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relationships that an individual can monitor simultaneously. When a group’s
size exceeds this limit, it becomes unstable and begins to fragment. This then
places an upper limit on the size of groups which any given species can
maintain as cohesive social units through time. The data suggest that the
information overload occurs in terms of the structure of relationships within
tightly bonded grooming cliques rather than in terms of the total number of
dyads within the group as a whole that an individual has to monitor. It thus
appears that, among primates, large groups are created by welding together
sets of smaller grooming cliques. One implication of these results is that, since
the actual group size will be determined by the ecological characteristics of
the habitat in any given case, species will only be able to invade habitats that
require larger groups than their current limitif they evolve larger neocortices.
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Introduction

Primates, as a group, are characterised by having unusually large brains for their body size
(Jerison 1973). Implicitly or explicitly, it has usually been assumed that large relative brain
size correlates with these animals’ greater cognitive ability. Three general kinds of hypotheses
have been suggested to explain the evolution of large brain size within the primates. One
group of explanations emphasises the ecological function of cognitive skills, especially in large
ecologically flexible species like primates (Clutton-Brock & Harvey, 1980; Gibson, 1986;
Milton, 1988). The second emphasises the uniquely complex nature of primate social life,
arguing for a mainly social function to intellect (Jolly, 1969; Humphrey, 1976; Kummer,
1982; Byrne & Whiten, 1988). The third type of explanation argues that neonatal brain size is
constrained by maternal metabolic rates; species therefore have large brains only when
maternal nutrition is on a high enough plane to allow the mother to divert spare energy into
the foetus (e.g., Martin, 1981, 1984; see also Hofman, 19834,6; Armstrong, 1985).

The third type of explanation need not concern us here for two quite different reasons. In
the first place, this kind of explanation offers a purely developmental account; it essentially
states that there is a limit (imposed by maternal nutrition) beyond which foetal brain size
cannot grow. But it offers no explanation of any kind as to why the brain should always grow
to this limit. Given that the brain is the most expensive organ of the body to maintain (it
consumes approximately 20%, of the body’s total energy output in humans, while accounting
for only 2%, of adult body weight), it is evolutionarily implausible to suggest that organisms
will develop large brains merely because they can do so. Natural selection rarely leads to the
evolution of characters that are wholly functionless simply because they are possible. Hence,
even if it were true that energetic considerations constrain brain size, a proper functional
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explanation must still be given to explain why brains grow to the size they do. Thus, at best,
this argument only provides a necessary condition for the evolution of large brains; it does not
provide a sufficient reason as to why organisms should be prepared to devote so much energy to
a single organ. The second reason why we can ignore this explanation is that its validity has
been questioned (see Pagel & Harvey, 1988; Harvey & Pagel, 1991; Deacon, 1990q). Pagel &
Harvey (1988) have shown that brain size correlates with gestation length among mammals
as a whole. They argue that brain size is determined largely by the length of the period
available for maternal investment and not by the mother’s nutritional status.

So far, evidence in support of the “social intellect” {or “Macchiavellian Intelligence”;
Byrne & Whiten, 1988) hypothesis has been, at best, circumstantial. No direct quantitative
tests have been possible, largely because the hypothesis itself is phrased somewhat vaguely.
We neither know precisely what is meant by “social intelligence” nor how to measure it.

In contrast, quantitative evidence has been adduced in a number of cases to support the
rival hypothesis that primate intellectual abilities are essentially ecological in origin. There
are, in fact, three quite distinct versions of the ecological theory. (1) Clutton-Brock & Harvey
(1980) demonstrated that, among primates, frugivores have significantly larger brains rela-
tive to body weight than folivores and interpreted this as indicating that greater cognitive
skills are required to monitor such ephemeral resources as fruiting trees. [Milton (1988)
developed a similar argument from a detailed comparison of the behavioural ecology and
cognitive skills of two South American monkeys (the folivorous howler monkey, Alouatta, and
the frugivorous spider monkey, Ateles).] (2) In addition, they were also able to show that
relative brain size correlated with mean home range size, as might be expected iflarger brains
were required to accommodate mental maps for larger areas. Mace & Harvey (1983) found
much the same relationship between brain size and ecology in rodents. Finally, (3) Gibson
(1986, 1990; Parker & Gibson, 1977) has used experimental data from Cebus monkeys to
argue that the key to primate brain evolution lies in the cognitive demands of “extractive
foraging” (the exploitation of food items that are embedded in a matrix from which the edible
components have to be removed).

One of the problems with all the analyses to date is that the tests of the main candidate
hypotheses have invariably been “one-sided”; none of them unequivocally excludes the
possibility that the alternative theory might in fact be true. The results obtained by Clutton-
Brock & Harvey (1980), forinstance, are confounded by the fact that both diet and range size
correlate closely with group size (see, for example, Dunbar, 1988). Indeed, Clutton-Brock &
Harvey (1980) themselves found a significant difference in brain size between monogamous
and polygamous species (a difference that partly reflects group size).

In this paper, I try to test directly between the main hypotheses by using comparative data
to search for the behavioural indices that correlate best with relative brain size. Deacon
(1990a) has drawn attention to an important distinction between selection processes and the
processes governing ontogeny that are often confused in such analyses. However, it isimport-
ant to appreciate that how we interpret the causal arrows in these cases depends on the
timescale. In ontogenetic terms, the size of the brain may impose a constraint on the size of the
social group. But, in evolutionary terms, the causal arrow is reversed; selection pressures
favouring the evolution of bigger groups force the evolution of larger brains in order to make
this possible. Here, brain size is assumed to act as a constraint on some aspect of the animals’
behaviour. Consequently, although in evolutionary terms a behavioural requirement is
the functional cause of changes in brain size, the hypotheses are tested by regressing the
behavioural variable onto brain size, because, in proximate terms, the behaviour of
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contemporary populations is constrained by current brain size. This is a crucial distinction
and it has frequently been conflated in the literature.

