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ABSTRACT

Question: Do individual time budgets constrain a species’ biogeographical distribution and
group size?

Data studied: We used published data on gorilla behaviour and ecology as well as published
climate variables to model their spatial distribution across Africa.

Method: We develop a mathematical model, based on the assumption that time is a
fundamental ecological constraint. This novel approach uses the relationships between climatic
variables and gorilla ecology and behaviour to calculate maximum ecological tolerable group
sizes (and, from these, biogeographical distribution) for gorillas throughout Africa.

Results: We show that the most critical variable limiting the distribution of gorillas is resting
time, which in turn is related to the composition of their diet. Thus, the model demonstrates
that time constraints on individual behaviour can explain species’ biogegraphical distributions
as well as group sizes.

Keywords: activity budget, biogeography, gorilla, group size, time budget model.

INTRODUCTION

Although there has been a tendency for ecological research to focus on the relationship
between climatic or ecological variables and species distributions (Mysterud ez al., 2000; Hill and
Dunbar, 2002; Post and Forchhammer, 2002; Sergio, 2003) and these have proved to be of particular value
for conservation biology (Kay et al, 1997; Erasmus et al, 2002), it is behaviour that ultimately
interfaces between the environment and a species’ ability to survive at a particular location.
In general, an animal’s capacity to survive in a particular habitat must depend on its ability
to meet both its energetic demands and its time allocation demands. Although activity
budgets have been of interest for a long time in many species (Klein and Fairall, 1986; Wirtz and
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Oldekop, 1991; Adamczak, 1999; du Toit and Yetman, 2005; Turner et al, 2005), they have not been used to
make inferences about a species’ ability to survive in a habitat. By incorporating time and/or
energy into models of the environment-biogeography relationship, we can gain considerable
insight to why a species’ distribution is constrained and what evolutionary pressures may
have shaped this. This may be especially important for highly social species for whom the
mere capacity to balance daily nutrient flow may not on its own be sufficient to ensure the
species’ presence at a particular location. Highly social species will only be able to live in
a given habitat if that habitat can support group sizes that exceed some minimum value.
Otherwise, an Allee effect (Stephens and Sutherland, 1999) will kick in, leading to the species’ rapid
local extinction, which may be accelerated in highly social species where minimum group
sizes may be determined by local vulnerability to predation risk (Dunbar, 1988, 1996).

Nutrients (and especially energy) have traditionally been viewed as the limiting resource
in population ecology (Rickleffs, 1970); in contrast, it has invariably been assumed that most
animals have ample time in which to meet their biological needs, a claim implicitly justified
on the grounds that animals spend a significant proportion of their day resting when they
could seemingly be doing other biologically more useful things [the ‘laziness’ hypothesis
(Herbers, 1981)]. However, resting time is not always convertible into other activities (Dunbar,
1992, 1996) and time itself can be a critical resource, especially in species whose circadian
rhythms prevent them from being active throughout the 24-h day. Optimal foraging theory
(MacArthur and Pianka, 1966) acknowledges the importance of time efficiency when foraging but it
is rarely applied to include all essential activities an animal carries out each day. In contrast,
Dunbar (1996) used time budget models that explicitly focus on the complete time allocation
demands that animals face in specific habitats.

Time budget models are built around the assumption that climatic and environmental
variables influence vegetation quality and distribution (related to, for example, food and
shelter), and thereby dictate how much time an animal has to spend feeding and moving to
meet its daily nutritional intake requirement. These models further assume that resting time
is made up of two components: enforced resting time, which is mostly dictated by thermo-
regulatory requirements (Stelzner, 1988) and/or the costs of food processing [e.g. digestion or,
in ungulates, rumination (van Soest, 1982)], and the remainder, which is essentially free time,
available either for genuine inactivity or for activities that are more directly related to other
social or reproductive functions (Dunbar, 1992b, 1996). In addition, intensely social species living
in bonded groups (like most primates) also require time for social interactions, which
provide an essential ‘glue’ that maintains the temporal and spatial cohesion of social
groups. This is reflected in a close relationship between social group size and social time in
these species (Dunbar, 1991; Lehmann et af, 2007b). Since time is limited, we can determine the
maximum group size that any such species can support in a given habitat by determining (a)
how competitive regimes affect time budget components and (b) how much time is available
for social interaction once the demands for feeding, moving, and resting time have been set
by the local environmental parameters (Dunbar, 1996). This, in turn, allows us to determine
where the species can live, since, to occupy a particular location, the animals must be able to
balance their activity budgets well enough to maintain groups of a minimum size. It is
important to note that these models are necessarily taxon-specific because they rely on the
way a taxon’s specific physiological adaptations interact with climatic and vegetation
variables.

