kambogo lidephonse at RDB for facilitating our
research, the RDB and Wildlife Conservation Society trackers for their assis-
tance in locating the chimpanzees, and Donat Murwanashyaka and Brad
Smith for their assistance in chimpanzee tracking and data collection. This pa-
per has also benefitted from the valuable comments from three anonymous
referees. The research conducted adhered to the legal requirements of
Rwanda and complied with all RDB regulations. Funding was provided by
the University of Western Australia and Basler Stiftung fur biologische
Forschung.

AUTHOR CONTRIBUTIONS

S.J.G. collected and analyzed data; T.R.B. conducted the agent-based
modeling; and S.J.G., B.J.B., and C.C.G. wrote the paper.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: April 8, 2020
Revised: May 26, 2020
Accepted: August 24, 2020
Published: October 1, 2020

REFERENCES

1. Janson, C.H., and Byrne, R. (2007). What wild primates know about re-
sources: opening up the black box. Anim. Cogn. 70, 357-367.

2. Zuberblhler, K., and Janmaat, K. (2010). Foraging cognition in non-human
primates. In Primate Neuroethology, M.L. Platt, and A.A. Ghazanfar, eds.
(Oxford University Press), pp. 64-83.

3. Howard, A.M., Nibbelink, N.P., Madden, M., Young, L.A., Bernardes, S.,
and Fragaszy, D.M. (2015). Landscape influences on the natural and arti-
ficially manipulated movements of bearded capuchin monkeys. Anim.
Behav. 106, 59-70.

4. Wilson, R.P., Quintana, F., and Hobson, V.J. (2012). Construction of
energy landscapes can clarify the movement and distribution of foraging
animals. Proceedings of the Royal Society of London B: Biological
Sciences, 975-980.

5. Shepard, E.L., Wilson, R.P., Rees, W.G., Grundy, E., Lambertucci, S.A.,
and Vosper, S.B. (2013). Energy landscapes shape animal movement
ecology. Am. Nat. 7182, 298-312.

6. Halsey, L.G. (2016). Terrestrial movement energetics: current knowledge
and its application to the optimising animal. J. Exp. Biol. 279, 1424-1431.

7. Dickson, B.G., Jenness, J.S., and Beier, P. (2005). Influence of vegetation,
topography, and roads on cougar movement in Southern California.
J. Wildl. Manage. 69, 264-276.

8. Wall, J., Douglas-Hamilton, I., and Vollrath, F. (2006). Elephants avoid
costly mountaineering. Curr. Biol. 16, R527-R529.

9. Sapir, N., Horvitz, N., Wikelski, M., Avissar, R., Mahrer, Y., and Nathan, R.
(2011). Migration by soaring or flapping: numerical atmospheric simula-
tions reveal that turbulence kinetic energy dictates bee-eater flight
mode. Proc. Biol. Sci. 278, 3380-3386.

10. Newmark, W.D., and Rickart, E.A. (2012). High-use movement pathways
and habitat selection by ungulates. Mamm. Biol. 77, 293-298.

11. Byrne, R.W., Noser, R., Bates, L.A., and Jupp, P.E. (2009). How did they
get here from there? Detecting changes of direction in terrestrial ranging.
Anim. Behav. 77, 619-631.

12. Quinn, G.P., and Keough, M.J. (2002). Experimental Design and Data
Analysis for Biologists (Cambridge University Press).

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

¢? CellPress

Zuur, A, leno, E.N., Walker, N., Saveliev, A.A., and Smith, G.M. (2009).
Mixed effects models and extensions in ecology with R (Springer).

Zeller, K.A., McGarigal, K., and Whiteley, A.R. (2012). Estimating land-
scape resistance to movement: a review. Landsc. Ecol. 27, 777-797.

Etherington, T.R. (2016). Least-cost modelling and landscape ecology:
concepts, applications, and opportunities. Current Landscape Ecology
Reports 7, 40-583.

