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ABSTRACT

The evolution of encephalisation (relatively large brains) in primates has been linked to the

~ evolution of other unusual aspects of primate life histories, in particular, slow infant growth.
Mothers supply the majority of the infant’s energetic needs during infancy, and infant growth
in the lactation period reflects maternal investment. Weaning represents the cessation of this
investment, and is an important developmental milestone. This thesis investigates the impact
of encephalisation on growth, lactation and weaning strategies in a variety of haplorhine
primate taxa, with particular emphasis on a relatively encephalised species, Cebus.

The results of both inter- and intraspecific analyses show that weaning in primates
coincides with the inflexion of the postnatal brain growth allometry i.e. when the majority of
brain growth is completed. This suggests that weaning is associated with brain, as well as
body, growth. Furthermore, capuchin brain and body growth can be dissociated under
nutritional stress, with brain growth protected at the expense of body growth. Brain growth is
also shown to be associated with specific weaning behaviours, e.g. suckling frequency, as well
as more general measures of infant behavioural, locomotor and physiological independence.

The energetic and life history correlates of brain and body growth are also examined.
Materné.l metabolic capacity (inferred from maternal mass) influences fetal brain growth and

- postnatal infant body growth separately. Paternal mass influences fetal body growth. Weaning
age is associated with postnatal brain growth such that infants which undergo more brain
growth wean later. Humans and capuchins are shown to be similar in some aspects of
ontogeny, and capuchin growth and maturation are discussed in the context of human

adaptation and life history.
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INTRODUCTION
Aims

This thesis examines primate growth in the context of encephalisation. As we shall see in
thiS introductory chapter, mammalian mothers must support all the nutritive and energetic
needs of their infant for the majority of the lactation period. Infant brain and body growth
prior to weaning are largely determined by maternal resources, and maternal metabolism is
predicted to limit the rate of nutrient transfer, and therefore growth. This investment in
infant growth places an energetic burden on the mother, and reflects an optimisation of
maternal resources, i.e. represents a trade-off between investment in current and future
offspring. Weaning will occur when the mother’s priorities switch to the next reproductive
event. In many mammalian taxa, infants are weaned when they reach a certain body mass
relative to birth mass. This suggests that the energetic demands of the infant influence
maternal investment decisions. When a mother can no longer meet the energetic demands
of her infant, and the infant is large enough to support itself, it is weaned.

This weaning ‘threshold’ is also seen primates. However, compared to other
mammals, primate infants are unusually ‘expensive’: they have relatively large brains
compared to non-primate taxa at similar body sizes, and the majority of brain growth
occurs in the gestation and lactation periods. As brain tissue is expensive to maintain and
grow, it is likely that encephalisation increases the energetic burden on the mother during
lactation. It can therefore be expected that encephalisation will influence primate
investment and growth via the increased energetic demand of a lafge brains. Brain size is
therefore expected to play a role in determining the weaning threshold in primates.

The infancy period in primates is characterised by slow growth, low milk energy
content and a late age at weaning. More generally, primate life histories are slow: they
grow, reproduce and maturé at a slow rate. Previous studies have noted the tight correlation

between brain size and life history variation. One explanation for these associations might
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be that primate mothers spread the energetic cost of their expensive offspring over a long
period. Other models of primate life history suggest that non-metabolic (i.e.
behavioural/physiological) mechanisms underlie the relationship between lager brains and
slow growth.

This thesis investigates the relationship between relative brain size and maternal
investment during lactation in the context of life history variation. It asks: how does the
size of the primate brain influence primate strategies of lactation and weaning? Several

issues are investigated:

e Do different primate species share a common pattern of postnatal brain and body

ontogeny, and how does this pattern compare with that seen in other mammals?

Necropsy data from nine haplorhine taxa are used to test an allometric model of
mammalian growth. The model predicts that the rate of brain mass increase relative to
body mass increase is constant during the postnatal period i.e. that the primate brain
allometry is linear, and that the exponent describing brain and body growth is similar to
that seen in other mammalian taxa. This model is tested at both the inter- and intraspecific
level. Data for the intraspecific analysis come from two species of capuchin monkey
(Cebus). After humans, capuchins are the most encephalised primate taxon, and
encephalisation is predicted to be an important determinant of growth in Cebus. Capuchin
brain allometries are modelled using longitudinal endocranial vault area and body mass

data taken from a group of captive animals.

¢ How do ontogenetic changes in brain and body size relate to lactation and weaning

strategies?

Several predictions about brain and body size at weaning are tested against the inter- and

intraspecific data. Firstly, the prediction that brain size is an important component of the
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weaning threshold in primates is tested. Weaning data are integrated with the allometric
model of brain and body growth. Secondly, the prediction that brain growth is associated
with weaning mass independently of body growth is investigated. Data for this part of the

analysis come from a comparison of normal and nutritionally-stressed capuchins.

