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We use data from 20 chimpanzee, bonobo and gorilla study sites to
develop an African great ape time budgets model to predict the animals’
capacity to survive in a range of habitats across sub-Saharan Africa. The
model uses body mass and climatic data to predict the time animals must
allocate to key activities (feeding, moving, resting and social interaction),
and then uses these to assess the limiting group size that could be sustained in a particular habitat. The model is robust against changes in minimum cut-off values, and predicts the current biogeographic distributions
of the two African ape species remarkably well. Predicted group sizes for
Pan and Gorilla are close to observed averages. The model also indicates
that moving time plays a crucial role for both Pan and Gorilla site presence: i.e. at sites where they are absent it is primarily moving time that is
increased as compared to other time budget variables. Finally, the model
demonstrates that Pan and Gorilla distributions and group sizes can be
accurately modelled by simply modifying the body mass variable, indicating that both share a similar underlying ecological bauplan.
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INTRODUCTION

We have developed a series of taxon-specific models which relate climatic and other environmental variables to the core time budget components
(feeding, moving, resting and social interaction) (baboons: D unbar 1992a,
1992b; spider monkeys: Korstjens et al. 2006; African colobine monkeys:
Korstjens & Dunbar 2007; Pan: Lehmann et al. 2007a; gorillas: Lehmann et
al. 2008). These models use climatic variables to predict the amount of time
animals have to devote to each time budget component, mediated by physiological mechanisms associated with dietary adaptations, energetic demand
and thermoregulation. These models are taxon- and habitat-specific: in other
words, they are based on the unique physiological characteristics of a given
“ecological species” (i.e. a set of species that share the same dietetic, physiological and life history adaptations) and their response to the climate and
environment that characterises a particular site.
The objective of these models is to determine the maximum ecologically tolerable size of group that, under given ecological conditions, a population can maintain as a coherent social unit. A species that cannot live in
groups larger than some environmentally-specified minimum group size will
not be able to survive in that particular habitat. The models are based on the
assumption that, because the amount of daytime is fixed, an animal has to
balance its nutritional intake and expenditure while trading off the different
time budget components. In addition, within-group competition will lead to
feedback consequences for some of the time budget components. In effect,
the models are based on the observed relationships between climatic and time
budget variables as observed across a large number of populations to determine how much time a virtual ape ought to invest in each time budget component at a specific location and group size. These models differ from the
more conventional bivariate logistic models used to predict a taxon’s presence/
absence from climatic or other environmental data because they incorporate
a middle step in the form of time budgets: this allows us to provide a mechanism to explain why a taxon is present or not at a given site in a way that
more conventional analyses cannot do.
These models are surprisingly successful in predicting where a particular
species can live on a broad continental scale. Moreover, differences between
taxa in the way individual time budget components respond to climatic and
environmental variables provide illuminating insights into the constraints that
act to prevent a species inhabiting the whole of the continent it lives on. This
in turn can explain why species occupy different ecological niches, and hence
have geographical ranges that only partially overlap.
Hitherto, these models have focussed explicitly on genus-level analyses
(this seemingly being more or less equivalent to an “ecological species”). This
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was done to avoid introducing complications due to between-taxon differences
in physiology and life history and so allow the model-building process to focus
explicitly on the ecological effects of environmental parameters. In this paper,
we take the first steps in trying to build a generic model by focussing on the
African great apes. We seek to develop a single model that incorporates both
Pan and Gorilla in such a way as to explain the biogeographic and demographic differences between these two genera. More generic models of this kind will
help us to understand species differences and similarities in terms of their ecological bauplan as well as in terms of niche separation. Finally, such models
have implications for conservation because they allow researchers to investigate
exactly how changes in one environmental variable will affect different species.