Gregory, L.T. (2011). Socioecology of the Guianan bearded saki,
Chiropotes sagulatus. PhD Thesis. (Kent State University).

Normand, E., Ban, S.D., and Boesch, C. (2009). Forest chimpanzees (Pan
troglodytes verus) remember the location of numerous fruit trees. Anim.
Cogn. 12, 797-807.

Janmaat, K.R.L., Ban, S.D., and Boesch, C. (2013). Chimpanzees use
long-term spatial memory to monitor large fruit trees and remember
feeding experiences across seasons. Anim. Behav. 86, 1183-1205.

Ban, S.D., Boesch, C., N'Guessan, A., N'Goran, E.K., Tako, A., and
Janmaat, K.R. (2016). Tai chimpanzees change their travel direction for
rare feeding trees providing fatty fruits. Anim. Behav. 1718, 135-147.
Fagan, W.F., Lewis, M.A., Auger-Méthé, M., Avgar, T., Benhamou, S.,
Breed, G., LaDage, L., Schlagel, U.E., Tang, W.W., Papastamatiou, Y.P.,
et al. (2013). Spatial memory and animal movement. Ecol. Lett. 76,
1316-1329.

Kays, R., Crofoot, M.C., Jetz, W., and Wikelski, M. (2015). ECOLOGY.
Terrestrial animal tracking as an eye on life and planet. Science 348,
aaa2478.

Milton, K. (1981). Distribution patterns of tropical plant foods as an evolu-
tionary stimulus to primate mental development. Am. Anthropol. 83,
534-548.

Lempidakis, E., Wilson, R.P., Luckman, A., and Metcalfe, R.S. (2018).
What can knowledge of the energy landscape tell us about animal move-
ment trajectories and space use? A case study with humans. J. Theor.
Biol. 457, 101-111.

Strandburg-Peshkin, A., Farine, D.R., Crofoot, M.C., and Couzin, |.D.
(2017). Habitat and social factors shape individual decisions and emergent
group structure during baboon collective movement. eLife 6, 19505.

Shepard, E.L., Wilson, R.P., Quintana, F., Laich, A.G., and Forman, D.W.
(2009). Pushed for time or saving on fuel: fine-scale energy budgets
shed light on currencies in a diving bird. Proc. Biol. Sci. 276, 3149-3155.

Pontzer, H., Raichlen, D.A., and Rodman, P.S. (2014). Bipedal and quadru-
pedal locomotion in chimpanzees. J. Hum. Evol. 66, 64-82.

Taylor, C.R., Caldwell, S.L., and Rowntree, V.J. (1972). Running up and
down hills: some consequences of size. Science 178, 1096-1097.

Halsey, L.G., and White, C.R. (2017). A different angle: comparative ana-
lyses of whole-animal transport costs when running uphill. J. Exp. Biol.
220, 161-166.

Rosati, A.G. (2017). Foraging cognition: reviving the ecological intelligence
hypothesis. Trends Cogn. Sci. 27, 691-702.

Janson, C.H. (2019). Foraging benefits of ecological cognition in fruit-
eating primates: results from field experiments and computer simulations.
Front. Ecol. Evol. 7, 125.

Milton, K. (1988). Foraging behaviour and the evolution of primate intelli-
gence. In Machiavellian Intelligence: Social Expertise and the Evolution
of Intellect in Monkeys, Apes and Humans, R.W. Byrne, and A. Whiten,
eds. (Clarendon Press), pp. 285-305.

Sol, D., Lefebvre, L., and Rodriguez-Teijeiro, J.D. (2005). Brain size, inno-
vative propensity and migratory behaviour in temperate Palaearctic birds.
Proc. Biol. Sci. 272, 1433-1441.

Dukas, R. (2009). Learning: mechanisms, ecology and evolution. In
Cognitive Ecology Il, R. Dukas, and J.M. Ratcliffe, eds. (University of
Chicago Press), pp. 7-26.

Freas, C.A., LaDage, L.D., Roth, T.C., ll, and Pravosudov, V.V. (2012).
Elevation-related differences in memory and the hippocampus in moun-
tain chickadees, Poecile gambeli. Anim. Behav. 84, 121-127.