¢ How do ontogenetic changes in brain and body size relate to other aspects of primate

life history?

The behavioural and physiological aspects of weaning that are specifically linked to brain
growth are investigated using various data from the literature, and the hypothesis that brain |
growth is important in setting the pace of primate life histories is tested. The energetic
costs of brain and body maintenance are modelled, and their relationship to maternal size
parameters examined. The implications these results have for the evolution of a highly

encephalised species, Homo sapiens, are discussed at the end of the thesis.
Life history theory

Before discussing primate ontogeny, the underlying theoretical framework on which this
thesis rests must be examined. The analyses presented here examine growth and
investment in the context of life history. Life history theory models the suite of time and
size parameters that characterise a species’ ‘pace’ of life — the speed at which it lives,
reproduces, and dies — as a function of intrinsicél glanf)ss trade-offs and extrinsic mortality
pressures (Stearns, 1989; Stearns, 1992). As Hill Lnotes, “the basic tenet of life history
theory... is the principal of allocation, which states that energy used for one purpose
cannot be used for another” (p79). For example, energy invested in body tissues during
growth cannot be used for reproduction, and energy invested in one infant cannot be

invested in another. Hill therefore suggests that “the two most fundamental trade-offs,

which are at the centre of all life history theory, are those between current and future
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reproduction and between the number of and fitness of offspring” (p79ff.). Thus the age at
which an animal reaches reproductive maturity (and by extension, the patterns and pace of
growth), the length of the reproductive career, the frequency with which it reproduces, and
the length of the lifespan are seen as adaptive responses to selection pressures, and life
histories reflect the fitness of the phenotype for reproductive success (Promislow &
Harvey, 1990; Charnov, 1991; Stearns, 1992). This thesis tests the hypothesis that the
fitness trade-offs a mother makes during lactation (measured as investment in growth of
the infant) are directly influenced by encephalisation.

Originally developed to describe island biogeography (MacArthur & Wilson,
1967), life history theory has developed into two more wide-reaching models. The first
predicts that life history variation is influenced by density-dependent and density-
independent mortality (Pianka, 1970). Animals living in environments where mortality is
density-independent — i.e. is not linked to the number of individuals in a population — are
predicted to evolve ‘fast’ life histories. Individuals will mature and begin reproducing
early, reproductive rates and litter size will generally be high, lives will be short and the
population will expand to make use of the available resources. In this environment, there
are few limits on population growth and the rate of expansion is primarily determined by
the intrinsic rate of population increase, or . Above a certain population size, however,
density-dependent mortality becomes an important selective pressure, and population
growth will be matched to the carrying capacity (XK) of the environment. Life histories will
then tend to be ‘slow’, with low birth and growth rates, late ages at maturity and a
relatively long lifespan. Reproductive strategies reflect the quality-not-quantity approach:
investment in fewer offspring that are more likely to survive until adulthood. As we shall
see in Chapter 6, selection along this 7-K continuum is associated with different habitat
types (Ross, 1991; Ross, 1992b). r-selection typically occurs in relatively unstable and
unpredictable habitats where there are periods of plenty interspersed with population
crashes, whilst K-selection is associated with stable, predictable and resource-rich

environments. The association between risky environment and maximal infant growth rates
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has been observed in some taxa; for example, differences in growth rates between ape taxa
may be a function of ecological risk (Leigh & Shea, 1997), as may variation in interbirth
interval in some neotropical primates (Fedigan & Rose, 1995). However, recent research
has failed to find statistically-robust support for this correlation of life history and habitat
(Ross & Jones,/ 1999), and some taxa show a mixture of r- and K-selected life history
traits: Varecia variegata, for example, is a lemur that has the highest r value (corrected for
body size) of all the primates, but lives in a tropical habitat more usually associated with
slow life histories (Rasmussen, 1985).

These inconsistencies have led some authors to conclude that a simple »-K model
cannot account for the complexities of life history variation (Martin, 1990; Charnov, 1991;
Clutton-Brock, 1991; Charnov & Berrigan, 1993). Chamnov (Charnov, 1991; Charnov &
Berrigan, 1993) is the main proponent of a second model that uses age-specific, rather than
density-dependent/independent, mortality to predict life histories. The infant (birth to
weaning), juvenile (weaning to first reproduction) and adult periods are each associated
with a characteristic intrinsic mortality rate (Sibley et al., 1997), and Charnov models the
effects of these on rate of reproduction and growth in mammals. Mortality is described in a
simple function of growth and age at maturity, scaled to body size; adult body size is
determined by mortality acting through selection on age at maturity. When adult mortality
rates are high relative to infant and juvenile mortality, animals are expected to mature
quickly and begin breeding as soon as possible. When mortality is low, there is less
pressure to grow quickly, and animals can afford to invest more in their offspring. Both
strategies maximise lifetime reproducfive success and contribute to the rate at which a
population grows to fill a habitat (see Chapter 6 for further discussion). The model makes
several assumptions that may or may not be appropriate for all mammalian taxa (e.g. that
reproduction begins only when growth stops, and that weaning mass; is a constant
proportion of adult mass), but in primates, the predicted relationships between life history
variables are generally supported by the available data (Western & Ssemakula, 1982). In