METHODS
Data
Behaviour. We used the combined dataset of previously published studies (Lehmann
et al. 2007a, 2008) that give quantitative data on Pan and Gorilla group sizes and structure
(group size, party size, demography), time budgets (percentage of time spent feeding, resting, travelling and grooming) and diet (percentage of fruits and leaves in the diet). In total,
behavioural data from 20 different study sites were collated. These data were used for finding the time budget equations (see Table 1). Studies in which apes were either provisioned
or observed at particular locations only (Bai habitat studies) were excluded from the time
budget analysis as these factors are known to bias the data (Wrangham 1974).
Climate data. Climate data for the ape study sites were also taken from Lehmann
et al. (2007a, 2008). As in previous studies, we used data from the Willmott & Matsuura (2001) weather database for those study sites for which we did not find original climate data. Willmott & Matsuura (2001) provide a global dataset of monthly and
annual temperature and rainfall in grids of 0.5° latitude by longitude, based on a combination of the Global Historical Climatology Network (GHCN version 2) and Legates
& Willmott (1990a, 1990b) weather station records of monthly and annual mean air
temperature and total precipitation. For each site for which climate data were required,
we calculated average values over those data points in the Willmott & Matsuura dataset that fell within a radius of 0.5° longitude and latitude to the site.
The following climate variables were used in this study: mean annual rainfall
in mm (i.e. annual rainfall averaged across years; Pann), mean annual temperature in
°C (Tann), temperature variation between months (calculated as the standard deviation
across the 12 monthly average values: Tmosd), mean monthly rainfall in mm (averaged
across month; Pmo), rainfall variation between months (measured as the standard deviation across average values for 12 months: Pmosd), number of months per year with less
than 50 mm of rainfall (P < 50), number of months per year with less than 100 mm of
rainfall (P < 100) and the plant productivity index P > 2T (the number of months in the
year in which rainfall [in mm] was more than twice the average monthly temperature
(Le Houérou 1984). P > 2T is a reliable index of the growing season in tropical habitats, as it yields a very strong correlation with primary productivity (Le Houérou 1984),
while P < 50 and P < 100 can be regarded as alternative measures of seasonality. We
also included data on the moisture index (annual mean, monthly minimum/maximum
and monthly variation) (Willmott & Feddema 1992). Previous models of primate socio-
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When data from more than one study were available we used averages; data in [ ] indicate estimations (based on published data) when no data
were available for the year when time budget data were collected; time budget data from sites in italic writing were excluded from the time budget equation finding process because apes were either provisioned or observed in Bais only; Lat = latitude; Lon = longitude; Alt = altitude; Tann =
mean annual temperature; Tmosd = mean monthly variation in temperature; Pann = mean annual precipitation; Pmo = mean monthly rainfall [mm];
%Fr = forest cover; Moist = maximum monthly moisture index; P2T = mean number of months in a year in which rainfall is more than twice
the average monthly temperature; Grpsize = group size; grpbm = group biomass; P.t. = Pan troglodytes; G.b. = Gorilla beringi, G.g. = Gorilla gorilla;
behavioural data were taken from:
1 Doran 1997; Boesch & Boesch-Achermann 2000; Lehmann & Boesch 2003, 2004.
2 Remis 1995, Doran 1996, Remis 1997, Doran & McNeilage 1998, Goldsmith 1999, Remis et al. 2001, Cipolletta 2003, Yamagiwa et al. 2003,
Ganas et al. 2004.
3 Doran et al. 2002, Doran-Sheehy et al. 2004, D.M. Doran pers. communication.
4 Yamagiwa et al. 2003, www.westerngorilla.org/network/sites.htm.
5 Doran & McNeilage 1998, Ilambu 2001, Stokes et al. 2003.
6 Blake et al. 1985, Nishihara 1995, Remis 1997, Yamagiwa 1999, Yamagiwa et al. 2003.
7 White 1992, 1996; Boesch & Boesch-Achermann 2000.
8 Kuroda 1979, Kano & Mulavwa 1984.
9 Casimir 1975; Goodall 1977; Yamagiwa et al. 1992, 1996, 2003; Remis 1997; Bean 1998; Yamagiwa & Kahekwa 2001; Ganas et al. 2004.
10 Schaller 1963.
11 Jones & Sabater Pi 1971; Sabater Pi 1977, 1979; Yamagiwa & Mwanza 1994; Remis 1997.
12 Jones & Sabater Pi 1971.
13 Sugiyama & Koman 1987; Sakura 1994; Yamakoshi 1998, 2004; Takemoto 2004.
14 Jones & Sabater Pi 1971; Fossey 1974; Clutton-Brock 1977; Watts 1988, 1984, 1991, 1998; Yamagiwa 1999.
15 Tutin et al. 1983, McGrew et al. 1988.
16 Wrangham 1975, 1977; Goodall 1968, 1983, 1986; Wrangham & Smuts 1980.
17 Nishida & Uehara 1983, Nishida 1990, Matsumoto-Oda 2002, Nishida et al. 2003.
18 Reynolds & Reynolds 1965, Newton-Fisher 1999, Fawcett 2000, Tweheyo et al. 2004.
19 Ghiglieri 1984, Wrangham 1986, Watts 2000, Mitani et al. 2002.
20 Robbins 1999, Yamagiwa 1999, Doran & McNeilage 2001, Yamagiwa et al. 2003, Ganas et al. 2004.
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ecology have shown that these variables can be important determinants of time budget
(Dunbar 1992a, 1992b; Williamson & Dunbar 1999; Hill & Dunbar 2002). In addition,
we also used AVHRR satellite data on forest cover from De Fries et al. (2000) to determine the percentage of forest cover for each of our sites.