In this study, we use a time budget model to investigate the variables that affect gorilla
(Gorilla sp.) biogeography. Gorillas are a highly endangered species and an understanding
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of the effects of climatic conditions on their socioecology and biogeography is critical for
their future survival. In addition, gorillas have proved particularly difficult to study (mainly
due to their preference for heavily forested habitats), and the scarcity of good quality data
on which to build a model provides an especially challenging case study with which to test
the viability of our approach.

The aims of our study are twofold. First, we establish equations for each of the gorilla
time budget components, thereby also providing information about the potential costs
of group-living in gorillas. Second, we use these equations to model gorilla maximum
ecologically tolerable group sizes, and use these to explore the species’ biogeography.

METHODS

The data

We reviewed 192 publications on gorilla behaviour for studies providing quantitative data
on gorilla group sizes and structure, time budgets, diet, and ranging patterns. In total,
data from 18 different locations were collated. Tables 1 and 2 summarize climatic and
behavioural data from 10 study sites for which data on time budgets were found, while
Table 3 lists the references from which those data were taken as well as additional sites for
which only information on diet or density was available. Both eastern and western gorillas
were included in the analyses. If data from several years/studies were available for one
population, we primarily used demographic data from those years for which we had time
budget data. However, if either no time budget data were found or time budgets were
available for several years, we averaged the data over the available years to yield one datum
per study site so as to ensure statistical independence. In some cases, time budgets were
available for combined categories (resting + moving or feeding + moving). In these cases,
we first estimated moving time for that site using the equation in Table 4 and subtracted
this from the respective time budget component to give a value for the other activity. Data
on feeding time derived from Bai habitats (forest clearings in the Congo basin) were not
used in our equation-finding process, because gorillas usually enter these clearings only to
feed; thus, feeding times are likely to be seriously over-estimated in these studies. The
following population-specific socioecological variables were used in this study: maximum
group size, average group size, number of adults, number of males, number of females,
home range size, day journey length, gorilla density, percentage of food items in diet made
of leaves or fruits [Yoleaves/fruits in diet; note that data on percentage fruit in dung was not
included in this analysis as these data might be biased towards high fruit content in the diet
(see Rogers et al., 2004)], number of food/fruit species eaten, and density of terrestrial herbaceous
vegetation.

For climatic data, we used long-term data as given by the original sources for individual
gorilla study sites whenever possible. For those sites that did not provide climate data, we
used the Willmott and Matsuura (2001) database. The time period evaluated was 1950-1999
inclusive. For each site for which climate data were required, we calculated average values
over those data points in the Willmott and Matsuura dataset that fell within a radius of
0.5° longitude and latitude to the site. Additionally, we used the data from Willmott and
Matsuura to compile a dataset containing climate details for the whole of sub-Saharan
Africa on a 0.5° longitude and latitude grid. This dataset consists of 11,670 data points
evenly distributed across sub-Saharan Africa.
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Table 3. References for data in Table 2 and for additional sites (below dashed horizontal line) used for
data on population density and diet

Country Site Reference(s)

CAR Bai Hokou Cipolletta (2003); Doran (1996); Doran and McNeilage (1998);
Ganas et al. (2004); Goldsmith (1999); Remis (1995, 1997);
Remis et al. (2001); Yamagiwa et al. (2003)

CAR Mondika Doran-Sheehy et al. (2004); Doran et al. (2002), D.M. Doran
(personal communication)

Congo Maya Nord Yamagiwa et al. (2003), www.westerngorilla.org/network/sites.htm

Congo Mbeli Bai Doran and McNeilage (1998); Ilambu (2001); Stokes et al. (2003),
www.westerngorilla.org/network/sites.htm

Congo Ndoki Blake et al. (1985); Nishihara (1995); Remis (1997); Yamagiwa (1999);
Yamagiwa et al. (2003)