practice, pre-adult mortality is usually high in stable primates populations, and variation in
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life history variables usually result in differences in adult mortality alone (Clutton-Brock,
1991). For example, primates with high rates of adult mortality begin weaning and
reproduction early, spend less time in post-weaning and have high birth rates (Harvey et
al., 1989; Promislow & Harvey, 1990; Ross & Jones, 1999). Other predictions are less
well-supported in an analysis that controls for phylogeny; for instance, low adult mortality
is not significantly associated with a long juvenile period, and some of allometric
exponents predicted by Charnov’s model are non-significant or reversed (Ross & Jones,
1999). Despite these inconsistencies, one feature of primate life histories is apparent across
most analyses: primates have very low reproduction rates compared to other animals, and
take a long time to grow and reach reproductive maturity. The ‘slowness’ of primate life

histories is discussed further below.

Body size constraints and adaptation

One important factor in life history variation has not yet been mentioned: body size. In
general, animals that reproduce slowly tend to be large and those that reproduce quickly
tend to be small (Harvey et al., 1987). Many life history traits therefore show an allometric
relationship with body mass, i.e. scale non-linearly with body size (Peters, 1983; Calder,
1984; Kirkwood, 1985). This allometric association of body mass and life history traits is
strong: for example, approximately 70 to 80% of variation in female age at first
reproduction, birth rate and r value is explained by variation in body mass, although this
percentage drops when phylogenetic contrasts are used (Ross & Jones, 1999). Some
authors view body mass as a constraining factor in life history evolution (Western &
Ssemakula, 1982). Animals that are large take time to grow and reproduce, and will
therefore follow relatively slow life histories. However, many life history traits remain
highly correlated even when the effects of body size are removed, for example between age
at maturity and life expectancy (Harvey et al., 1989; Smith, 1992; Kozlowski & Weiner,

1997). This suggests that life histories are selected for independently of body size. The
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models described above assume that life history variation is adaptive, not just a by-product
of size selection; Charnov’s (1991) model proposes that adult body mass is largely
determined “by adult mortality through the evolution of [age at maturity]” (p1135). Thus
selection on a late age at maturity produces larger-bodied adults, whilst selection on early
maturity favours the evolution of a small body size. As mortality tends to scale with body
size (Charnov, 1991), this model may explain the body size effect on life histories.
Kozlowski & Weiner (1997) extend Charnov’s model to a more general context of
body size evolution. They argue that the life history allometries observed across species are
the result of body size optimisation. They note that “interspecific allometries seem to
provide very strong support for the idea that optimisation of age and size at maturity based

on optimal allocation of resources is indeed a powerful selection force” (p376).
Primate encephalisation

The empirically-derived allometric exponent of 0.75 that describes the rélationship of brain
to body size in all mammals (see below) indicates that brain and body masses do not
increase linearly with each other; rather, as body sizes get bigger, animals tend to have
relatively smaller brains for their body size (Martin, 1990). However, at all body sizes,
primates are more encephalised in comparison with the majority of other mammals. On
average, primates have twice as much brain tissue per unit body mass (Sacher, 1982; Fig
i.i). Only a few non-pﬁ:ﬁate taxa have brains that are relatively as large as primates, for
example cetacea which, after humans, are the most encephalised extant mammal (Marino,
1996).

In terms of brain specialisation, primates, like most taxa, show a mosaic of derived
features within the order (Barton, 1999). Although the majority of brain structure variation
can be explained By variation in brain size (Finlay & Darlington, 1995), residual variation
has been linked to functionally-significant adaptive variation (Barton, 1999). The most

important source of variation among the primates is probably adaptation to diurnality and
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diurnal feeding: species that are active in the day have larger visual cortices and smaller
olfactory bulbs than do nocturnal primates (see Chapter 2 for further discussion of brain
structure variation in primates). These ‘compensatory’ size adaptations have been noted in
non-primate taxa (e.g. Sherry et al., 1989), and probably have only a small effect on
changes in net brain size (Barton, 1999).