Model components
Group and party size. Because of the differences in ape social organisation, we draw
a distinction between the group (i.e. the relatively stable set of individuals who share a
common range area) and the party (i.e. the often unstable set of individuals who feed,
rest or travel together at any given moment). In gorillas, groups and parties are usually one and the same, while in Pan, party size is usually significantly smaller than group
size (Goodall 1968, Nishida 1979). Party size has been shown to be primarily driven by
ecological conditions, such as food distribution (Wrangham 1977, 2000; Wrangham et al.
1992; Chapman et al. 1995; Boesch 1996; Matsumoto-Oda et al. 1998). Average party size
for Pan was determined by an equation based on climatic conditions and forest cover
(Lehmann et al. 2007a). Data on group size was available for 32 different populations.
Body mass. Because gorillas and Pan differ substantially in body mass, we
included species-typical body masses as well as party biomass as independent variables
into the model. Party biomass was calculated on the basis of group composition and
known body masses for individual subspecies. Juveniles were assumed to weigh half
and infants to weight a quarter of the mean adult body weight.
Diet. Because the major components of ape diets consist of fruits (in the case of
Pan) and leaves (in the case of Gorilla), we restricted our model to these two categories and assumed that they are mutually exclusive. Diet composition is assumed to be
influenced by ecology/climate as well as by body mass and was usually measured as the
percentage of feeding time spent on either fruit or leaves.
Feeding and moving time. We assume that feeding and moving time are independently determined by some combination of climate, diet, body weight, party size and/or
group size.
Grooming time. Grooming time is important for group cohesion (and hence their
resistance to permanent fission), and was determined by a generic grooming equation
because the amount of time that ought to be devoted to grooming in order to prevent
groups from breaking up may differ from the actual observed amount of time spent
grooming at a particular site by animals living in a group of a particular size, because
grooming time might be traded for more urgent activities (see, for example, Altmann
1980, Dunbar & Dunbar 1988). (Note that, although we use the term grooming here, in
fact we could refer more generically to social time.) The generic equation used in our
model (see Table 2) is a simplified version of one based on a cross-species comparison
using Old World primates (Lehmann et al. 2007b) and defines, in effect, the amount of
time that is needed to maintain the social coherence of a group of a particular size
through time. The original equation also incorporates effects of female dispersal and of
sex ratio (species in which only males disperse show higher levels of grooming, while
a strongly female-biased sex ratio decreases the amount of grooming needed). In our
case, both species of ape show female dispersal to some degree (in which case the factor dispersal returns 0). Furthermore, our model does not differentiate between males
and females; we therefore cannot calculate a fluctuating sex ratio, so we assumed the
sex ratio in our model populations to be 1.
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Table 2.
Statistical values for equations used in the model.
Variable

Equation

169.43-50.65*log(bm)–0.02*altitude–
62.02*moimomx+0.39*forestcover
% leaves in diet (%leaf)
100-%fruit
Group biomass (grpbm)
4.24*bm+29.83*group size
Party size (chimps)1
21.49+0.07*forestcover–0.33*Pmo+0.0012*(Pmo2)
2
Party size (gorilla)
Group size
33.09+0.005*grpbm+0.14*bm+ 0.16*%fruit–
% feeding
0.006*Pann
18.74+13.92*TmoSD+0.35*prtysz–4.94*
% moving
(P2T)+0.32*(P2T) 2
% resting3
–29.47+1.28*Tann+0.34*%leaf+5.95*TmoSD
% grooming4
1.01+0.23*group size
% fruit in diet (%fruit)