Current Biology 30, 1-6, November 16, 2020 5



http://refhub.elsevier.com/S0960-9822(20)31266-5/sref1
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref1
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref2
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref2
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref2
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref3
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref3
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref3
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref3
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref4
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref4
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref4
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref4
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref5
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref5
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref5
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref6
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref6
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref7
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref7
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref7
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref8
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref8
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref9
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref9
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref9
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref9
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref10
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref10
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref11
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref11
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref11
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref12
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref12
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref13
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref13
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref14
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref14
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref15
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref15
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref15
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref16
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref16
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref17
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref17
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref17
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref18
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref18
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref18
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref19
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref19
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref19
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref20
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref20
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref20
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref20
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref20
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref20
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref20
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref21
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref21
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref21
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref22
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref22
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref22
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref23
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref23
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref23
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref23
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref24
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref24
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref24
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref25
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref25
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref25
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref26
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref26
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref27
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref27
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref28
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref28
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref28
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref29
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref29
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref30
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref30
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref30
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref31
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref31
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref31
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref31
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref32
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref32
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref32
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref33
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref33
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref33
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref34
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref34
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref34

Please cite this article in press as: Green et al., Chimpanzees Use Least-Cost Routes to Out-of-Sight Goals, Current Biology (2020), https://doi.org/
10.1016/).cub.2020.08.076

¢? CellPress

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Pravosudov, V.V., and Roth, T.C. (2013). Cognitive ecology of food hoard-
ing: the evolution of spatial memory and the hippocampus. Annu. Rev.
Ecol. Evol. Syst. 44, 173-193.

Roth, T.C., 2nd, Chevalier, D.M., LaDage, L.D., and Pravosudov, V.V.
(2013). Variation in hippocampal glial cell numbers in food-caching birds
from different climates. Dev. Neurobiol. 73, 480-485.

Sonnenberg, B.R., Branch, C.L., Pitera, A.M., Bridge, E., and Pravosudov,
V.V. (2019). Natural Selection and Spatial Cognition in Wild Food-Caching
Mountain Chickadees. Curr. Biol. 29, 670-676.e3.

Harvey, P.H., and Krebs, J.R. (1990). Comparing brains. Science 249,
140-146.

Hermer, E., Cauchoix, M., Chaine, A.S., and Morand-Ferron, J. (2018).
Elevation-related difference in serial reversal learning ability in a nonscat-
ter hoarding passerine. Behav. Ecol. 29, 840-884.

Trapanese, C., Meunier, H., and Masi, S. (2019). What, where and when:
spatial foraging decisions in primates. Biol. Rev. Camb. Philos. Soc. 94,
483-502.

Menzel, C. (2012). Solving ecological problems. In The Evolution of
Primate Societies, J.C. Mitani, J. Call, P.M. Kappeler, R.A. Palombit,
and J.B. Silk, eds. (The University of Chicago Press), pp. 412-431.
Wittig, R.M., and Crockford, C. (2018). Chimpanzees - investigating cogni-
tion in the wild. In Field and Laboratory Methods in Animal Cognition: A
Comparative Guide, F. Amici, and N. Bueno-Guerra, eds. (Cambridge
University Press), pp. 119-145.

Janmaat, K.R., Boesch, C., Byrne, R., Chapman, C.A., Goné Bi, Z.B.,
Head, J.S., Robbins, M.M., Wrangham, R.W., and Polansky, L. (2016).
Spatio-temporal complexity of chimpanzee food: How cognitive adapta-
tions can counteract the ephemeral nature of ripe fruit. Am. J. Primatol.
78, 626-645.