Brain size has been suggested as an important determinant of life history variation,
in addition to the factors discussed in the previous section (Sacher, 1982; Martin, 1983;
Harvey & Clutton-Brock, 1985; Pagel & Harvey, 1988; Allman et al., 1993b; Pagel &
Harvey, 1993; Martin, 1996; Joffe, 1997; Lee, 1999). In fact brain size is a better predictor
of some life history traits than body size in primates: for example, the length of the
lifespan, and the timing of deve;lopmental markers such as gestation, age at M1 eruption
and age at first reproduction, are all highly correlated with brain size when the effects of
body size are removed (Sacher, 1982; Harvey & Clutton-Brock, 1985; Harvey et al., 1987,
Smith et al., 1995). Some parts of the brain correlate better with life history variation than
others; for example, the cerebellum, which decreases in size later in life, is the best
predictor of maximum lifespan in primates (Allman et al., 1993a). Some statistical and
theoretical problems of analysing residual brain size correlations have been outlined (e.g.
the ‘Economos effect’, which stems from the inherently ‘messy’ nature of body mass as an
estimate of general body size, Barton, 1999). In general, however, when body size is

controlled for, animals with large brains grow slowly, live long lives and reproduce slowly.

Brain size and maternal investment

Why might this association of brain size and life histories have arisen? One possibility is

that the size of the brain is constrained by the kinds of maternal investment* trade-offs that

*Although the term ‘parental investment’ can be used to describe any characteristic or

action of the parent that increases the fitness of their offspring at a cost to any component
of the parent’s fitness (Clutton-Brock, 1991), here it is used specifically to denote energetic
investment in infant brain and non-brain tissue mass increase.
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characterise life histories (Stearns, 1989). Some authors have argued that these investment
trade-offs are metabolic; for example, Martin (1983; 1990; 1996) points out that, although
relative adult metabolism does not correlate with adult relative brain mass in mammals
(McNab & Eisenberg, 1989), adult brain size scales to adult body size with the same
exponent as adult metabolism scales to adult body size, i.e. 0.75. Furthermore, an
association is observed between metabolic rate, relative brain size and gestation length. In
an analysis of data from 53 primate species, Martin (1996) finds that adult brain mass
correlates positively with basal metabolic rate and gestation period, with the effects of
body size held constant. On the other hand, gestation length and metabolic rate are
negatively correlated. From this, he infers that it is the maternal metabolic capacity during
the gestation period that regulates fetal brain growth. Brain tissue is relatively expensive to
maintain (see Chapter 5), and the rate at which it increases in mass is limited by the rate of
nutrient transfer from the mother to the fetus (Martin, 1996). The maternal energy
hypothesis also predicts, therefore, that the effects of metabolism on brain mass at birth are
mediated by variation in gestation length.

In mammalian taxa, the majority of brain growth is complete by birth. However, in
primates and some other altricial taxa, brain growth continues into the postnatal period.
Martin points out that the tight association of neonatal brain size and body size becomes

much looser at adulthood (Fig i.i), and goes on to suggest:

“Both the length of gestation and the period of postnatal growth
supported by lactation could exert modifying effects [on brain
growth], thus explaining why there is no tight scaling between the
brain size of an adult and its own basal metabolic rate.”

Martin (1996:154).

The maternal energy hypothesis has been criticised by several authors. Although
most are now agreed that the exponent linking interspecific values of brain size to body

size is 0.75 (Bauchot, 1978; Eisenberg, 1981; Hofman, 1982; Pagel & Harvey, 1988;
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Martin, 1996; but see Jerison, 1977), when independent contrasts are used, the slope is
closer to the previous consensus estimate of 0.67 (Barton, 1999). Furthermore, despite the
well-established links between neonatal brain size and maternal mass found in primates
(e.g. Leutenegger, 1977), other analyses have failed to find an association of neonatal brain
size and maternal metabolism more generally (Pagel & Harvey, 1988). It is possible that
the unusually large size of the primate brain brings to the fore allometric trends that are
unimportant in other taxa. For example, the energetic challenge facing avian taxa is not to
invest in big brains but in big hearts, important organs in powering flight (Daan et al.,
1990). Dietary adaptation may also play a part in obscuring trends: for example, frugivores
tend to have large brains but low metabolic rates (Kurland & Pearson, 1986; Elgar &
Harvey, 1987). Similarly, the metabolic and size associations observed by Martin become
less clear when phylogeny is accounted for; for instance, Barton (1999) finds no
association between primate brain size and maternal energy variables (controlling for body
size) when an independent contrasts method is used. Thus the link between maternal
metabolism and infant brain size remains enigmatic. In human neonates and adults, for
example, the brain is extremely large in relation to the body, but metabolic rates are exactly
(Kleiber, 447) _
as predicted from body size 5 Humans may cope with the extra energetic
costs of growing large brains by cutting the size (and cost) of other ‘expensive’ tissues
such as the digestive tract (Aiello & Wheeler, 1995); this possibility is discussed in more

detail in Chapter 7.