DR Congo  Highland Bean (1998); Casimir (1975); Ganas et al. (2004); Goodall (1977);
Remis (1997); Yamagiwa and Kahekwa (2001); Yamagiwa et al. (1992,
1996, 2003)

DR Congo Kabara Schaller (1963)

Eq. Guinea  Okorobiko Jones and Sabater Pi (1971); Remis (1997); Sabater Pi (1977);
Sabaterpi (1979); Yamagiwa and Mwanza (1994)

Rwanda Karisoke Clutton-Brock (1977); Fossey (1974); Jones and Sabater Pi (1971);
Watts (1984, 1988, 1991, 1998); Yamagiwa (1999)
Uganda Ruhija Doran and McNeilage (2001); Ganas et al. (2004); Robbins (1999);

Yamagiwa (1999); Yamagiwa et al. (2003)

DR Congo  Fizi-Mwenga  Schaller (1963)

Itebero Ganas et al. (2004)
Masisi Yamagiwa et al. (1994)
Tshibinda Goodall (1977)
Gabon Belinga Tutin and Fernandez (1983)
Lope Rijksen (1978); Rogers et al. (1992); Tutin et al. (1997);
Williamson et al. (1990)
Uganda Buhoma Ganas et al. (2004)
Kayonza Schaller (1963)

The following climate variables were used in this study: mean annual rainfall in mm (P,,,,),
mean annual mean temperature in °C (T,,,), temperature variation between months (calcu-
lated as the standard deviation across average values for 12 months: T, SD), rainfall
variation between months (measured as the standard deviation across average values for
12 months: P, ,SD), 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, P2T [the number of months in the year in which rainfall (in mm) was
more than twice the average monthly temperature (Le Houérou, 1984)]. P2T is used as a
measure 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 alterna-
tive measures of seasonality. Previous models of primate socioecological systems have shown
that these variables can be important components in time budget models (Williamson and Dunbar,
1999; Dunbar, 1992a, 1992b; Hill and Dunbar, 2002; Korstjens ez al., 2006; Korstjens and Dunbar, 2007; Lehmann ef al., 2007a).
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Table 4. Equations used in the model

Equations Adj.¥# n F P

Density (z-km™)  0.023 + 0.00035%alt — 0.21*P < 50 + 0.017*#fruits ~ 0.64 16 104 0.001
# fruits 179.742—-40.094*1n (Yoleaves) 0.57 12 134 0.004
% leaves 4.109 + 0.024*alt 0.78 6 7.8 0.038
% fruit 100 — %leaves
Feed 73.226 — 0.016*P,,,,, + 6.16*density 0.87 8§ 241 0.003
Move 10.053 + 0.245*group size — 0.002*alt 0.96 5 481 0.02
Rest 33.98 — 0.406*%fruits + 30.168*T,,,SD 0.93 5 268 0.036
Groom 1.55 + 0.23*group size Generic equation for Old World

Primates (Lehmann ez al.,

2007b)

Note: P,,, = annual rainfall, P < 50 = number of months with less 50 mm of rain, T, SD = standard deviation of
monthly temperature values, # fruits = number of different fruit species in the diet, % fruits/% leaves = percentage
of the diet that consists of fruit/leaves, alt = altitude.

The model

The first step in building the model is to find the set of equations that account for the
highest proportion of variance in the three core time budget components (feeding,
moving, and resting). We used multiple regression procedures to determine the best-fit
multivariate equations for these variables. We assumed that feeding and moving time are
each independently determined by climate, diet, and/or group size, and thus did not include
them as independent variables in the analysis when either of them was the dependent
variable.

In some studies, resting time included essential social time. To correct for this, we
calculated the expected social time for each gorilla group using a generic Old World primate
equation (see below), and subtracted this from those resting times that included social time.
We then used these corrected resting times as a proxy for resting time in the equation-finding
process.

We assume that primate social groups will only be able to maintain coherence through
time if their members can invest a minimum amount of time in social interaction. We do not
specify what form that interaction should take, although in many primate species this will be
social grooming. For the purposes of the model, we need to determine how much time
gorillas ought to spend in social interaction if they were to maintain coherent social groups
of a size that might be significantly larger than those in which they are typically found. We
determined this from a generic linear equation for Old World primates (including gorillas)
based on the relationship between mean group size and mean time spent grooming (Lehmann
et al, 2007b). Although this equation is a generic equation for all Old World primates, it
accurately reflects observed gorilla grooming times (determined by the sizes of groups in
which they do habitually live), as is evident from the fact that the residuals for gorillas
(standardized residual = 0.08) are well within the range of the average residuals of the whole
sample (mean standardized residual = 0 £ 0.95 s.D.).