N

Radj

F

14

0.83 16.9 ***

22
12

0.95 200 ***
0.52 4.87 *

12

0.84 15.3 ***

13

0.76 7.7

P

**

Generic equation
Generic equation

Equation from Lehmann et al. (2007a); 2 because most gorillas travel as one group rather
than splitting up into smaller parties, party and group size are considered to be the same;
3 generic equation from Korstjens et al. (submitted) (see text for details); 4 generic equation
from Lehmann et al. (2007b); bm = body mass, moimomx = maximum monthly moisture index,
prtysz = average party size, forestcover = percentage forest cover (derived from De Fries et
al. 2000); Pmo = average monthly rainfall (mm); Pann = mean annual rainfall (mm); TmoSD =
monthly variation in temperature; P2T = plant productivity index (the number of months in
the year in which rainfall [in mm] was more than twice the average monthly temperature (Le
Houérou 1984)) ; Tann = mean annual temperature. * P < 0.05, ** P < 0.01, *** P < 0.001.
1

Resting time. Resting time is assumed to consist of two independent components:
enforced resting time (which is driven by climate and physiology) and uncommitted resting time that is not otherwise required for feeding, moving or social activities. In order
to know how much uncommitted resting time animals have available to convert into
the other core activities, we need to know the minimum value of enforced resting time.
Enforced resting time is most likely to be a consequence of the fact that animals need
time to digest food and are unable to engage in energetically costly activities when ambient temperatures rise above a critical threshold (and are thus forced to rest). Unfortunately, values for resting time given in the literature do not usually allow us to distinguish
between the two components of resting time. We therefore use a generic equation derived
from a comparative study using 78 species of primates (Korstjens et al. submitted). This
study found that enforced resting time was determined by the percentage of leaves in the
diet (i.e. digestion time), ambient temperature and temperature variation (see Table 2).

Model procedure
The model uses the equations for the above variables to calculate for each of the
sites in our database the maximum ecologically tolerable group size, following the procedure described in Dunbar (1992b). The model starts with a group size of one individual and calculates that individual’s time budget. If the sum of the time budget variables
does not exceed 100%, group size is then increased algorithmically by one individual
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at a time until the sum of all time budget variables exceeds 100%; the maximum ecologically tolerable group size is then defined as the group size of the previous cycle.
In order to avoid anomalous outcomes, all time budget equations were constrained to
have minimum values of 5% and maximum values of 99%. In addition, party size was
not allowed to exceed group size and was constrained to a minimum of one individual.
Because the model is based on body mass, we consider two distinct weight categories to
represent Pan (40 kg) and gorillas (120 kg), respectively. These body masses correspond
roughly to the mean weight of a male and female Pan and Gorilla. Differences in social
system (fission-fusion in Pan versus cohesive groups in gorillas) were modelled by using
party size and group size respectively to determine moving time for Pan and gorillas.
Because we do not have a method to predict what the minimum viable group size
is for apes (i.e. the cut-off value in the model that defines whether or not apes can survive in a given habitat), we ran a sensitivity analysis using a range of different cut-off
values to determine how sensitive the model was to this variable.
Model validation and test
The model was validated in two ways. First, we tested how accurately the model
predicts the presence and absence of apes in forested National Parks across subSaharan Africa for which we know whether or not apes are present. Data on presence
and absence of apes across Africa were obtained by screening the primate literature
and the Internet, especially the UNEP and WMCM World database on protected areas
(UNEP-WCPA) and from GRASP (Butynski 2001, Kormos et al. 2003, Caldecott &
Miles 2005). To preserve statistical independence, only sites separated from each other
by at least 0.5o longitude and latitude were included. This dataset consists of 639 independent sites across Africa, 380 of which reported the presence of Pan, while gorillas
were present at 110 sites (including the sites from Table 1). Second, we test how accurately the model predicts group size at those sites where group size is known.
Statistics
Data on Pan behaviour were tested for normality using the Kolmogorov-Smirnov
test. For screening the data and the relations between ecological and time budget variables, we used scatter plots (to find possible curvilinear relations) as well as bivariate
Pearson correlation analyses. Linear regression and curvilinear estimation procedures
(such as quadratic or logarithmic functions) were then used to obtain multivariate
equations for each dependent variable of interest. Finally, we used a linear program in
Dbase to calculate maximum ecologically tolerable group size for each location in the
dataset. Because predicted values were not normally distributed, we used one-sided Wilcoxon Signed Ranks tests (WSR) to compare predicted and observed values, and MannWhitney-U tests (MWU) to compare predicted group sizes and time budget components
between correctly and falsely classified sites.