Leonard, W.R., and Robertson, M.L. (1997). Comparative primate ener-
getics and hominid evolution. Am. J. Phys. Anthropol. 102, 265-281.
Pontzer, H., and Wrangham, R.W. (2004). Climbing and the daily energy
cost of locomotion in wild chimpanzees: implications for hominoid loco-
motor evolution. J. Hum. Evol. 46, 317-335.

Green, S.J., Boruff, B.J., and Grueter, C.C. (2020). From ridge tops to ra-
vines: landscape drivers of chimpanzee ranging patterns. Anim. Behav.
163, 51-60.

Gross-Camp, N.D., Masozera, M., and Kaplin, B.A. (2009). Chimpanzee
seed dispersal quantity in a tropical montane forest of Rwanda. Am. J.
Primatol. 77, 901-911.

IUCN (2010). Eastern Chimpanzee Management Plan (Pan troglodytes
schweinfurthii): Status Survey and Conservation Action Plan 2010-2020
(Gland Switzerland), pp. 1-48.

Green, S.J. (2020). Ecological factors influencing ranging decisions in a
montane population of chimpanzees (Pan troglodytes), Rwanda. PhD
Thesis. (University of Western Australia).

Wrangham, R.W., and Smuts, B.B. (1980). Sex differences in the behav-
joural ecology of chimpanzees in the Gombe National Park, Tanzania.
J. Reprod. Fertil. (Suppl 28), 13-31.

Hunt, K. (1989). Positional behavior in Pan troglodytes at the Mahale
Mountains and the Gombe Stream National Parks, Tanzania. PhD
Thesis. (University of Michigan).

Doran, D.M. (1993). Comparative locomotor behavior of chimpanzees and
bonobos: the influence of morphology on locomotion. Am. J. Phys.
Anthropol. 97, 83-98.

Takemoto, H. (2004). Seasonal change in terrestriality of chimpanzees in
relation to microclimate in the tropical forest. Am. J. Phys. Anthropol.
124, 81-92.

Pokempner, A.A. (2009). Fission-fusion and foraging: Sex differences in
the behavioral ecology of chimpanzees (Pan troglodytes schweinfurthii).
PhD Thesis. (Stony Brook University).

Chapman, C.A., and Wrangham, R.W. (1993). Range use of the forest
chimpanzees of Kibale: Implications for the understanding of chimpanzee
social organization. Am. J. Primatol. 37, 263-273.

Current Biology 30, 1-6, November 16, 2020

56.

57.

58.

59.

60.

61.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Current Biology

Williams, J.M., Pusey, A.E., Carlis, J.V., Farm, B.P., and Goodall, J. (2002).
Female competition and male territorial behaviour influence female chim-
panzees’ ranging patterns. Anim. Behav. 63, 347-360.

Bates, L.A., and Byrne, R.W. (2009). Sex differences in the movement pat-
terns of free-ranging chimpanzees (Pan troglodytes schweinfurthii):
foraging and border checking. Behav. Ecol. Sociobiol. 64, 247-255.
Altmann, J. (1974). Observational study of behavior: sampling methods.
Behaviour 49, 227-267.

Clark, A.P., and Wrangham, R.W. (1994). Chimpanzee arrival pant-hoots:
Do they signify food or status? International Journal of Primatology 15,
185-205.

Sawyer, S.C., Epps, C.W., and Brashares, J.S. (2011). Placing linkages
among fragmented habitats: do least-cost models reflect how animals
use landscapes? J. Appl. Ecol. 48, 668-678.

Gregory, T., Mullett, A., and Norconk, M.A. (2014). Strategies for navi-
gating large areas: a GIS spatial ecology analysis of the bearded saki mon-
key, Chiropotes sagulatus, in Suriname. Am. J. Primatol. 76, 586-595.

. Sigg, H., and Stolba, A. (1981). Home range and daily march in a

Hamadryas baboon troop. Folia Primatol. (Basel) 36, 40-75.