Once equations for all time budget components were found, we used these equations to
calculate the maximum ecologically tolerable group size under various climatic conditions
by iteration using a program written in DBase. The model allows group size to increase
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algorithmically by one individual at a time until the sum of all time budget variables reaches
100. The maximum ecologically tolerable group size for any specific location (or set of
climatic conditions) is then defined as the group size of the previous cycle. Because time
budget components must have positive values, all equations were constrained to have
minimum values of 2% (moving time) and 5% (resting and feeding time) and maximum
values of 99%.

Model validation

We validated the model in three ways. First, we tested how accurately the model predicts
presence and absence of gorillas at a sample of 254 sites across Africa. This dataset was
compiled by screening the primate literature and the Internet, especially the UNEP and
WMCM World database (http://sea.unep-wcmec.org/wdbpa/), for protected areas where
primates are known to occur. Climate data for these sites were obtained from the Willmott
and Matsuura (2001) dataset. To improve statistical independence, only sites separated by
at least 0.5° longitude and latitude were included. Sixty-four of the 254 independent
sites reported the presence of gorillas. We interpret high predictive power of the model as
implying that the underlying equations correctly reflect those variables that limit gorilla
distribution. Second, we tested how accurately the model predicts group sizes at sites where
gorilla group sizes are known. Since our model is designed to predict maximum ecologically
tolerable group size, predicted values should be equal to or larger than observed values,
depending on whether or not gorillas live near the ecological maximum. Third, we ran a
series of sensitivity analyses in which the parameter values in the core equations were
varied systematically to determine how sensitive the model output is to errors of parameter
estimation. As with all sensitivity analyses, we required the model to be reasonably robust
against small changes in parameter estimation, but to perform poorly when parameters are
changed drastically: if large-scale changes in parameter values result in a significantly
poorer fit of the model, we can assume that the particular set of parameter values included
in the model reflects reality.

Statistical analyses

For screening the data and the relations between ecological and time budget variables, we
used Pearson correlation analysis as well as bivariate scatter plots (to identify possible non-
linear relations). The scatter plots also allowed us to check that the results were not being
systematically biased by different levels of habituation of gorilla groups, and to determine
whether particular outliers were likely to have a disproportionate influence on equation
parameter values. Multivariate regression procedures were then used to obtain equations
for each dependent variable of interest (moving, feeding, and resting). Q-Q and P-P plots
were used to assess the distribution of residuals, and thereby the validity of using para-
metric statistics. Collinearity diagnostics were used to control for correlated variables.
Finally, we used the time budget equations to calculate the maximum ecologically tolerable
group size for each location in the dataset, using the linear program in DBase. The pre-
dictive power of the model was determined using y* statistics. Time budget components
between sites for which gorilla presence and absence was correctly predicted were compared
using independent samples z-tests. To compare observed group sizes with those predicted
by the model, we used the Wilcoxon Signed Ranks test for related samples (WSR),
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while predicted group sizes and densities in locations with different forest covers were
compared using Mann-Whitney U-tests (MWU). We chose non-parametric statistics for
these comparisons because we are only interested in the direction of the differences and not
in absolute values.

RESULTS

The model

Table 4 lists the equations (summarized schematically in Fig. 1) that were generated by
the equation-finding process. Resting time is predicted by temperature variation and the
percentage of fruit in the diet. We interpret the first of these as reflecting the impact of heat
load (animals are forced to seek shelter and reduce energy expenditure when temperature
variation is high), while the second (a negative relationship with percentage of fruit in the
diet) suggests a cost to processing leaves (gorillas are hindgut fermenters). The high
explanatory power of this equation for observed resting time suggests that gorillas have very
little ‘lazy time’ and that most of their resting time is what we termed ‘enforced resting time’
— that is, time that cannot be converted into other core activities as it is determined by diet
(digestion) and climate (thermoregulation). Moving time is determined by group size and
altitude. Feeding time is primarily affected by population density rather than by group size.
In the model, population density is a function of the number of fruit species in the gorilla
diet: this gives an average population density for a given habitat, which is then used to
calculate feeding time. Neither feeding nor moving time is directly influenced by dietary
variables.