Selection of variables

From the animal’s point of view, the problem is essentially an information processing one: the
more information that an animal needs to be able to store and manipulate about its social or
ecological environment, the larger the computer it needs. Hence, we need to identify the key
factor that is most likely to create an information overload for the animal under each of the
main hypotheses.

From the social knowledge point of view, there would seem to be three primary candidates.
One is the sheer number of individuals that an animal has to know and maintain relation-
ships with. If the cohesion of a group through time depends on the strength of each animal’s
relationships with all the other members of its group, then the information load will be
directly related to group size; group size should therefore be a linear function of brain size. An
alternative possibility would recognise the fact that an animal has to keep track not just of its
own relationships with every other member of the group, but also all the third party relation-
ships between every possible pair of dyads. In this case, the information load will be a power
function of group size (see Whiten & Byrne, 1988), and group size should therefore be a
logarithmic function of brain size. The third possibility is that the problem may lie with the
nature of the relationships themselves rather than their absolute number. One way in which
this might be important is if the group’s cohesion through time depends on the intensity of the
relationships within small cliques (or sub-sets of interacting animals), with the cliques them-
selves being linked by a limited number of relationships in a hierarchically structured pattern
(see, for example, Sade, 1972; Kawai ef al., 1983; Dunbar, 1989). In this case, the quality of
the relationships between individuals may be a function of their ability to exploit certain
forms of social knowledge. Group size might then be either a linear or a power function of
brain size, but, in either case, the size of interacting cliques will be a logarithmic function of
brain size.

Most primates live in groups that are usually cohesive both spatially and temporally.
However, the social systems of some species are sufficiently complex to raise doubts about
which level of grouping is the most appropriate for analyses of this kind (see Dunbar, 1988,
1989). In the present context, my interest is in the number of individuals that an individual
animal knows and interacts regularly with (see also Dunbar, 1991). For those species like the
chimpanzee and the spider monkey which have so-called “fission-fusion” societies, this level
of grouping is identified as the set of individuals from which the unstable foraging parties are
derived. For the chimpanzee, this is clearly the community (Wrangham, 1986); for the spider
monkey (Ateles spp.), it is the group as defined by Robinson & Janson (1987).

The ecological hypotheses can also be interpreted in one of three ways. Firstly, frugivores
need proportionately larger brains in order to be able to monitor the availability of their
dispersed, often ephemeral, food supply (Clutton-Brock & Harvey, 1980). Consequently, we
would predict a correlation between relative brain size and the dietary importance of fruit.
The proportion of the diet accounted for by fruits is used here as the most appropriate index.

The second possibility is that the information overload is created by the sheer size of the
mental map that the animal has both to hold in its head and to manipulate cognitively in
order to navigate its way from one food source or refuge to another. That primates (and other
animals) do have mental maps (or at least spatial cognition) of this kind is now fairly certain
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(see, for example, Sigg & Stolba, 1981; Boesch & Boesch, 1984; Olton, 1985). In this case, we
would expect a correlation between brain size and the size of the ranging area, although the
relationship might well be an allometric one. Alternatively, the information overload might
be related to some more immediate aspect of navigation (for example, due to the animal using
short-term inertial navigation rather than a large-scale mental map to find its way about}. In
this case, we might expect a correlation between brain size and day journey length.

The third version of the ecological hypothesis concerns “extractive foraging”. This is the
most difficult of the hypotheses to test. Extractive foraging, as conceived by Gibson (1986) for
example, seems to be primarily concerned with the removal of food items from an embedded
matrix. The primary source of any information overload would seem to lie in the need to
learn high-level cognitive rules that can be applied in a wide range of circumstances to
different kinds of embedded resources. There is some uncertainty as to just what constitutes
an embedded resource in this sense, however. Cracking open nuts to extract the contents and
fishing for termites both seem to count as examples of extractive foraging, but picking fig
fruits or insects from an open tree branch do not. Hunting (but not scavenging?) might also
count as extractive foraging in the sense that the prey animal has to be tracked down and
caught. Unfortunately, few studies have differentiated primate diets in this kind of quanti-
tative detail. Moreover, Parker & Gibson (1977) base most of their argument on evidence
from a single taxon (Cebus spp.) that happens both to have a large brain and engage in
extractive foraging; they then extend the argument to chimpanzees and humans largely by
analogy. The only way of testing this hypothesis at present is to ask whether species that have
been classed as extractive foragers have larger brains than other primates. Among the species
available in my sample, humans, chimpanzees, baboons, capuchins, the aye-aye and (less
certainly) marmosets (but not tamarins) have been designated as extractive foragers.
Humans, chimps and capuchins are taken to be extractive foragers because these are the
taxa that Gibson specifically identifies. Baboons are considered to be extractive foragers
because they are the only other taxon to hunt and also they commonly eat roots and grass
corms dug up from the ground. The aye-ayes are counted because of the way they use their
long index finger to extract insects from hiding places under tree bark and the contents from
eggshells, Marmosets might be another candidate taxon because of their use of incisors to
gouge trees in order to obtain sap, but tamarins would be excluded because they do not feed
in this way (see Sussman & Kinzey, 1984).

Finally, we need an appropriate measure of brain size. Previous analyses have tended to
use whole brain size (or alternatively, cranial capacity). Clutton-Brock & Harvey (1980), for
example, found that relative brain size (i.e., brain size adjusted for body weight) correlates
positively with home range size in most (but not all) primate families, and that monogamous
primates have relatively smaller brain sizes than polygamous primates when body weight is
taken into account (see also Mace & Harvey, 1983). Subsequently, Sawaguchi (1990)
demonstrated that relative brain size correlates significantly with group size in the ceboid
platyrrhines, but with range size in the cercopithecoid catarrhines. He was also able to show
that terrestrial primates had larger brain sizes than arboreal species when diet was held
constant.