Noser, R., and Byrne, R.W. (2014). Change point analysis of travel routes
reveals novel insights into foraging strategies and cognitive maps of wild
baboons. Am. J. Primatol. 76, 399-409.

Polansky, L., Kilian, W., and Wittemyer, G. (2015). Elucidating the signifi-
cance of spatial memory on movement decisions by African savannah el-
ephants using state-space models. Proc. Biol. Sci. 282, 1-7.

Presotto, A., Verderane, M.P., Biondi, L., Mendonga-Furtado, O.,
Spagnoletti, N., Madden, M., and Izar, P. (2018). Intersection as key loca-
tions for bearded capuchin monkeys (Sapajus libidinosus) traveling within
a route network. Anim. Cogn. 21, 393-405.

Valero, A., and Byrne, R.W. (2007). Spider monkey ranging patterns in
Mexican subtropical forest: do travel routes reflect planning? Anim.
Cogn. 10, 305-315.

Tobler, W. (1993). Three Presentations on Geographical Analysis and
Modeling: Non-Isotropic Geographic Modeling; Speculations on the
Geometry of Geography; and Global Spatial Analysis, Volume 93-1
(National Center for Geographic Information and Analysis).

Tripceich, N. (2009). Cost-Distance Analysis. http://mapaspects.org/
node/3744.

van Etten, J. (2018). In gdistance: Distances and Routes on Geographical
Grids. R package version 1.2-2, J. van Etten, ed., van Etten, Jacob. https://
CRAN.R-project.org/package=gdistance.

R Core Team (2018). R: A Language And Environment for Statistical
Computing (R Foundation for Statistical Computing).

Janmaat, K.R.L., Ban, S.D., and Boesch, C. (2013). Chimpanzees use
long-term spatial memory to monitor large fruit trees and remember
feeding experiences across seasons. Animal Behaviour 86, 1183-1205.
Schielzeth, H., and Forstmeier, W. (2009). Conclusions beyond support:
overconfident estimates in mixed models. Behav. Ecol. 20, 416-420.

Barr, D.J., Levy, R., Scheepers, C., and Tily, H.J. (2013). Random effects
structure for confirmatory hypothesis testing: Keep it maximal. J. Mem.
Lang. 68, 255-278.

Schielzeth, H. (2010). Simple means to improve the interpretability of
regression coefficients. Methods Ecol. Evol. 7, 103-113.

Dobson, A.J., and Barnett, A. (2002). An Introduction to Generalized Linear
Models (Chapman and Hall/CRC).

Forstmeier, W., and Schielzeth, H. (2011). Cryptic multiple hypotheses
testing in linear models: overestimated effect sizes and the winner’s curse.
Behav. Ecol. Sociobiol. (Print) 65, 47-55.

Nakagawa, S., and Schielzeth, H. (2013). A general and simple method for
obtaining R? from generalized linear mixed-effects models. Methods Ecol.
Evol. 4, 133-142.

Johnson, P.C. (2014). Extension of Nakagawa & Schielzeth’s R2aLvm to
random slopes models. Methods Ecol. Evol. 5, 944-946.