Pann
E Density . l R
""""" +
+ 0
P<50 T Feed
E # fruit species i
T - + Rest
TmoSD >
| :
+ 1 Diet~ i . .
Alt _ E % leaves + i Social
E % fruit : i Mean group size
"""""" o + / -
—» | Move

Fig. 1. Flow chart depicting relationships between climate variables and time budget components
for gorillas. The arrows depict directional relationships [positive (+) or negative (—) effects] as used
in the model. Alt = altitude, P,,, = mean annual rainfall, T ,,SD = standard deviation of monthly
temperatures, P <50 =number of months with less than 50 mm of rain. Variables are classified
into climate variables (solid boxes), time budget components (bold boxes), dietary variables (dashed
boxes), and demographic variables (dotted boxes).
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Model validation

Presence/absence

We calculated the percentage of sites at which presence or absence of gorillas was predicted
correctly for the set of 254 African sites where primates are known to occur. With a
minimum viable group size of five (the smallest independent group observed in any gorilla
population), the model correctly predicted that gorillas would be present at 94% of 64 sites
where they were known to be present, and absent from 81% of 190 sites where they were
known to be absent (Fig. 2). The number of correct predictions is significantly better than
would be expected if presences and absences were assigned at random (y*=119.2, n =254,
d.f.=1, P<0.0001). The majority of the false predictions were false-positives (the model
predicts gorillas to be present although they are not known to live at those sites today). This
is to be expected, especially because our model does not incorporate geographical barriers
that might prevent gorillas from populating specific areas (such as the Congo Basin or West
Africa) and does not incorporate more recent effects such as local deforestation. In contrast,
a high proportion of false-negatives (sites where gorillas actually live but the model predicts
they cannot) would be particularly troubling.

Our definition of a minimum group size of five is simply based on observation. However,
we can use the model to determine how realistic this assumption is by calculating model
performance for a range of minimum group size values: Table 5 shows that the percentage
of correct predictions remains constant across a very wide range of minimum group sizes
(up to and including the lower range of observed mean group sizes), thus vindicating our
choice of five as a minimum viable group size.

Group sizes

We next test whether the model correctly predicted gorilla group sizes. Recall that the model
is designed to predict the maximum ecologically tolerable group size: observed group sizes
should thus all be less than the predicted values. Figure 3 compares observed and predicted
group sizes at those sites where gorillas were known to be present. The median of predicted
maximum group sizes was 32 (inter-quartile range: 26-43) individuals, while the means of

Table 5. Accuracy (% correct predictions) of the model depending on the minimum
cut-off value of predicted group size used for determining the presence or absence

of gorillas
% correct predictions

Minimum group size Gorillas present Gorillas absent Overall correct
(used as cut-off) (n=1064) (n=190) (n=264)

1 93.8 78.9 82.7

3 93.8 80.0 83.5

5 93.8 81.1 84.3

7 93.8 82.1 85.0
10 89.1 82.6 84.3

Note: The model is very robust against cut-off value changes, indicating that there are no marginal
sites in our dataset.
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Fig. 2. A test of the model’s ability to predict the occurrence of gorillas at a set of 254 sites where
gorilla presence or absence is known. O, correctly predicted absence; @, correctly predicted presence;
M, falsely predicted presence; and [, falsely predicted absence. In the model, gorillas were defined
to be present if predicted group sizes are greater than five individuals. The shaded area depicts the

present-day gorilla distribution (the range of the Cross River gorilla population is too small to be
depicted on this scale). Dashed lines indicate major rivers.

observed values were 11 (inter-quartile range: 8-16) individuals for average group size
(n=19) and 18 £ 13.5 (mean % s.D.) for maximum group sizes (n = 17). As required by the
model, predicted values are, on average, significantly larger than both average and max-
imum observed values (WSR: 7c0n = 18, Zimean = —3-7, Ppean < 0.0001; 12, = 16, 2., = 2.8,

P .« = 0.003). Only one of the observed mean group sizes lies above its maximum predicted

value, and only four of the observed maximum group sizes do so, and all of these lie very
close to the main diagonal (Fig. 3).
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Fig. 3. Observed versus predicted group sizes in gorilla populations. Grey circles represent average
observed group sizes, while black crosses represent observed maximum group sizes. All values should
lie on or below the main diagonal, the line of equality.