However, both neurological and evolutionary considerations suggest that total brain size
may not be the most appropriate measure of cognitive capacity for the purposes of testing
specific functional hypotheses. There is growing evidence, for example, to suggest that the
hippocampus is specifically concerned with the analysis and /or storage of spatial information
(O’Keefe & Nadel, 1978; Krebs ef al. 1989). Although there is evidence to suggest that some



y.
&
@]
15
Q
%
=
%
>4
4]
N
t
s
brid
@]
o
=
)
C#
)
o
]
™
£
>

midbrain structures are implicated in social s

et al., 1987), the evolutionary changes that have occurred in prlmate bralns malnly 1nvolve
the forebraln (Stephan, 1972; Passingham, 1973; see also MacLean, 1982). This strongly
suggests that, as far as the present set of hypotheses are concerned, we should be looking in the
cortical areas. Indeed, there is some evidence to suggest that at least some cortical structures
are essential to social life (Myers ¢ al., 1973; Kling, 1986), though the precise functional
interpretation of ablation experlments of the kind carried out in these studies remains
debatable.

In terms of primate brain evolution, it is the neocortex that accounts for most of the
differences between living taxa (see Stephan, 1972; Passingham, 1973, 1982). Hence, if our
concern is mainly with the factors that have promoted the increase in the overall size of
primate brains, it would be logical to focus on that part of the brain that has largely been
responsible for the change in size. In addition, given that, in crude terms, the neocortex is the
“thinking” part of the brain, it scems most plausible to use neocortical volume as the main
index of cognitive capacity.

Sawaguchi (1988) has recently demonstrated that a number of indices of relative cortex
size [including Jerison’s (1973) “extra cortical neurons” index, N, and Hofman’s (1982)
“extra cortical volume” index, V,] correlate best with group size in the prosimians, with
absolute range size in platyrrhines and with relative range size (taking group size into
account) in catarrhines. He argued that this reflected the influence of different selection
pressures acting on cortex size in these three taxonomic groups. However, these results might
also be explained by differences in body size between these taxonomic groups. Removing the
scaling effects of body size on range size is likely to leave group size (which correlates with
range size in all these taxa) as the main correlate of neocortex size. Some evidence to support
this is given by Sawaguchi & Kudo (1990) who found that relative neocortex size (i.e.,
discounting body weight) discriminates between solitary and social prosimians, and between
monogamous and polygamous ceboids and hominoids.

Therefore, neocortex volume will be considered as the main anatomical index of cognitive
capacity.

Methods
Table 1 gives data on all the variables for the 38 genera used in this analysis. Data on
neocortex and total brain volume derive from Stephan e a/. (1981). Data on group size and
the three ecological indices (percentage of the diet devoted to fruit, size of ranging area and
length of day journey) were obtained from the information collated in relevant chapters in
Smuts et al. (1987), with supplementary data from Clutton-Brock & Harvey (1977), Richard
(1985) and Dunbar (in press). Body weight data are those given by Stephan e of. (1981):
these authors scaled their estimates of brain size to a particular average body weight for each
taxon examined. Although the estimates of body weight given by Stephan ez al. (1981) do not
differ markedly from those given in more recent compilations (e.g., Harvey et al., 1987;
Willner, 1989), it seems preferable to maintain consistency here by using Stephan ef al.’s
figures.

In most cases, data on brain size are available for only a single representative species in
each genus (exceptions are the prosimian genera Chetrogaleus, Lemur and Galago, and the
anthropoid genus Cercopithecus). In order to maintain comparability, the demographic and
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behavioural data were taken only from those species whose brain sizes were estimated by
Stephan et al. (1981).

Species averages have been taken for all variables where possible, even though all the
hypotheses state that cognitive capacity (as indexed by relative neocortex voiume)
imposes a limit on the maximum value for a specific behavioural or demographic variable.
One reason for using averages is that most behavioural and demographic variables are
influenced by a number of factors (see, for example, Dunbar, in press), so that considerable
variation is found even within a given species Even if a cognitive constraint does exist for a
pZu“LICUiaT behavioural vari 1a.u1c, it is uht:ly that those pOpuldLlUIlb uluduulng more IIldrglndl
habitats will be forced to behave at the very limits of their capacities, leading to some
overshoot on optimal values on these variables. In addition, group size is often subject to
demographic lag (“frictional”) effects, because groups cannot always undergo fission as soon
as they exceed the optimal group size; often they have to wait until their size has increased
sufficiently to produce daughter groups above some minimum size, Our principal concern is
with the maximum size of group that the animals can manage as a cohesive unit, rather than
with the absolute maximum group size. Some baboon populations, for example, live in
enormous groups, but these groups are invariably very unstable and frequently fragment (see
Sharman, 1981; Dunbar, in press). Taking an average across as many populatlons of agiven
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better estimate of the maximum size at which groups are still cohesive.

Most analyses of brain size in vertebrates have used some variant of Jerison’s (1973)
Encephalisation Quotient (EQ) as their measure of relative brain size (e.g., Clutton-Brock &
Harvey, 1980; Martin, 1981; Gittleman, 1986, Harvey e al., 1987; Pagel & Harvey, 1988).
F() is (rpnera_l]v measured as the ratio of actual brain size to rhm nredlcted for an animal of the
same body size by some general relationship—that for basal insectivores in the case of
Stephan (1972), the two-thirds power of body weight in Jerison (1973) and Bauchot (1982),
and the best-fit regression line for the taxon under consideration in most other cases. How-
ever, Deacon (19904) has recently argued that most of these indices are undermined by the
fact that there is no unbiased baseline against which to assess allometric trends. In particular,
the use of residuals from the regression line against body weight fails to recognise that, if the
selection factors acting on brain size and body size differ, the two components will evolve at
different rates. Willner (1989), for example, has pointed out that brain growth terminates
much earlier than somatic growth, and is thus likely to be evolutionarily more conservative
than body size (see also Deacon, 1990q). Indeed, body mass is known to be subject to
considerable environmental influence even within species (Dunbar, 1990; Altmann ¢ a/., in
press). One consequence of this is that body mass may change ahead of brain size, so that
using body size as the baseline may result in uninterpretable estimates of predicted size for
brain parts. (I shall suggest that this does in fact seem to be the case in primates.) This may be
one reason why it is brain size rather than body size that acts as the biological constant
determining many life history and ecological variables (Harvey & Clutton-Brock, 1985;
Harvey et al., 1987; Pagel & Harvey, 1988; Deacon, 19908).