RESULTS

Equations
The equations used by the model are given in Table 2 while Fig. 1 presents
a flowchart of the ecological relationships and the competitive regimes as

Fig. 1
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Fig. 1. — Flow chart of the relationships between climate, ape diet, body weight, group size
and time budget variables as used in the model. Solid arrows indicate relationships used in the
model, dashed arrows indicate relationships that are ‘optional’, depending on the strategy used
by a species and dashed-dotted arrows indicate interdependency in climate variables which,
however, were not used in this model. True independent variables are those in grey boxes.

obtained from the observational data in Table 1 and subsequently used by the
model. All equations used in the model were significant and had an adjusted r
between 0.5 and 0.95 (see Table 2). The fact that body mass was found to be an
important independent predictor for diet and time budget variables justifies our
use of two distinct weight categories for Pan and gorillas respectively. In addition, party biomass was found to be an important predictor for feeding time.
Because we originally based feeding group biomass on exact calculations derived
from group composition and because the model does not distinguish between
groups of different compositions, we aimed at finding an equation that would
enable us to predict party biomasses reliably. The resulting equation derived
from linear regression (by excluding the intercept) is based on species body mass
and group size (Table 2). This equation is a conservative measure of sub-group
biomass as it is likely to underestimate biomasses for large groups. However,
we also ran the model using the more traditional method of calculating group
biomass based on average body weight multiplied by number of individuals and
found that both equations provided identical results in terms of distribution patterns but differed slightly in group size estimations (with our equations providing larger estimates). Because our equation models the observed values which
were used in the equation finding processes more closely, we used this one in the
final model. Total group size and party size, on the other hand, were found to
be important for moving time and grooming time calculations. The percentage
of fruits in the diet could be predicted from ape body mass, altitude, moisture
and forest cover, and % leaves in diet was assumed to account for the remainder.
Moving time was determined by temperature seasonality, rainfall seasonality and
feeding group size ( i.e. party size in Pan and group size in gorillas).
Validation
Minimum viable group size. We first need to establish an appropriate
minimum viable group size for each taxon since there must always be a group

346

J. Lehmann, A.H. Korstjens and R.I.M. Dunbar

size below which any species cannot survive (Dunbar 1996). Since the minimum viable group size is not really known for either taxon (it is not necessarily the same as the smallest group size ever observed), we ran a sensitivity
analysis in which minimum viable group size varied systematically between
5-50 individuals. We ran the model using the climatic data for the sites in
our African database. Because, for these sites, we know whether or not apes
are present, we can compare the model output with real observations. Table
3 indicates the model’s performance as a function of these minimum viable
group sizes. The important metric here is how well the model predicts actual
presence for each taxon.
Biogeography. Table 4 shows the distribution of correct and false predictions against ape presence/absence at all the sites in our database. For Pan,
the model correctly predicts presence/absence in 74% of all cases, while presence and absence for gorillas is correctly predicted in 62% of cases. While by
no means perfect, both sets of predictions are significantly better than chance
(Gchimp = 349.3, nchimp = 639, dfchimp = 1, Pchimp < 0.0001; Ggor = 109.2, ngor = 639,
dfgor = 1, Pgor < 0.0001). When combining both apes (Table 4c), it becomes evident that according to the model there are no sites at which only gorillas can
survive; instead, the majority of sites are classified as suitable for both Pan
and Gorilla.
The model provides a good fit to known Pan and Gorilla distributions
(Fig. 2), but generally appears to overestimate the extent of their distribution
into East Africa and towards the south (e.g. into Angola). Although our model
identifies these habitats as being more suitable for Pan than for gorillas, Pan
are not known ever to have existed in these regions. Similarly, the heavier
gorillas are predicted to be present not only within their present distribution
but also in the more central areas linking the separate parts of the gorilla’s currently disjunctive distribution. In addition, the model also indicates that some
areas of West Africa as well as the forests south of the Congo River provide

Table 3.
The accuracy (correct predictions, %) of the model in predicting presence and absence of apes
at independent sites as a function of the minimum viable group size we use as a cut-off value.