Sensitivity analyses

The slope parameters of the equations were varied one at a time by 15% or 50%. In no case
did changing an individual slope parameter by 15% yield a presence/absence distribution
that was significantly different from the original model (individual 2 x 2 % * tests for 19 runs,
P >0.05), but, when we changed individual slope parameters by 50%, 14 of 38 sensitivity
analyses yielded significantly different distributions. In addition, when we changed all
parameter values simultaneously by +15%, the model produced significantly worse pre-
dictions (both 2 x 2 % tests with %> > 8 and P < 0.05). The model is thus robust to modest
errors in the estimation of individual parameter values, but sensitive to larger changes.
More importantly, it is very sensitive to the possibility that several parameters might
simultaneously incorporate small estimation errors. This suggests that it is the particular set
of parameter values we found that is important, thus giving us confidence in the ecological
validity of the model.

Gorilla biogeographical distribution

We then used the model to predict the gorillas’ distribution in sub-Saharan Africa using a
grid of 11,670 coordinates on a 0.5° latitude and longitude lattice derived from the Willmott
and Matsuura (2001) climate dataset (see Methods). Figure 4 plots the distribution of suitable
gorilla habitat as predicted by the model. While broadly encompassing the current gorilla
distribution, the model suggests that gorillas could survive in a wider geographical range
than they currently do. In fact, other apes (chimpanzees and bonobos) do live in most of
these locations and the model provides a very good fit of the known African great ape
distribution. However, in contrast to chimpanzees, which can live in savannah and wood-
land habitats, all known gorilla populations live in forest with at least 80% tree cover.
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Because there is no variation in forest cover between gorilla populations in our dataset, the
regression analyses did not include this variable in any of the equations (Table 4). Nonethe-
less, if we use forest cover [obtained from AVHRR satellite data on forest cover from
DeFries et al. (2000)] as a secondary filter variable in Fig. 4, predicted gorilla distribution is
significantly reduced (dark dots) and gives a much closer fit to the known gorilla
distribution.

PP
.

Fig. 4. Predicted gorilla distribution across Africa based on the model, mapped on a 0.5° latitude
% 0.5° longitude grid for the whole of sub-Saharan Africa obtained from Willmott and Matsuura
(2001). The predictions are based on group sizes larger than five individuals (defined as the smallest
viable maximum ecologically tolerable group size). Light grey circles indicate locations for which the
model predicted gorillas to be present with less than 80% forest cover, while darker circles indicate
locations for which gorillas were predicted to be present with 80% or more forest coverage (all known
gorilla populations live in forests with 80% coverage). Areas left blank indicate areas where the model
predicts that gorillas could not live. The dashed lines indicate major rivers.
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It is worth noting here that our model predicts significantly smaller group sizes for areas
where forest cover is lower than 80% compared with areas where forest cover is above 80%
(mean group sizes of 29 and 40, respectively; MWU: Z,,, ., size = —11.4,n=1338, P < 0.0001),
suggesting that gorilla populations would experience greater difficulty surviving in habitats
with less than 80% forest cover. In addition, the model also predicts significantly lower
gorilla densities in habitats with less than 80% forest cover (Zgensiy=—22, n=1338,
P <0.0001).

Figure 4 suggests that, based on local climatic conditions alone, gorillas could live across
Central Africa within the loop of the Congo River, as well as in some West African forests
and in some isolated forest patches in south-western Ethiopia. It is likely that these areas all
represent suitable habitat for gorillas, but that gorillas never managed to reach these places
because of geographical barriers that are well known to limit mammal distributions
(notably the Dahomey Gap in West Africa, the Congo River in Central Africa, and the
rather arid Rift Valley floor in northern Kenya and southern Sudan).