Sawaguchi & Kudo (1990) attempt to avoid this problem by us
the baseline from which to calculate residuals for neocortex size. Unfortunately, this particu-~
lar measure ends up plotting neocortex size against itself, especially in the large-bodied
anthropoids where the neocortex accounts for the bulk of the animal’s total cranial capacity
(see Willner, 1989; Deacon, 19904). Nonetheless, the preceeding considerations suggest that

some aspect of brain size would be a more nnnrnpr iate baseline than nrlv wmuhr
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In order to circumvent problems of interpretation, I first considered a number of different
ways of characterising differences in neocortex size between taxa. These 1nclude (1) absolute
neocortex volume; (2) relative neocortex volume (measured as the residual of neocortex
volume regressed on either body mass or the rest of the brain); and (3) neocortex ratio
{calculated as the ratio of neocortex volume to the volume of either the rest of the brain or the
volume of the hindbrain). The “rest of brain” is taken to be the total brain volume less the
volume of the neocortex; for present purposes, the hindbrain has been defined rather loosely
and taken to be the combined volumes of the medulla, cerebellum, mesencephalon and
diencephalon, as given by Stephan ¢t al. (1981). Note that my primary concern in the first
instance is to find the best predictor of the behavioural/demographic variables, rather than to
determine the precise value of the functional relationship (as is normally the case in most
allometric scalmg analyses: see Harvey & Pagel, 1991).

It is now widely recognised that comparative analyses on a species-by-species basis can
introduce significant biases {(Harvey & Mace, 1982; Harvey & Pagel, 1991). Harvey & Mace
(1982) recommended analysis at the genus, rather than species, level as a means of over-
coming this problem (see also Ridley, 1986). More recently, Cheverud e al. (1985) have
advocated the use of autocorrelation techniques as the best means of removing the effects
of phylogenetic inertia. Alternative methods are given by Harvey & Pagel (1991), who
recommend the method of independent contrasts. Although these procedures have a great
deal to recommend them, their use is, however, dependent on the adequacy of the available
phylogenies (e.g., Ely & Kurland, 1989).

In fact, these problems are mainly important only in so far as the aim of the analysis is to
identify the relative contributions of selection and phylogenetic inertia to the observed
variation in a given character. In the present case, concern is only with the factors that drive
evolutionary change. As noted above, this problem is approached by examining the extent to
which brain size constrains a species’ ability to alter its behaviour. From this point of view, it
does not matter whether phylogenetic inertia or selection pressure is responsible for a given
species’ current brain size, since the immediate interest lies in the conseguences of brain size, not
its causes. Once we have established that such a relationship exists, we are then in a position to
infer something about the selection pressures that have influenced changes in brain size
within the primate lineage. (Note, however, that this second claim is an inference; it cannot,
strictly speaking, be tested directly by comparative analyses). This is not to deny that phylo-
genetic inertia has been responsible for part of the variation we currently observe in a
character. It is merely to point oul that our interest as evolutionary biologists is often not so
much in what has been responsible for the contemporary variation in a trait, but what has
caused these traits to change from the ancestral condition in those cases where change has
occurred. Given that our central question is “Why do some primates now have bigger brains
than others?”’, we are essentially interested in the covariance of one trait with another. This in
itself would be some justification for an analysis at the species level: most behavioural vari-
ables are too labile in their ontogeny to be inherited in the simple sense implied by the
conventional concerns over the statistical independence of traits. Although covariation of
two traits with some third variable may still pose a serious problem (body size is the most
likely culprit), this can easily be dealt with by partialling out the effects of the more obvious
confounding variables,

As it happens, Stephan et al. (1981) measured brain volumes for only one representative
species from each genus in most cases. Here, therefore, Ridley’s (1986) advice has been

followed: the data for those genera represented by more than one species were averaged and
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analysis carried out at the genus level. With so few cases in which a genus is represented by
more than one species, it is not clear that a great deal would be gained by using a more
sophisticated approach.

The final methodological issue concerns the statistical analysis. There have been a number
of recent discussions as to which methods give the best estimate for underlying relationshipsin
comparative analyses of this kind (see for example Harvey & Mace, 1982; Rayner, 1985;
Harvey & Pagel, 1991). In general, the performance of the three most common techniques
for line-fitting (least-squares regression, major axis and reduce major axis) depends both on
the assumptions that are made about the error variances and on the covariance between the
two variables, In general, the three methods agree in their estimates of the slope parameter
only when 72> 0-9, with regression analysis, in particular, tending to underestimate the slope
when the covariance is low. Harvey & Pagel (1991) specifically reject the use of the reduced
major axis on the grounds thatit ignores information contained in the covariance {and so can
yield a slope estimate even when two variables are uncorrelated). Nonetheless, it is used here
in preference to major axis analysis because Kendall & Stuart (1979) have shown that, if the
errors are unknown, then the reduced major axis gives the maximum-likelihood estimate of
the functional relation. Aiello (1992) has shown that the major axis tends to overestimate the
blUlJC under exa CL 1y those conditions where regress sion auou‘ym tends to underestimate it
(namely, when 7% <0-9), whereas reduced major axis tends to yield intermediate values.
Rayner (1985) also recommends the reduced major axis in preference to other techniques in
situations (such as the present) where the error variances are unknown, because it is the only
one of the three techniques that is lndependent of the error correlation.

All data w

7S
a1 Gal Ve

Tests of the social hypotheses
Mean group size is plotted against various indices of relative neocortex size in Figures 1 and 2.