http://refhub.elsevier.com/S0960-9822(20)31266-5/sref35
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref35
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref35
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref36
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref36
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref36
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref37
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref37
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref37
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref38
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref38
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref39
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref39
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref39
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref40
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref40
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref40
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref41
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref41
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref41
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref42
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref42
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref42
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref42
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref43
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref43
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref43
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref43
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref43
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref43
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref44
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref44
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref45
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref45
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref45
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref46
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref46
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref46
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref47
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref47
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref47
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref48
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref48
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref48
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref49
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref49
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref49
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref50
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref50
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref50
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref50
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref51
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref51
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref51
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref52
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref52
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref52
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref53
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref53
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref53
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref54
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref54
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref54
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref55
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref55
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref55
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref56
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref56
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref56
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref57
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref57
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref57
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref58
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref58
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref78
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref78
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref78
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref59
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref59
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref59
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref59
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref60
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref60
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref60
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref61
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref61
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref62
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref62
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref62
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref63
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref63
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref63
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref64
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref64
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref64
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref64
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref65
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref65
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref65
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref66
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref66
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref66
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref66
http://mapaspects.org/node/3744
http://mapaspects.org/node/3744
https://CRAN.R-project.org/package=gdistance
https://CRAN.R-project.org/package=gdistance
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref69
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref69
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref77
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref77
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref77
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref70
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref70
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref71
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref71
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref71
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref72
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref72
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref73
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref73
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref74
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref74
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref74
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref75
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref75
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref75
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref75
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref75
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref76
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref76
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref76
http://refhub.elsevier.com/S0960-9822(20)31266-5/sref76

Please cite this article in press as: Green et al., Chimpanzees Use Least-Cost Routes to Out-of-Sight Goals, Current Biology (2020), https://doi.org/
10.1016/j.cub.2020.08.076

Current Biology ¢? CellPress

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

Chimpanzee, Pan troglodytes Wild N/A

Deposited Data

Raw data This paper https://doi:10.5061/dryad.wdbrvi5m7

Software and Algorithms

R [39] https://www.r-project.org

Local knowledge model R code This paper https://github.com/tbonne/least_cost_movement_ABM

RESOURCE AVAILABILITY

Lead contact and materials availability
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Samantha Green
(samantha.green@research.uwa.edu.au). This study did not generate new or unique materials.

Materials availability
This study did not generate new unique reagents.

Data and code availability
The R-code used in this study is available from: https://github.com/tbonne/least_cost_movement_ABM. Original data have been
deposited to Dryad: https://doi.org/10.5061/dryad.wdbrvi5m7.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Chimpanzees (Pan troglodytes) have been the subject of more spatial cognition studies than any other non-human primate [41], but
as most field studies have been undertaken in relatively homogeneous environments [42], their ability to incorporate spatial
knowledge of the landscape into their route choice has not been tested. Chimpanzees rely on food resources that are characterized
by high spatio-temporal complexity [43] and thus travel relatively long daily distances, expending more energy on terrestrial locomo-
tion than any other activity [44, 45]. A recent study in Nyungwe National Park, Rwanda showed that chimpanzee ranging patterns can
be influenced by their terrain [46], making them perfect study subjects.

Nyungwe is a low-productivity montane forest [47] in south-west Rwanda (Figure 1). 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 1, [46]). It protects 1,020 km? of forest and is esti-
mated to contain 380 chimpanzees [48]. The study community range, to our knowledge, to the highest altitudinal limit of their species
distribution [2,951 m ASL, [46]] 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 [49].

METHOD DETAILS

Movement observations

Data were collected between November 2016 and December 2017 in Nyungwe National Park, Rwanda (Figure 1). Male chimpanzees
are usually more terrestrial [50-54] and travel longer distances per day [50, 55-57] and between food patches [54] than anestrous
females. As it also took longer to identify all female chimpanzees in the community, only male chimpanzees were sampled to
maximize path segment data (n = 14 individuals). Focal follows [58] were undertaken for as long as possible, ideally from nest to
nest, on approximately ten days per month. When the focal chimpanzee was traveling, his location was recorded at 5 m intervals
with a hand-held Garmin GPSMAP 64 device, with GLONASS receiver. The GPS accuracy was checked continuously and 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 min, with any individuals within 50 m of each other considered to be a part of the same party (following [59]).
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Least-cost analysis

Our hypothesis, that chimpanzees in Nyungwe take least-cost routes to out-of-sight goals, was tested using an anisotropic LCP model
that assumes full knowledge of the environment [15]. The model calculates the least-cost route between two locations as a function of
distance and the ‘cost’ of moving across the landscape. Low costs are assigned to features that facilitate movement and high costs to
features that impede movement, such as slope, vegetation cover or human disturbance [14]. Least-cost analysis is increasingly em-
ployed 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 [14, 60]. Most studies also employ isotropic models which are often not real-
istic [15], particularly in rugged environments where the cost to travel upslope is greater than downslope for many species [28].