Time as a limiting factor

Finally, we test the hypothesis that gorilla distribution across sub-Saharan Africa is limited
by some aspect of their time budget. Figure 5 shows the median (and range) of predicted
percentage of time spent feeding, moving, and resting as predicted by the model for sites
where gorillas actually occur (correctly predicted presence) compared with those where they
do not (correctly predicted absence). Since some time budget components vary with group
size, we restricted this analysis to a constant group size of 10 animals (close to the mean
observed group size: see Table 2) so that predicted values can be compared directly. Time
budget components for those sites where the model correctly predicts the presence of
gorillas (n=60) were well within the range of the actual observed values (predicted
mean * s.D.: feeding time 49.9 £ 9.4; moving time 17.6 + 5.2; resting time 22.3 £+ 6.3; social
time 10.5 + 4.5; for observed values, see Table 2). In contrast, feeding and resting times are
significantly higher at sites where gorillas are absent compared with sites where they are
present (feed esence VS fe€dypsence =49.9 £9.4 vs. 61.7£5.3; 1,,=11.6, n =214, P <0.0001;
T€St yresence VS T€8T psence = 22.3 £ 6.3 vs. 71.1 £24.4; 1,), = 15.3, n =214, P <0.0001), but there
is no difference in moving time (MOVE esence VS. MOVE,peence = 10.5+£ 1.5 vs. 10.8 £ 1.3;
tyo=1.4, n=214, P=0.175). While both feeding and resting times differ significantly
between presence and absence sites, the difference in resting time is especially large (about
four times higher at sites where gorillas are absent; see Fig. 5). We conclude that the demand
for resting time is largely responsible for the absence of gorillas in habitats where they
do not occur, and that this in turn is probably a consequence of their being forced to
resort to high-leaf diets in more marginal habitats.

DISCUSSION

Time budget models like ours are a first step towards investigating the mechanism by which
climatic (environmental) variables limit the biogeographical distribution in a taxon and can
even be used when good-quality behavioural and ecological data are limited. It would be
easy to criticize our analysis on the grounds that the data from field studies of gorillas are
both limited in number and of questionable reliability, due in part at least to the poor
observation conditions and shyness of this species. In fact, our results suggest that such a
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Fig. 5. Time spent feeding, resting, and moving predicted by the model for sites where gorillas are
known to be either absent or present. Both feeding and resting time are significantly lower at sites
where gorillas live compared with sites where they have not been recorded.

view would be unnecessarily pessimistic. First, irrespective of the quality of the data, the
model predicts gorilla biogeographic distribution remarkably accurately (and considerably
more accurately than one might expect, given that it is based on behaviour and not on
more conventional energetics or life tables). Second, and more importantly, the sensitivity
analysis confirms that the model is comfortingly robust to modest errors of estimation,
providing these are limited to only a single parameter at a time. This encourages us to be
more confident in what can be done with the limited datasets that we often have to cope with
from field studies of this kind.

Although our model predicts the presence and absence of gorillas remarkably well
(Fig. 2), it overestimates the biogeographical distribution of gorillas in some areas, such as
the Congo Basin and West Africa (Fig. 4). There are at least three circumstantial reasons
why gorillas might not occur in habitats where the model predicts they could.

The first is that gorillas cannot cross major geographical barriers. This would explain why
they are restricted to the northern side of the Congo River loop despite the fact that there is
suitable habitat south of this river. A similar explanation has been invoked to explain the
disjunction between the chimpanzee and bonobo distributions (Wrangham and Peterson, 1997).
Elsewhere, other geographical barriers such as savannah stretches or unsuitable forest may
have prevented gorillas from colonizing habitats where they could in fact occur (e.g. the
coastal forests west of the Dahomey Gap, or Ethiopia east of the Rift Valley). Even if
gorillas could occupy these areas, it is clear from Fig. 4 that the size of the habitable area in
these cases is quite modest (especially when the forest cover constraint is taken into
account): small, fragmented populations generally are at greater risk of extinction due to
Allee effects (Cowlishaw and Dunbar, 2000; Stephens and Sutherland, 1999).
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Second, chimpanzees and gorillas may not be able to co-exist in marginal habitats, so that
the presence of chimpanzees in some of these habitats may have prevented gorillas from
living there. Several studies have shown that the diets of gorillas and chimpanzees overlap
considerably, and that gorillas tend to become more folivorous, especially during the dry
season, in areas where they are in competition with chimpanzees (Tutin er aZ, 1991, 1997; Tutin and
Fernandez, 1993; Yamagiwa e al, 1996). A more folivorous diet would mean more time required for
resting, and this is turn would limit their ability to survive in these locations.