In each case, there is a significant regression between group size and neocortex size across the
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range of primate genera (Table 2). However, it is clear that the neocortex ratio (against the
rest of the brain) gives much the best fit to the data (Table 2). The reduced major axis
equation in this case is:

Log,,(N) = 0-093 + 3-389 log,,(Cy) (1)

(©*=0-764, P<0-001), where N is the mean group size and Cy is the neocortex ratio. Analysis
of the data for anthropoids only yields virtually identical results, suggesting that there are no
major grade differences in this respect. The equation for neocortex volume discounted
against body mass seems to be exceptionally poor. However, it is clear from Figure 2(c) that
much of this is apparently due to what seems to be a grade shift by the nocturnal prosimians
and the monogamous anthropoids: these seem to have much smaller group sizes for neocortex
size than would be expected for all other primates. Exclusion of these two groups yields an
equation which is both significant and in the same range on 7* as most of the other analyses
(Table 2). Table 2 also gives the results of a similar analysis using Jerison’s (1973) “extra
cortical neurons” index, JV_; although the sample of species is much smaller {(and is limited to
anthropoids), the results are essentially the same. Exclusion of Gorilla from the analysis
markedly improves the goodness of fit in this case. In fact, Gorrilla turns out to have a
relatively small brain with an enormous cerebellum (see Stephan et al., 1981); since Jerison
(1973) estimated N, from total brain volume, his index grossly overestimates the true volume
of the neocortex in this particular case.

Since neocortex ratio also correlates with body size and body size in turn correlates with
group size (Figure 3; 7 =0-461), it is necessary to partial out the effects of body size on this
relationship. Table 3 confirms that the relationship between neocortex ratio and group size is
independent of the correlation between neocortex ratio and body size.

Although it is generally the case that the different measures of relative neocortex size have
much the same relationship to group size, there are marked differences between them in the
proportion of variance in group size that they explain. The interpretation of these differences
is not always clear, though it at least seems reasonable to infer that the use of body size as a
baseline is confounded by the fact that body size can change in either direction ahead of (or
even independently of) brain size (see also Willner, 1989; Deacon, 19904). Because neocortex
ratio gives by far the best fit to the data, in subsequent sections only the results for this index of
relative neocortex size will be presented.

Tests of the ecological hypotheses
The percentage of fruit in the diet is plotted against neocortex ratio in Figure 4. It is clear that
these variables are unrelated to each other.

In contrast, the absolute size of the range area does correlate with neocortex ratio [Figure
5(a); ©*=0-593], as does the absolute length of the day journey [Figure 5(b); *=0-295].
However, both of these ecological variables correlate with body size and ecological grain
effects are known to be important; an area of 1 ha will appear to be a relatively small area to a
25 kg primate, but a very significant area to a 500 g animal. If the relationship between body
size and both these ecological variables is removed by calculating residuals from the reduced
major axis regression for each variable against body weight, the apparent relationship to
neocortex ratio is lost in both cases [Figures 6(a) & (b); 7*=0-017 for range size and r* < 0-001
for day journey length].

Group size is also a determinant of both range size and day journey length in primates
(Clutton-Brock & Harvey, 1977; Dunbar, 1988). It is therefore necessary to partial out the



480 R.I. M. DUNBAR

100
| "
Hol o C
3 + oy ® L
= + O Q
" k3 +
= 0
(= 0] omm ]
i
0.1 N N1 fd i bt il [ S RS T) b L DL ELtl
100 1000 10000 100000 100000
Absolute neocortex size
100
(b) 'Y )
3 L
. °
o 8
10 e
2 °F O 4 e o
: 0o *+
3 N + 4+
o
= - w]
H]
2 Lk o o0 moo
Q.1 3 i 1 i i i I S |
i 0
Neocortex /hindbrain ratio
100 p
E (c) PP hd
- *% » °
- . .
° 4
Ie = O +
3 e® +
o 6) + +
- +
- + + F
- ]
LE O oooo oo
O.i 1 i 1 !
[+} 0.5 1 1.5 2 2.5

Log neocortex index (body mass residual)

Figure 2a, b, c.



NEOCORTEX SIZE AND GROUP SIZE

100 £
F (d) (Y
- o
_ L4 °®
B o @
L 7Y °
s |oE— o] ° o +
= E
- O +
g © T
&
- - [w}
2
= g O [mw] m ] a
0.1 | 1 1 1
-0.3 -0.2 ~-0.1 o] 0.1 0.2

Log neocortex index (rest of brain)

Figure 2d.

481

Figure 2. Mean group size for individual genera plotted against: (a) absolute neocortex volume, (b)
neocortex ratio (relative to the hindbrain; i.e., medulla + cerebellum + mesencephalon + diencephalon),
(c) neocortex index (residual against body mass) and (d) neocortex index (residual against rest of brain).

Symbols and source as Figure 1.

Table2 Regression statistics (reduced major axis) for relationships shown in Figures 1 & 2

Independent variable Equation r byy P

Neocortex volume log (V) =—3-067+0-910 log (C) 0-547 6-309 <0-001

Neocortex ratio log (V) =0-09343-389 log (Cy) 0-764 10-349 <0-001
(vs. rest of brain)

Neocortex ratio log (V)= —0-615+3-672 log (Cy) 0-719 9-198 <0-001
(vs. hindbrain)?

Neocortex index® log (V) =1-00041-981 log (Ny) 0-003 0-92 >0-20
(residual vs. body mass)
(polygamous genera only) log (N)=1-255+1-761 log (V) 0-307 2-75 <0:02

Neocortex index* log (V) =0-844411-084 log (V) 0-286 3-64 <0-01
(residual vs. rest of brain)

Jerison’s index, NV log (N)=1-0944-1-271 log (N,) 0-195 1-63 ~0-10
(excluding Gorilla) log (V)=1-172+1-390 log (N,) 0-392 2:54 <0-05

"Two-tailed.

*Hindbrain = medulla + cerebellum + mesencephalon + diencephalon.

*Reduced major axis equation for neocortex volume regressed on body mass:
log (C)=1-242+0-911 log (W)

(N=38,7=0-911, P<0-001), where C=neocortex volume (in cm®) and W= body mass (g).