Minimum group
size cut-off
5
10
15
20
30
40
50

Pan

Gorilla

% present
(n=380)

% absent
(n=259)

% overall
correct

% present
(n=110)

% absent
(n=529)

% overall
correct

93.4
93.2
92.1
90.5
86.6
80.3
72.1

42.9
45.6
50.6
55.2
64.9
72.2
79.5

72.9
73.9
75.3
76.2
77.8
77.0
75.1

86.4
82.7
55.5
22.7
0.9
0.0
0.0

57.3
65.0
71.8
82.6
98.7
100.0
100.0

62.3
68.1
69.0
72.3
81.8
82.8
82.8
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Table 4.
Observed and predicted occurrences of (a) Pan 40 kg and (b) gorillas 120 kg and (c) both
apes together across Africa (values represent number of sites).
(a)

(b)
Observed

40 kg

Present

Absent

Total

Present

354

141

495

Absent

26

118

144

Total

380

259

639

Predicted

Predicted

Observed
120 kg

Present

Absent

Total

Present

94

217

311

Absent

16

312

328

Total

110

529

639

(c)

Predicted

Observed
Absence

Pan only

Gorilla only

Both apes

Total

Absence

118

26

0

0

144

Pan only

91

77

2

14

184

Gorilla only

0

0

0

0

0

Both apes

42

175

6

88

311

Total

251

278

8

102

639

suitable habitats for gorillas. While these locations may indeed provide suitable
habitat for gorillas, it is clear in this case that geographical barriers (such as
the Congo River, the Dahomey Gap and the presence of intervening savannah
belts south of the Congo and in the east on the Rift valley floor) have prevented gorillas from inhabiting these locations. It is less clear, however, why gorillas do not now occur to the north of the Congo River (in DRC). Our model
indicates that this relatively small stretch of forest (limited in the north by the
Ubangi River) would provide suitable habitat for gorillas and, given their current distribution, gorillas clearly must have once lived in these regions.
Predicted group sizes. Overall, predicted ape group sizes are strongly
dependent on body weight. Under present climate conditions, predicted Pan
group sizes averaged 65 ± 21 (mean ± SD, n = 354) at sites where Pan were
correctly predicted to be present, while predicted Gorilla group size averaged 17 ± 6 (mean ± SD, n = 94). These values are well within the observed
range for Pan and Gorilla groups (means of 54 ± 28 and 11 ± 8 individuals,
respectively; n = 13 for Pan and n = 19 for Gorilla). Fig. 3 compares the predicted values for group size at sites where apes were correctly predicted to be
present with those actually observed at specific sites. Recall that the model

Dahomey Gap

(b)
b)

Fig. 2. — Observed and predicted presence and absence of (a) Pan and (b) Gorilla for selected forested national park sites across
Africa. ■ = sites for which the absence was correctly predicted, ■ = sites for which presence was correctly predicted, ▲ = sites
for which presence was falsely predicted and ▲ = sites for which absence was falsely predicted. Major rivers, which can act as
biogeographical barriers are represented as a dotted line.

Dahomey Gap

(a)
a)

348
J. Lehmann, A.H. Korstjens and R.I.M. Dunbar

Ape biogeography model

349

Fig. 3. — Comparison of predicted (by the model) with actually observed group sizes for Pan
(black circles) and gorillas (grey triangles). Note that values should fall on or below the diagonal (which indicates equal values), because the model will predict maximum ecologically tolerable group sizes, which should be higher or equal to those observed in the field.

is designed to predict the maximum ecologically tolerable group size: predicted group sizes should thus lie below the main diagonal of the graph (the line
that demarcates points where observed and predicted values are the same).
Predicted maximum group sizes are significantly larger than mean observed
group sizes for both Pan (WSR: n = 10, z = 2.2, P = 0.027) and for Gorilla
(WSR: n = 17, z = 3.1, P = 0.002), but do not differ significantly from maximum observed values (WSR: Pan: n = 10, z = 1.2, P = 0.2; Gorilla: n = 17, z =
0.5, P = 0.62), indicating that these apes only occasionally live in groups that
are close to their ecological maximum.
In order to evaluate whether group sizes are consistently smaller at sites
for which the model falsely predicted apes to be present (false positives), we
compared predicted group sizes for sites at which apes were correctly predicted to be present with those where they were falsely predicted to be present
(Fig. 4). This comparison shows that, for Pan, predicted group sizes at false
positive sites are significantly smaller than those at correctly predicted sites
(median of 41 individuals for false positives, versus 70 individuals at correct
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Fig. 4. — Boxplots of predicted group sizes for Pan (dark grey) and Gorilla (light grey) at sites
where they were correctly and falsely predicted to be present. These graphs suggest that Pan
may need a minimum group size that is closer to 40 than to the conservative value of 10 used
in this model, while this is not the case for Gorilla. *** P < 0.001.