Maternal investment during lactation

Martin’s hypothesis focuses on the prenatal period, but he acknowledges that growth in the
postnatal period, especially during lactation, is an important source of variation in adult
morphology. Lactation evolved as a relatively efficient method of mother-infant energy
transfer, allowing females to continue their investment in offspring growth and survival

after parturition by providing a relatively constant energy supply that buffers the infant
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from nutritional inadequacies (Pond, 1984; Prentice & Whitehead, 1987). The majority of
primate subadult mortality tends to occur at the end of the maternal dependency period: in
general, juveniles are less efficient foragers than older individuanls (Boinksi & Fragaszy,
1989; Janson & van Schaik, 1993), are more susceptible to starvation (Hamilton, 1985),
and are more often the subjects of predation (Boinksi, 1988). Weanlings are also less likely
to have developed the physiological and/or behavioural capacity to resist mortality
pressures, are less able to compete effectively in taxa where conspecific competition is
high, and are less able to exploit food resources available to their larger peers (Janson &

van Schaik, 1993). Many of these features of survival relate to body size, and infants that

" have achieved a certain size by the end of the maternal dependency period are likely to

have increased survival chances (Lee, 1987). Growth during lactation is therefore vital to
survival once lactation has ended.

Although lactation did not necessarily arise as a means to regulate infant growth
(Pond, 1984), the metabolic constraints observed in gestation are likely also to be
important in the postnatal growth period (Martin, 1996). For example, the ratio of
littermass to maternal metabolic capacity is a good predictor of milk energy output in most
mammalian groups (Oftedal, 1984). However, milk energy output is protected in poorly-
nourished human females (Prentice et al., 1986), suggesting that infant energy needs are
met even in sub-optimal nutritional conditions. In extreme cases, these largely obligate
energy demands can be to the detriment of fhe mother’s own survival chances (Mattingley
& McClure, 1985) or to subsequent reproduction (Prentice et al., 1986). Mothers and
infants are therefore competing for the same maternal energy resources, and throughout
lactation a mother is faced with a life history decision: to continue investing in her current
infant, or to invest in the potential for further reproduction (Altmanﬂ etal , 1978; Lee,
1987). For the mother, a decline in milk output signals the resumption of normal cycling;
for the infant, the same decline represents the inability of the mother to meet the infant’s
energy needs (Lee et al., 1991). Conflict between infant and maternal interests arises when

maternal priorities switch from current to future offspring (Trivers, 1974). Weaning can be

27



seen as the resolution of this conflict: when the mother no longer meets the infant’s
demands, the infant must turn to other sources and weaning is initiated (Lee, 1987).

One indicator of the energetic burden placed on a female during lactation is the
weaning threshold observed by Lee et al. (1991). Weaning tends to occur once an infant’s
body mass weighs four times birth mass; this suggests that 1] the mother is no longer
capable of supplying the infant’s energetic needs above this birth mass multiple, and 2] that
infants bigger than four times birth mass are generally able to support themselves
energetically. Although the weaning threshold is variable across taxa, the relationship is
generally true across a wide range of different mammalian species. In other words, species
with different life histories follow a similar different body sizes and adaptations (e.g.
pinnipeds, ungulates; Lee e al. 1991). In lactation trend: the termination of maternal
investment is determined to some extent by the metabolic demands of the infant, and
weaning occurs during a ‘window’ of infant body size increase (see below and Chapter 1
for further discussion). It can be predicted that taxa with relatively large, expensive brains
will grow in such a way to accommodate the energetic constraints placed on them by such
a threshold.

In primates, as we will see below, these constraints have probably been met by
extending the time over which lactation occurs (Lee, 1996). However, the direct
association of brain size and lactation length is likely to be mediated by other variables. In
her analysis of primate growth and lactation, Lee (1999) finds that the duration of lactation
is not directly linked to brain growth when maternal and infant body masses are controlled
for (Fig i.ii). Rather, lactation length is positively correlated with weaning mass and
negatively correlated with the infant growth rate. In other words, infants that suckle for
longer grow slowly but are bigger at weaning. The link with brain size comes from the fact
that both weaning mass and the infant growth rate are correlated with brain growth: infants
that are bigger at weaning and that grow slowly tend to undergo more postnatal brain
growth. Thus body size and rate of growth both mediate the effects of lactation length on

brain growth.
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Primate lactation: the ‘long and slow’ approach

It was noted above that primates have slow life histories. Infant growth conforms to this
pattern of ‘long and slow’ development. Weaning occurs late in relation to body size in
most primate taxa, and infant growth occurs over a long period and at relatively low rates
(Kirkwood, 1985; Charnov, 1991; Ross & Jones, 1999). Within the haplorhines, different
taxa show different growth trends even when body size is taken into account: apes andboldi
world monkeys tend to show the slowest growth rates followed by the large new world
monkeys, with the litter-bearing callitrichids growing at a rate comparable with the fast-
growing strepsirhines (Ross, 1991).