‘Reduced major axis equation for neocortex volume regressed on rest of brain:

log (C) = —0-950+ 1-289 log (R)

(N=38,r"=0-974, P<0-001), where R= Total brain volume — neocortex volume (in cm?).
°From Jerison (1973): analysis is based only on the 13 anthropoid genera common to both Stephan et al. (1981)
and Jerison (1973). (N.B. Jerison’s index, N, uses a slope of 0-67 as a baseline from which to derive the expected
number of extra cortical neurons for an animal of a given body weight. )
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Table 3 Partial correlations against body weight for relationship between
neocortex ratio and group size M

Correlation coefficient

Partial r
Comparison Pairwiser  (vs5. body mass) P
Neocortex ratio vs. Body mass 0-676 0-323 >0-05
Neocortex ratio vs. Group size 0-870 0-774 <0-001

Group size vs. Body mass 0-636

effects of the inter-correlations between neocortex ratio, group size and each of these three
ecological variables. The results for neocortex ratio are given in Table 4. The correlations
between neocortex ratio and both the percentage of fruit in the diet and the day journey
length tend towards r=0 when the correlation with group size is removed. While the same is
true for range size, the partial correlation nonetheless remains significant. One reason may be
that body mass creates ecological grain effects that also need to be removed. We can remove
this effect by recalculating the correlations using the residual of the dependent variable on
body mass rather than the raw values. Doing so results in partial correlations (taking both
body mass and group size into account) that are negative (Table 4). This is clearly contrary
to the hypothesis, which requires a positive correlation in each case. (As there is no reason to
expect body size to influence fruit consumption directly, this partial correlation is not given).
Once again, it seems that it is the correlation between neocortex ratio and group size that
seems to be responsible for the apparent relationship between these ecological variables and
neocortex size.
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Figure 4. Mean percentage of fruit in the diet plotted against neocortex ratio for individual genera.
(@) Anthropoids; () prosimians. Source: Table 1.

Two statistical points should be noted here. First, residuals from the reduced major axis
line have been calculated, mainly because it seems to produce a better fit (see Methods
section). However, as Harvey & Pagel (1991) point out, least squares regression is the only
one of the three line-fitting techniques that yields residuals that are uncorrelated with the
independent variable. Second, Deacon’s (19908) concerns a the use of body size as the
baseline for scaling analyses has been ignored in these cases, because ecological grain effects,
unlike both life history variables and brain size, are a direct effect of body size (see Peters, 1983;
Schmidt-Nielson, 1984); indeed, it is difficult to place any alternative interpretation on the
notion of ecological scaling effects in these cases.

Tests of the “extractive foraging” hypothesis

Figure 7(a) suggests that extractive foragers do not have significantly larger neocortex ratios
than non-extractive foragers (means of 2-51 and 1-69, respectively; ¢=1-763 with unequal
variances, df=36, P> 0-05) Omitting humans from the calculation reduces the mean for
extractive foragers to 2-19 (¢=1-225, df=35, P>0-2). In contrast, extractive foragers do
seem to have significantly larger neocortices for body size than non-extractive foragers
(Figure 7(b): mean residual of neocortex volume regressed on body massis 1-274 and 0-322,
respectively; t=4-983, df =36, P< 0-001). However, the distributions in Figure 7(b) suggest
that most of the difference is due to the fact that prosimians generally have smaller neocortex
indices than anthropoids, but are disproportionately more often represented a*nang the non-
extractive foragers. Reanalysis of the data for anthropoids only reveals that the differences
between extractive and non-extractive foragers are not, in fact, significant ( mean residuals of

1-360 and 1-186, respectively; {=0-562, df=22, P>0-2).

Test’ (y[/Z)/[JULILt:Jm uuum &7 uu]/ JL(,E

The preceeding analyses indicate that increases in neocortex size are related to changes in
group size rather than changes in ecological niche or patterns of resource exploitation. There
are, however, at least three different ways in which group size might be constrained by
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Figure 5. (a) Mean range size and (b) mean day journey length plotted against neocortex ratio for
individual genera. (@) Anthropoids; ({1) prosimians; {4+ ) solitary (males). Source: Table 1.

neocortex size. In this section, I attempt to determine which of these is the most likely
explanation.

Two different aspects of group size might be important. One is the absolute group size and
the other is the possibility that it is female group size, rather than total group size, that is
important.

The suggestion that the number of females might be important derives from the obser-
vation that it is females that form the core of most primate societies, whereas males are by and
large peripheral members of the groups (see for example Wrangham, 1980; Dunbar, 1988). If
primate groups are held together mainly by the relationships between groups of females [and
this is likely to apply most strongly in the case of female-bonded species (sensu Wrangham,
1980)], then regressing number of females in the group against neocortex size should produce
an improvement in the goodness of fit compared to the regression for total group size. The
data in Figure 8 yield the following reduced major axis equation:
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Figure 6. Residuals against body mass for (a) range size and (b) day journey length plotted against
neocortex ratio for individual genera. (@) Arboreal anthropoids; (O) terrestrial anthropoids;
(O) prosimians; (+) solitary species (males only).

Log,,(N) = — 0-124 + 2661 log,,(Cy) 2)

where V;is the mean number of reproductive-age females in the group. Although the slope
parameter is significant, this equation accounts for considerably less of the variance in the
data than does total group size (*=0-568), suggesting that it is total group size rather than
female group size that is the limiting factor.

The slope of the relationship between group size and neocortex ratio in equation (1) is

greater than unity, suggesting that the information overload is not due to eit
number of personal relationships or the absolute number of dyadic relationships within the
group as a whole that each individual has to be able to remember. This suggests: (a) that

large groups are probably created by the hierarchical clustering of smaller cliques; and (b)
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Table 4 Partial correlations between neocortex ratio {(against rest of brain)
and various ecelogical variables, taking group size and body mass
inte account

Spearman rq

Partial Partial
Comparison M Pairwise 7 (vs. N) (vs. N+W)?
Cy v5. %, fruit 29 0-503% 0-298 —
Cy vs. range size 32 0-793% 0-524* ~0-345
Cy vs. day journey 22 0-294 0-047 —(3-599

* P < 0-05 one-tailed as a positive correlation.