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 (@ and b) using the
following formula:

(cost surface(a) + cost surface(b))

al= 5 * surface distance(ab) x vertical factor(ab)

Where

al=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:

t surf: t surf:
al :(cos surface(a) ; cost surface (b)) * /2 = surface distrance(ab) * vertical factor(ab)

Least-cost model inputs

Shepard et al. (2013) [5] 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” ([5] p. 299), and super-
strate as “any material against which an animal must push to move” ([5] p. 300). Landscape features that had the potential to influ-
ence 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)
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. Estab-
lished chimpanzee trails were mapped whenever chimpanzees were observed traveling along them. These are trails that were nar-
rower than 1 m, had level substrate that cut into steep slopes, were free from superstrate up to approximately 1 m (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 [46]. 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 digitized on screen as described by Gregory et al. [61]. Both stream and ridge lines were converted to a raster correspond-
ing to the 30 m x 30 m SRTM DEM.

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). Chimpanzees traveled along a
valley with poor signal on one occasion. This path was reconstructed 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 sub-
sequent location points.
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The paths were then divided into segments for analyses using a change point test (CPT) developed by Byrne et al. [11] to detect
significant changes in terrestrial travel direction.While it is difficult to know the goal of naturally ranging animals [62], several studies
have shown that changes in travel direction can identify the location of important food resources and other biologically important
activities [19, 63-65]. We considered a spatial criterion to be more appropriate than a temporal criterion (used by Valero and Byrne
[66] and Bates and Byrne [57]) 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).

Variants of the CPT were run from g = 1 through q = 10 for 10% of the daily travel paths using an alpha level of p < 0.05 withg =5
chosen as the most representative since this value maximized the number of change points detected for each day’s path while also
failing to ‘overshoot the change point’ [11]. After running the CPT on all paths, the behavior associated with each change point was
recorded. Change points that were associated with any behavior other than ‘traveling’ and did not occur on a human-made or es-
tablished 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 [11], the behavior 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.

Movement costs

Fifty segments were set aside for model testing. While 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 land-
scape characteristics 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, ridges and streams.

Vertical factor
To date, the best available information on chimpanzee energetics is Taylor et al.’s [27] measurements of 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 [28]. 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 S4).

As measured movement costs for chimpanzees are only available for three gradients, a model developed for humans was also
tested as recommended by Lempidakis et al. [23]. Tobler’s empirically derived Hiking Function [67] was used to convert slope to
velocity (as a proxy for cost) using the following equation:

V = Be(-35G+0.05)

Where
V = Velocity
G = Slope

e = Euler's number

Vertical Factors calculated using this formula [68] were used to calculate Path Distance. Tobler’s hiking function and the extrap-
olated chimpanzee model were tested against segments that did not contain any trail travel. The extrapolated chimpanzee model
visually approximated the actual path well, while the Tobler’s hiking function overestimated the sinuosity of most segments. Tobler’s
hiking function was thus omitted from further model testing.

Cost surface

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 path segments were influenced by
topography, the segments were tested with and without the chimpanzee Vertical Factors identified previously (Table S4). An off-trail
cost value of 2 with chimpanzee 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 seg-
ments showed improved visual representation with the addition of established trail costs.

Adding cost values for ridges and streams did not improve the visual fit for any of the test segments and were therefore excluded
from further analysis.
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Final least-cost 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 estab-
lished 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 S4).

Least-cost model accuracy

The Path Distance model was then run for each test segment. The output cost distance and backlink rasters (which specifies the
neighbor that is the next cell on the LCP), 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.