A comparison with another relatively large-sized, single-infant bearing taxa shows
that, prior to weaning, primate infants grow approximately ten times more sldwly than do
ungulate infants (Fig i.iiia). For example, olive baboon infants (Papio anubis) and Dorcas
gazelle infants (Gazella dorcas) are born to mothers that weigh approximately the same
(13kg — 14 kg), yet gazelle infants grow over thirteen times faster during lactation than do
baboon infants (4.8g/day vs. 64.0g/day; data from Lee et al,, 1991). Lactation in baboons is
thirteen times longer than in gazelles (Fig i.iiib; 600 days vs. 45 days). Gorilla (Gorilla
gorilla) pre-weaning growth rates are twelve times slower than reindeer (Rangifer
tarandus) growth rates (19.7g/day vs. 240.0g/day), even though adult female gorillas and
female reindeer weigh approximately the same (just over ninety kilograms). Similarly,
gorilla infants take almost eight times as long to reach weaning age as reindeer infants (900
days vs. 120 days).

Concurrent with these low growth rates, milk quality in primates is relatively poor
(Pond, 1984). Although milk composition varies from feed tg feed, lactafion to lactation,
and individual to individual (Oftedal, 1984), in general composition is very highly
conserved across different mammalian taxa and dietary regimes (Pond, 1984). Milk solids
consist mostly of carbohydrates in the form of lactose; proteins (e.g. casein and whey);

amino acids; and lipids, including essential fatty acids. Vitamins, minerals ahd various
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products of the endocrine system e.g. hormones and growth factors are the other important
components of milk (Hartmann et al., 1984). Lipids are the most variable constituent of
milk across mammals, and primate milk has a very low fat content when compared with
other terrestrial mammals (Glass & Jenness, 1971; Oftedal, 1984). It is especially poor in
comparison with marine mammals (e.g. pinnipeds), whose milk is notably lipid-rich
(Oftedal, 1984). Primate milk is also dilute, and solids account for approximately 12% -
14% of the milk volume by weight; this compares with a minimum of 30% volume by
weight in the terrestrial mammals (e.g. carnivores), and 30% - 60% in cetaceans (Oftedal,
1984). This dilute, lipid-poor milk has a low energy-content: at peak lactation and per
kilogram maternal mass, primate milk provides approximately one quarter the energy that
milk from single-infant-bearing non-primates of similar body masses provides, e.g.

ungulates (Fig i.iv).

Brains and slow growth

Despite producing poor-quality milk, the energetic requirements of female non-human
primates increase by at least 50% during lactation (Key & Ross, in preparation ; Clutton-
Brock, 1989), even though the energetic costs of primate milk synthesis are low compared
to those in other mammalian taxa (Prentice & Prentice, 1990). Although mothers are able
to accommodate some of this extra energy requirement through behavioural and
physiological mechanisms (e.g. seasonal breeding, Wasser & Barash, 1982; reducing
metabolic rate, Prentice & Whitehead, 1987), extending lactation prolongs the period in
which a female’s energetic needs are substantially elevated compared to her non-pregnant
or pregnant condition (Key & Ross, in preparation). Why should primates slow infant
growth and extend lactation? Martin (1996) suggests that maternal metabolic capacity is an
important regulator of infant brain growth both during gestation and lactation. The low
growth rates, low milk energy content and late weaning ages seen in primates might,

therefore, reflect a maternal strategy aimed at spreading the energy costs of lactation over a



longer period of time (Lee, 1996). Thus, although absolute investment in growth is high,
relative costs per unit time are low. Mothers may then be better able to meet the daily
energy requirements of lactation, especially when resources are unpredictable, or fluctuate
over time (as they do in many primate habitats, Smuts et al., 1987). Lee (1999) finds that,
although larger-brained primates tend to have longer reproductive events (conception to
weaning), when maternal mass is accounted for, only a weak association remains between
relative brain size and the length of reproduction. This is also true of the correlation
between length of reproduction and amount of postnatal brain growth: with maternal mass
held constant, the association is weak. Both these results highlight the importance of
maternal mass — and by inference, maternal metabolism — in influencing both infant growth
and brain size.