'Sample size. )

*Partial correlation between residual of dependent variable on body mass
and neocortex ratio, given group size.

that the cognitive limitations lie in the quality of the relationships involved in the structuring
of these cliques. Without more detailed information on clique size, however, it is not possible
to test this last hypothesis at present.

Discussion

Of the two main arguments that have been deployed to account for the evolution of large
brain size in primates, only the social intellect hypothesis receives support from these results.
The evidence is quite unequivocal in that neocortical volume is not related to either the
degree of folivory or the size of area that needs to be mapped.

Thus, even if the initial impetus towards an increase in relative brain size in primates may
have been ecological, it seems clear that, once initiated, the process of brain evolution was
accelerated by the fact that an enlarged cortex created new opportunities in other (specifi-
cally social) domains. It now seems clear that a large part of this impetus lay in the especially
intense nature of primate inter-personal relationships that allow these animals both to form
highly effective coalitions (Harcourt, 1988, 1989) and to exploit their knowledge of how
other individuals are likely to behave (Whiten & Byrne, 1988; Cheney & Seyfarth, 1990).
That this newly acquired cognitive capacity should subsequently be used in the ecological
domain as well in some cases, need not, however, be surprising. Natural selection often
exploits “windows of opportunity” of this kind when evolutionary processes make them
available.

These analyses raise a number of important issues, namely (1) the meaning (or interpret-
ation) of the different measures of relative neocortex size, (2) the significance of individual
deviations from the regression line relating neocortex size and group size and (3) the question
of precisely what aspect of social relationships is limited by neocortex size.

Itis not possible to determine from these analyses alone where the cognitive limitations lie.
Nonetheless, the fact that the ratio of neocortex volume to the rest of the brain is the best
predictor of group size strongly suggests that it is the absolute size of the neocortex (and hence
the number of available neurons) that may be the key constraint. This in turn would seem to
imply an additive model of neural processing capacity as opposed to the more conventional
model of a proportional increase assumed in most of the literature on allometric scaling (see
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Byrne, in press). In other words, a 10%, increase in neocortex volume has more functional
significance in a large species than in a small species. One correlate seems to be that, if you
need a larger neocortex (brain), then you have to evolve a larger body mass in order to
achieve this. This may reflect a developmental constraint.

A comparison of the results for the different indices of neocortex size in relation to group
size (Figures 1 & 2) suggests that, despite the overall consistency of the relationship between
the various indices of relative neocortex size and group size, there are some striking differ-
ences. In particular, a comparison of the distributions for neocortex ratio (relative to rest of
brain; Figure 1) and the neocortex index [relative to body weight; Figure 2(c)] suggests that
changes in body size may have occurred ahead of changes in brain size, thereby markedly
increasing the amount of scatter in the data when neocortex volume is given as a function of
body size.
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Nonetheless, there are illuminating consistencies in the pattern of this scatter. Figure 2(c)
suggests that the more terrestrial catarrhines (Papio and Pan, but not Erythrocebus) lie on a
grade elevated above the regression line for other polygamous anthropoids, implying that
H’\Pv have nnrlpro‘nnp a rﬂniﬂ increase in hnﬂv gize (nre<11mah]v in response to the increased
rlsk of predatlon encountered In more open terrestrlal habltats). Conversely, the mon-
ogamous anthropoids (both hylobatids and ceboids) appear to lie on a grade below that for
polygamous arboreal anthropoids, suggesting that they have, as a group, undergone a rela-
tively rapid reduction in body size. Indeed, in contrast to the other groups, their distribution
is globular rather than linear. The fact that all these species fall much closer to the regression
line for neocortex ratio (Figure 1) strongly suggests that it is body size that has changed, not
brain (or neocortex) size. Note that all the callitrichids also fall into this group, despite the
fact that their mating system includes a variety of non-monogamous mating systems (se¢
Goldizen, 1987).

Similar results may be noted in the prosimians. The diurnal prosimians appear to fall on
the same regression line for neocortex index (residual from body weight) as the arboreal
anthropoids, whereas the nocturnal prosimians all fall on a lower grade. As with the mon-
ogamous anthropoids, this appears to be associated with a marked reduction in body size.
The large range in neocortex index in this latter group could be interpreted in either of two
ways. One is that these nocturnal genera are constrained into a solitary way of life by some
aspect of their feeding ecology or habitus (such as the difficulty of maintaining contact
between group members at night or the need to remain cryptic) The other 1s that the true
group size is much larger than the value of one that T assumed for these “‘solitary” species.

The assumption that these species are genuinely asocial, even though solitary, has in fact
been questioned. Clark (1985), for instance, has argued that Galago crassicaudatus populations
consist of “‘communities” of some 10-15 individuals who know each other well and have well
deﬁned social relatlonshlps w1th each other (interpolating the neocortex index for this

') o 1 agiven in Table ‘) rﬁ‘r hn]vn‘amnnc r\r1marpc urnn]r“ mn tact
P i} S 1 cgu s givenl i Auu C £ 10 DOIVZAmous P [R50 1 1actu
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yield a predicted group size of 10-4). Clark’s evidence, however, does not suggest that galago
“supergroups” involve quite the same kinds of sophisticated interactions as those found in the
more social primates (see also Harcourt, 1988). In fact, the group size predicted for G.
crassicaudatus by their neocortex ratio (equation 1) is exactly 1-1 animals. This leads me to
favour the hypothesis that it is body size that has changed in these species, rather than group
size that has been underestimated. If so, then the evidence from neocortex size at least tends to
confirm the general view that a solitary lifestyle may be primitive to the Order Primates (see
Charles-Dominique, 1978; Charles-Dominique & Martin, 1970).

Although phyletic dwarfism has been inferred on morphological evidence for some
platyrrhine taxa (notably the callitrichids; see Ford, 1980; Martin, 1989), the hylobatids
have not usually been considered to have undergone a marked reduction in body size. In fact,
there is some evidence to suggest that the ancestors of the gibbon may have been rather larger
than the extant species; the late Miocene gibbon-like hominoid Laccopithecus robustus is esti-
mated to have been about 12 kg in weight (Fleagle, 1988; Yuerong et al., 1989)—ca. 2-5 times
larger than the average gibbon, and only slightly larger than the extant “giant” gibbon
(Hylobates symphalangus). The equations given in Table 2 suggest that, given their observed
neocortex size, a body size of 24 kg would be required to bring the smaller hylobatids into line
with the other polygamous primates in Figure 2(c). If the ancestral body weight was in fact
12 kg, this would imply that body weight has declined at about twice the rate at which brain
size has reduced in these taxa.