Finally, contemporary gorilla distribution is strongly influenced by human activities, such
as logging and hunting (e.g. Schaller, 1963; Walsh ez af., 2003). However, gorillas must, at some time in
the past, have occurred throughout the Democratic Republic of Congo in order to link the
western and the eastern subspecies (Kortlandt, 1995). The model thus reinforces the peculiarity
of this aspect of gorilla biogeography. It remains unclear, however, why there are no longer
any gorillas north of the Congo River between longitudes 19 and 25°E, given the fact that
chimpanzees still occupy this area.

Our model also suggests that gorillas do not often live at their ecological maximum
(predicted group sizes are at some locations higher than typically observed group sizes),
probably because they would not benefit from living in larger groups and the costs of doing
so do not outweigh the marginal benefits that accrue. The fact that, ecologically, gorillas
could live in larger groups thus raises questions about the costs and benefits of sociality for
this species.

An important aspect of these models is that we can use them to ask why a species is
absent from a particular location. In the case of gorillas, the main problem where gorillas
are absent is that required feeding and resting times would be too high to allow individuals
to live together in viable groups. Although our taxon-specific model represents a simplifica-
tion of complex feeding ecology, our results are in line with what has been reported for
other primate species: both feeding and resting times appear to be strongly influenced by
diet composition — that is, the amount of fruit that can be incorporated into the diet (Dunbar,
1992a; Korstjens and Dunbar 2007). [Note that, even though gorillas are often characterized as being
predominantly folivorous, their molar teeth are in fact more similar to those of other
frugivorous apes than to those of folivores (Martin, 1990).] Our equations for gorillas also
correctly reflect the expected relationships between searching, handling, and processing
times of different food types: at sites where gorillas have limited access to suitable fruits
(i.e. less forested habitats) and therefore have to ingest more leaves, they have to spend more
time resting than at fruit-rich sites (Table 2, Fig. 1). This suggests that processing high-leaf
diets is digestively taxing, either because large leaf volume is mechanically limiting (bulk
forage results in rapid gut-fill, and animals must wait for the stomach to clear before they
can start feeding again) or because leaves impose high digestive costs (due to fermentation).
Such a link between digestive capacity, time constraints, and diet choice has been reported
in other studies (Schmitz, 1992; Abrams and Schmitz, 1999), indicating that if food choice is
sub-optimal, both time and digestive capacity can place strong constraints on species (Klein
and Fairall, 1986; Torres-Contreras and Bozinovic, 1997). A h1gh-qua11ty (1e fruit-rich) diet, on the other
hand, might allow gorillas to live at higher population densities, but it comes at a cost of
increased overall feeding time as a result of scramble competition (see also, for example, Watts, 1998).
Finally, the model suggests that diet composition affects search time, as reflected in the fact
that the degree of frugivory influences moving time (see Fig. 1). Indeed, lowland gorillas
(which feed more on fruit) travel further than gorillas in montane habitats (which do not
have so many suitable fruiting trees in their habitat) (e.g. Doran and McNeilage, 2001; Yamagiwa et al., 2003;
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Doran-Sheehy er al., 2004). In addition, activity (and energy) budgets have been successfully used
to predict small-scale habitat and diet choice in, for example, white-tailed deer populations
(Schmitz, 1991, 1992). Thus, models like ours show how ecological variables affect individual
behaviour and, through this, species biogeography. Although the exact model parameters
and variables are necessarily taxon-specific, the overall relationships between climate,
time budgets, and biogeography are generally the same (Dunbar, 1992b; Hill, 1999; Korstjens et al., 2006;
Korstjens and Dunbar, 2007; Lehmann ef al., 2007a).

Taken together, our model provides insights into the mechanisms by which ecological
variables influence biogeographical distribution. One benefit of the present model is that it
identifies an issue that has hitherto not appeared obvious. In contrast to simple correlation
models, our model based on gorilla behaviour (i.e. time budgets) provides us with
information about exactly how climatic variables limit the geographical distribution of
gorillas. Thus models like these can demonstrate how individual behaviour influences the
biogeographical distribution of a species and how behavioural flexibility may help to react
to environmental/climatic changes. They thereby go far beyond the limits of the more
conventional analyses that relate biogeography or population dynamics directly to climatic
or environmental variables.
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