| Several other non-metabolic mechanisms linking large brains with slow
development have been suggested. Large brains might simply take longer to mature
compared to small ones. Postnatal brain mass increase occurs mostly through the
myelination of axons (see Chapter 1). It is during myelination that neural pathways are
‘fixed’ and that behaviours are canalised; large brains contain more neurons than smaller
ones, and require an absolutely longer period of time to mature (Nolte, 1999). Furthermore,
brain evolution in primates is characterised not only by increased size, but increased
neocortical mass (Finlay & Darlington, 1995). The neocortex is the last part of the brain to
develop to full maturity (Jacobson, 1978), and selection acting to lengthen the period in
which primate brains grow has favoured an disproportionate growth of the ﬁeocortex in
relation to ‘older’ structures, e.g. medulla oblongata (Finlay & Darlington, 1995). The
neocortex plays an important in role in many of what are often thought of as the ‘higher’
ﬁental functions: forward planning, decision making, memory formation, recognition of
objects, complex spatial awareness, language capabilities etc. (Nolte, 1999), and it is
precisely these functions that develop in the later stages of brain mass increase and

myelination (Mize & Erzurumlu, 1996).
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Late ages at maturation might therefore function to ensure these aspects of
behaviour are properly developed, especially in the complex physical and social
environments occupied by primates (Deacon, 1990). For example, the increase in primate
brain size have been linked to the evolution of extractive foraging techniques that
characterise some taxa’s dietary adaptations, e.g. frugivory (Harvey & Clutton-Brock,
1985; Foley & Lee, 1991; Barton, 1999). The need to develop or even learn the behaviours
involved in these complex techniques (e.g. mental mapping of clustered food patches,
integration and memorisation of information about ripeness and availability etc.) may lie
behind the long period of juvenility. This link between brain size and diet has been shown
to hold true in another encephalised taxon, bats (chiroptera; Eisenberg & Wilson, 1978),
although some primates which use extractive foraging techniques (e.g. strepsirhines) do not
show low growth rates when body size is controlled for (Ross, 1992b).

More compelling is the evidence that the relative size of the neocortex correlates
positively with social group size in a range of primate and non-primate taxa (Dunbar, 1992;
Dunbar, 1998). It is possible that the suite of social skills and behaviours important in
primate group living require a long period of development to acquire. Relative non-visual
neocortex size has been shown to correlate directly with the relative length (to lifespan) of
the juvenile period in primates (Joffe, 1997), suggesting that the rate at which behaviours
develop place a constraint on the speed with which growth occurs. Joffe (1997) also shows
that the absolute length of the juvenile period correlates with group size. Ross & Jones
(1999) point out that this analysis failed to account for body size, which is correlated with
both the size of the neocortex and the length of the juvenile period; body size may,
therefore, be responsible for the association of the latter two variables. However, it is likely
that “the absence of higher post-natal growth rates in primates probably results from a
selective disadvantage to very rapid growth because other maturational rates are not
growth-linked but time-linked: they are age- or experience limited, and rapid growth would

therefore result in higher mortality” (Altman & Alberts, 1987:19).
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These behavioural models assume that the extended juvenile period of experience-
related maturation is adaptive as it helps to increase reproducfive fitness via increased
breeding success later in life (Ross & Jones, 1999). Alternative explanations for the low
growth rates and late ages at weaning observed in primates model juvenility as an
adaptation to avoid mortality, and involve encephalisation only indirectly. Infant mortality
has been shown to be correlated with temporal aspects of growth (gestation length,
weaning age, growth rates) independently of body size (Promislow & Harvey, 1990). One
proposal is that infants grow slowly in order to avoid the high energy requirements
associated with large bodies and spend more time in predator avoidance (Janson & van
Schaik, 1993). This contrasts with strategies in which growth is rapid in order to minimise
the time spent in the risky juvenile period. This model assumes that the link between slow
growth and encephalisation is indirect, and mediated by a third variable, diet (Ross &
Jones, 1999). Growth rates are generally suppressed in food-limited populations (Altmann
& Alberts, 1987), suggesting that lowering the infant’s metabolic requirements does reduce
starvation risk. It is likely that both behaviour and size are important in reducing mortality:
for example, foraging efficiency in baboons approximates adult efficiency long before
adult size is achieved, and may allow infants to remain small for longer (Janson & van
Schaik, 1993). In a phylogenetically-controlled analysis that tested between the three main
brain constraint models — the energetic model, behavioural/social ontogeny, and the
juvenile risk aversion model — Ross & Jones (1999) find some support for the first: brain
size is positively correlated with age at maturity. Group size shows a positive relationship
with age at maturity when body size, brain size and diet are controlled for, contrary to the
prediction of the behavioural/social ontogeny model. On the other hand, the correlation
between amount of folivory in the diet and the length of the juvenile period is negative and
only just non-significant in their analyses, possibly indicating support for the extractive
foraging hypothesis. More evidence that folivory is associated with high growfh rates and a

short age to maturity is provided by Leigh’s (1994) large interspecific comparison.
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Summary