To assess the accuracy of the LCP model in predicting chimpanzee travel costs, the NRMSE between the cumulative cost of the
actual and modeled LCP segments was calculated by dividing the root mean square error by the range of actual path costs (maxqps —
Mingps). The LCP achieved a NRMSE of within 3% (n = 50).

Comparing actual travel to the least-cost model

To test whether chimpanzees use LCPs when traveling in their environment, the costs of actual travel were compared with predicted
LCPs and two null models for all remaining segments (n = 167). One null model assumes chimpanzees use knowledge of the land-
scape within their visual detection when choosing travel routes (the local knowledge model) and the other assumes chimpanzees do
not incorporate the landscape in travel decisions (the straight-line model).

Straight-line model

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 ex-
tracted. This was input as a Surface Raster in the Path Distance tool and the same process was followed.

Local knowledge model
To calculate the costs of travel routes that incorporate only local knowledge of the energy landscape, an agent-based model was
created the gDistance package [69] in R version 1.2-2 [70]. As the visual detection distance of landscape features (trails and slope)
for humans in the study site was usually less than the resolution of the DEM (30 m), an agent was programmed to move to a local cell
based on the relative costs of the neighboring 8 cells, i.e., the agent compared all neighboring cells and chose a cell based on a
weighted probability of the costs. This step length also aligns with the mean estimated olfactory detection distance for chimpanzees
(87 m, [71]). Following this rule, the agent tends to make the least-cost local choice.

Cost of travel between two neighboring cells was calculated using the same model inputs and equation as the least-cost model. As
the gDistance package uses conductance rather than costs, the costs were then inverted using the following equation:

1

conductance assigned to travel from cell a to cell b =
g cost assigned to travel from cell a to cell b

To assess comparability of the ArcGIS Path Distance tool and R agent-based model, LCPs were calculated in R for all segments
(n=167). The LCP lengths and costs calculated in R were strongly correlated with those calculated by the Path Distance tool (2 = 0.99
for both length and cost).

For each segment start point, 100 simulations were run to extract the probability that agents considering only the landscape within
visual and olfactory detection reach the segment end point (Figure S1). Each simulation was run for a maximum of 122 steps (equiv-
alent to the maximum segment length). An agent was considered to have reached the end point when it arrived within its detection
distance (i.e., a neighboring cell, Table S5). For agents that did reach the end point, the cumulative costs and distance was extracted.
The code for this model is is available from GitHub: https://github.com/tbonne/least_cost_movement_ABM.

QUANTIFICATION AND STATISTICAL ANALYSIS

The per m costs of actual and modeled paths were calculated by dividing the cumulative costs by segment length. To compare the
geometry of actual and modeled paths, the sinuosity of each segment was calculated by dividing the least-cost and actual distance
by the straight-line distance.

For 89 of the 167 segments, agents did not reach the end point following the local knowledge rule. The relationship between actual
travel costs and the local knowledge model is therefore analyzed separately to the straight-line and least-cost models.

Least-cost and straight-line models
The NRMSE was calculated following Howard et al. [3] to measure how accurately each model 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
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using a LMM and identity link function. Actual cost was modeled 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 deter-
mined variance inflation factors (VIFs) applied to a standard linear model without the random effects. To avoid inflating Type 1 error
rates we included the random slopes for the effects of least-cost costs on actual costs to vary between levels of individual ID [72, 73].

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 [12]. 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 [74]. 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 [75, 76]. Coefficients of determination were calculated
following Nakagawa and Schielzeth [77] and Johnson [78]. Model stability was checked by excluding data points one by one and
comparing the estimates derived with those obtained for the full model, which indicated no influential cases.

To test if results changed when the number of alternative route choices increases, the same analyses were run for long segments
(>1 km) only (n = 27).

Local knowledge model

Where agents were able to reach segment endpoints following the local knowledge rule, the replicate with the lowest cost path was
extracted (n = 78 segments, Figure S2). The strength of the relationship between actual travel costs and the costs of the lowest cost,
local knowledge paths the least-cost paths was examined using the same analyses described above.
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