sites; MWU: z = 7.9, n = 495, P < 0.0001; Fig. 4). This suggests that were chimpanzees to try living in these habitats, they would be forced to live in very
small communities, many of which would be well below the smallest community sizes actually observed (see also Lehmann et al. 2007a). [Note that using a
minimum viable group size of 20 individuals instead of 10 individuals for Pan
in the model would not change these results, as predicted group sizes are considerably larger than both these values (see Fig. 4)]. For gorillas, on the other
hand, the difference in predicted group sizes for correctly predicted presence
sites as compared to those where they are falsely predicted to be present is
not significant (18 individuals for false positives, versus 17 individuals at correctly predicted sites; MWU: z = – 1.3, n = 311, P > 0.1; Fig. 4). This suggests
that the cut-off value of 5 individuals as used in the model for larger bodied
apes is realistic.
Time budgets and biogeography
In order to evaluate which time budget components drive the distribution patterns of apes across Africa, we compared moving, resting and feeding
times at sites where apes were correctly predicted to be present with those
where they were correctly predicted to be absent (Fig. 5). Note, that moving
and feeding time are influenced by group size (which, by definition, is higher
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(a)

(b)

Fig. 5. — Box plot of time budget variables of Pan (a) and Gorilla (b) at sites where they are
correctly predicted to be absent and sites where they are correctly predicted to be present.
Dark grey = resting, light grey = feeding and white = moving. Feeding and moving time are
calculated based on party and group size of 5 and 10 individuals, respectively.
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at sites where apes are present as compared to those where they are absent).
To be able to compare time budget components across sites and body weights,
we calculated mean feeding, moving and resting time for a constant group
size (an arbitrarily chosen 10 individuals, splitting into two parties in case of
Pan). For both Pan and Gorilla, feeding, moving and resting times were significantly higher at sites, where they are absent as compared to sites where
they are present (MWU: feedchimp: z = 14.3, n = 472, P < 0.0001; restchimp: z =
8.6, n = 472, P < 0.0001; movechimp: z = 16.2, n = 472, P < 0.0001; feedgor: z =
6.9, n = 406, P < 0.0001; restgor: z = 9.5, n = 406, P < 0.0001; movegor: z = 13.9,
n = 406, P < 0.0001). However, absolute differences in the time budget components were, for both species, largest for moving time and smallest for feeding
time (see Fig. 5), indicating that it is primarily moving time that prevents apes
from occurring outside their current biogeographical distribution.
A comparison of time budget variables at sites for which the model incorrectly predicted Pan to be present (false positives) with those where they were
correctly predicted to occur may indicate why apes do not live there, even
though they could according to the model. Such a comparison suggests that
Pan have significantly higher feeding (MWU: z = – 6.5, n = 495, P < 0.0001) and
moving times (MWU: z = – 6.3, n = 495, P < 0.0001) at false positive sites as
compared to those were they are correctly predicted to be present. Pan would
thus have to spend more time feeding and travelling at those sites where they
do not occur and would therefore have to live in smaller groups, which may
force them to compromise on the demands that seem to oblige them to live in
fairly large communities (typically > 45 individuals: see above, and Lehmann
et al. 2007a). For gorillas, on the other hand, only moving time was found
to be significantly higher at false positive sites (MWU: z = – 2.5, n = 311, P <
0.02), although the absolute difference in moving time was very small (~ 1%).
This suggests that there are fundamental differences between the two species
in terms of the limits on their biogeographical distribution: Pan appears to be
restricted by the minimum group size they can sustain within a given habitat,
while the gorilla’s biogeographical range appears to be more strongly limited
by the existence of geographical barriers that they cannot cross.