It is clear, however, that group size has declined even faster than body size in the
hylobatids, since the observed group size is still less than that predicted by neocortex ratio in
Figure 1. The group size predicted for hylobatids by equation (1) is 13-96, nearly three times
larger than the observed group size. Groups of this size would be expected to be single male
polygamous groups (see Ridley, 1986; Andelman, 1986; Dunbar, 1988), and would thus
imply some degree of sexual dimorphism in body size. Willner (1989) has shown that the
degree of sexual dimorphism in brain size within the hylobatids is consistent with a relatively
recent reduction in body size dimorphism. This would imply that the ancestral hylobatids
lived in polygamous groups, which would in turn, once again, imply larger groups. Some
evidence that the ancestral gibbons might indeed have been dimorphic is provided by
Yuerong ¢f al. (1989); they have shown that at least one extinct hylobatid (Laccopithecus
robustus) was both larger and more sexually dimorphic than living hylobatids. A subsequent
reduction in body size and group size is consistent with the invasion of a terminal branch
foraging niche (like that seen in the smaller modern hylobatids) from an ancestral niche that
was more conventional for catarrhine primates. Ecological competition from the frugivorous
macaques migrating into Asia from Africa and Europe during the early Pliocene may well
have been the precipitating factor. Significantly, the only extant hylobatid that seems to have
retained the ancestral body size (the siamang) is more folivorous than is typical for gibbons,
and would thus face less competition from macaques than the more frugivorous smaller
gibbons.

The orang-utan provides the one obvious exception to the general rule and some consider-
ation should be given to it. Although there are no data available on its neocortex size, it is
likely that the orang approaches the chimpanzee in neocortex size (asitin fact does in terms of
Jerison’s index, N ). This would imply that it ought to be found in relatively large groups, yet
it leads a semi-solitary existence. It would be easy to resolve this problem by accepting
Mackinnon’s (1974) argument that the orang is “socially degenerate”. The evidence for both
larger body size and even greater sexual dimorphism in the extinct subspecies and the more
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open terrestrial habitats occupied by these populations (see Mackinnon, 1974) does indeed
imply relatively large polygamous groups in earlier times. However, consideration ought to
be given to the alternative possibility that orang-utans do live in a more complex social world
than that implied by a group size of 1-2. At least some of those who have worked on orang
populations have suggested that the social system may in fact be a dispersed group (e.g.,
Schaller, 1965; Mackinnon, 1974). Although most other studies have generally denied the
existence of social groups in any strict sense (e.g., Rodman, 1973; Horr, 1975; Rijksen, 1978;
Galdikas, 1985; te Boekhorst ef al., 1990; Mitani et al., 1991), the evidence from all these
studies in fact suggests that each population does contain a stable core of some 615 individ-
uals who occupy a given area through which more nomadic animals pass from time to time.
In fact, the claim that orang-utans do not possess any formal social system rests on the fact
that observed patterns of association between individuals suggest that groups form mainly
when animals converge on food sources or oestrous females {te Boekhorst ¢f al., 1990; Mitani
et al., 1991}, but this does not necessarily imply that the animals lack well defined relation-
ships of a relatively complex type. Evidence of a rather different type than that provided by
Mitani et al. (1991) or te Boekhorst ef al. (1990) is needed to resolve this question. However, if
the orang group size is genuinely in the order of 1-2 animals, this would imply that the species
was more social in the evolutionarily recent past. That a species now lives in smaller groups
than is predicted by neocortex size is not, of course, incompatible with the hypothesis, since
this only specifies that there is an upper limit to group size.

The terresirial primates are generally characterised by relatively large neocortices as well
as large groups. This can be interpreted as reflecting the fact that there has been selection for
large groups, which in turn has exerted a strong selection pressure for the evolution of a large
neocortex. Two hypotheses for the evolution of large groups currently command attention in
the literature; namely defence against predators and defence of food sources against con-
specifics (see van Schaik, 1983; Wrangham, 1987; Dunbar, 1988). The strong correlation
between terrestriality, large neocortex size, large body size and large groups suggests that
predation risk is the more likely of these alternatives, sinceitisdifficult tosee why 1arge groups
should be needed io defend the food sources of terrestrial species but not those of ar rhoreal
species. The resource defence hypothesis can only be entertained if it can be shown that
arboreal species exploit resources that differ radically in either availability or dispersion from
those exploited by terrestrial species. This does not, of course, preclude the possibility that,
once large groups have evolved, the opportunity that they offer to defend resources cannot be
Cxpxuucu as well \uunbar, 11;788 vail Schaik }989)

Finally, the fact that the cognitive constraint stems from absolute group size rather than
female group size was unexpected, especially given the fundamental importance of repro-
ductive females as the core of most primate societies (see Wrangham, 1980; Dunbar, 1988).
This strongly suggests that primate groups are closoly integrated in structural terms. There
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observed relationship. The evidence presented above suggests that the cognitive limitation
may lie in the nature of the relationships themselves rather than their quantity. It is well
known that primate groups often become unstable or highly substructured prior to fission
(see, for example, Chepko-Sade & Sade, 1979; Cords & Rowell, 1986; Sugiyama & Ohsawa,
1982). There is also some evidence to suggest that dominance ranks become less stable in
larger groups (see Mori, 1979; Dunbar, 1984), possibly because relationships are less clear cut
when animals only interact with each other (or observe others interacting with third parties)

at irregular intervals. One likely reason for this in proximate terms may welil be that the
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animals cannot coordinate so many relationships in their mental state-space. These issues are
beyond the scope of the present paper, but clearly merit more detailed study.
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