DISCUSSION

Considering the simplicity of the model’s premises, it produces a remarkably good fit to present day Pan and Gorilla distributions. Of course, given the
way human influences and the dramatic level of deforestation across many
African regions restrict present day ape distribution patterns, some deviations
from observed patterns are to be expected. Such anthropogenic effects were
not included in our model, mainly because our focus has been on evaluating
the effect of climate conditions.
Compared to previous time budget models (Dunbar 1992a, 1992b; Williamson & Dunbar 1999; Korstjens et al. 2006; Korstjens & Dunbar 2007),
this model adds new layers of complexity by stressing the role of variables
such as body mass, and diet in the evolution of ape social systems and bio-
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geography. The results also demonstrate, that both the African great apes
share a similar underlying ecological bauplan, with the principal differences
between them being largely a reflection of contrasts in body weight. For both
species, it is the demands of travel time that ultimately seem to impose the
greatest constraints on their ability to colonise a wider range of habitats in
sub-Saharan Africa. In terms of diet, both Pan and Gorilla appear to prefer
fruit when available. (Note that, even though gorillas are often characterized as being predominantly folivorous, their molar teeth are more similar
to those of other frugivorous apes than to those of folivores: Martin 1990).
However, during low food availability gorillas, unlike Pan, fall back on a diet
consisting predominantly of leaves (Ungar 2004), in part at least because
their large body size prevents them from reaching fruit while at the same
time allowing them to digest large quantities of leaves (Marshall & Wrangham 2007). However, in doing so, gorillas pay an additional time budget cost:
the higher percentage of non-fruit (i.e. leafage) in their diet imposes an additional demand for resting time (mainly to allow digestion). Since their smaller body size allows Pan to avoid this problem, Pan is able to survive in a
wider range of habitats than Gorilla.
It has been known for a long time that bioegeographical barriers have
prevented apes from colonizing certain otherwise suitable areas: the Dahomey
Gap and the size of the Niger and Congo rivers are most likely the reasons
why gorillas do not occur in West Africa and in the forests within the Congo
River loop (Kortlandt 1995). Our model confirms that areas like the Dahomey
Gap are difficult for (large-bodied) apes to colonise, and thus cross. Although
the model suggests that Pan could live further south than their current distribution, it may be that high predation risk in the belt of open savannah that
fringes the southern boundary of the Congo forest block prevents them from
doing so. While the Congo River is probably too wide for either Pan or Gorilla
to cross throughout most of its range, Fig. 3 suggests that Pan can extend its
range just far enough southwards down the eastern bank to get around into
the Congo basin — especially in the past when cooler, wetter climates might
have meant that the forest belt extended just a little further southwards along
the Rift Valley edge. In contrast, the stronger constraints on the gorillas’ ecological flexibility leave them stranded just a little too far to the north. Presumably, the Dahomey Gap provides an analogous problem for the gorillas. Fig.
3 suggests that Pan are able to bridge the Gap because their natural range
extends over a much wider area here. Gorillas could live in the vicinity of
Sierra Leone and Liberia, but the gap they would have to cross to get there is
10 times larger than that for Pan. The fact that there are no gorillas in West
Africa suggests that the gap has always been too wide for gorillas to spread
that far west, even under past climatic conditions when the climate may have
been cooler and wetter and the west African forest block more extensive.
The only region where the model really fails to predict the known presence of Pan is in the northern parts of West Africa. These parts of Africa constitute marginal habitat for Pan and little is known about the behaviour of chimpanzees in this area. It may be significant that West African Pan are less heavy
than the central and eastern subspecies (Caldecott & Miles 2005), so that using
a body mass value of 40 kg as we did in the model may be imposing an artifi-

354

J. Lehmann, A.H. Korstjens and R.I.M. Dunbar

cial restriction on the West African subspecies. A lower body mass may enable
Pan to live in otherwise marginal areas by reducing some of their feeding costs.
Taken together, time budget models enable us to understand the mechanisms behind individual behaviour and species distributions better. In addition, they provide insight into what it is that prevents a particular species from
living in some habitats, and this potentially has great relevance to conservation biology. Furthermore, these models are based on relatively simple climate
parameters and can thus provide a window by which we may glimpse into the
future (e.g. to investigate the effects of climate change on species distribution)
and the past (e.g. by investigating distribution patterns in prehistoric times).
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