In this chapter we have seen that life history theory models the interactions of a suite of
size and time variables that characterise the ‘pace’ of an animal’s lifecycle. Primates are
noted to have slow life histories, in particular, slow infant growth and long periods of
lactation. They also have relatively large brains in relation to body size. Mothers must meet
all the energetic needs of their infants during lactation, and the large size of the primate
brain is predicted to influence maternal investment in infant growth. This thesis
investigates the relationship between brain ontogeny and lactation/weaning strategies in
primates. It examines how primate postnatal growth differs from that of other mammalian
taxa, and whether primate strategies of weaning and lactation are linked to brain and body
growth. It also investigates encephalisation, growth and lactation in the context of life

history variation.

e Chapter 1 investigates interspecific variation in primate brain and body mass
ontogeny. The chapter tests a brain allometry model against data from a variety of
haplorhine taxa and examines whether primates differ from other mammals in the
pattern of postnatal brain and body ontogeny. It also examines weaning brain and
body masses in the context of the brain allometry model.

e Chapter 2 tests the observation that body mass at weaning coincides with the body
mass at which the majority of brain growth is completed. It does this at the
intraspecific level with a sample of longitudinal data from two species of capuchin
monkey (Cebus).

o In Chapter 3, an ‘artefact hypothesis’ — that brain growth and weaning are linked
because body growth and weaning are linked — is tested using growth data from a
population of nutritionally-deprived capuchins.

o Chapter 4 investigates the behavioural and physiological aspects of weaning that are

specifically linked to brain growth independently of body growth. Data from the
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literature are integrated with brain and body growth trajectories from Chapter 2, and
correlations between variables examined.

Chapter 5 analyses the energetic costs of brain and body maintenance, and models
interactions between infant size, maternal size and energetics. It asks: is investment in
infant growth related to energetics?

Chapter 6 examines capuchin growth in the more general context of life history.
Principal components analysis (PCA) is used to outline the main sources of variation
in the dataset, and the results variable groupings investigated.

Finally, Chapter 7 addresses the implications these results have for capuchin lactation

strategies, and for the evolution of another highly encephalised species, Homo sapiens.
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CHAPTER 1

BRAIN AND BODY MASS ONTOGENY IN HAPLORHINE PRIMATES

The Introduction presented the idea that encephalisation is an important determinant of
primate growth and life histories. This chapter investigates interspecific variation in
haplorhine primate postnatal brain and body growth and tests the hypothesis that primate
patterns of growth are similar to those found in other, non-primate taxa. It also examines
variation in weaning mass and asks: is brain growth associated with lactation strategies in -
primates? The first section outlines the changes that occur in brain and body size during
ontogeny, and discusses the functional implications of using mass as a proxy for size (Section
1.1). An allometric model of brain and body growth is introduced (Section 1.2), and its
validity tested with brain and body size data gathered from various sources (Section 1.3).
Finally, the results of an analysis that investigates how variation in brain and body growth

relates to variation in weaning mass are presented (Section 1.4).

Patterns and processes of growth

This section introduces the concepts of ‘growth’ and ‘development’ at different structural

levels, from cell to organism. It discusses the functional implications of mass increase, and

describes the general course of mammalian growth from conception to adulthood.

Growth at the cellular level

Growth is a complex process that involves changes in both size and organisation (i.e.

complexity or function) of tissues at all structural levels of the body (Sinclair & Dangerfield,

1998). ‘Development’ and ‘maturation’ are more ambiguous terms that can be applied to

different levels of structural and behavioural organisation (Tortora & Grabowski, 1996). In
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this chapter, the terms ‘development’ and ‘maturation’ are used to refer to the attainment of
matufe or adult function.

Change in size at the cellular level occurs by the complementary and interdependent
processes of cell division (hyperplasia) and cell enlargement (hypertrophy). Total cell mass is
therefore a function of both cell size and number (Conlon & Raff, 1999). In the early stages of
embryonic growth, cells are multipotent and capable of giving rise to many types of mature
cell, but as growth continues most differentiate and become committed to producing only
certain cell lines (Tortora & Grabowski, 1996). Differentiation is associated with functional
specialisation, and is usually accompanied by changes in organisation and an increase in the
complexity of tissues and organs (Sinclair & Dangerfield, 1998). In general, four successive
phases of growth characterise the lifespan:

1] A change in cell size and number that is not associated with differentiation.

2] Increases in mass and organisational complexity that continue in step until maturation of
the growth system is achieved.

3] Maintenance of the mature system during which damage is repaired and functional activity
sustained.

4] Senescence, in which growth is not sufficient to replace lost éells, and function becomes
impaired (Sinclair & Dangerfield, 1998).

In mammals, these phases are associated with specific periods in a life history.
Embryological growth is characterised by hyperplasia, hypertrophy, and a rapid rate of cell
differentiation (phase 1). Fetal and early postnatal growth are dominated by hypertrophic mass
inclrease, and by increasing functional maturity of most of tile body’s systems (phase 2). The
achievement of adulthood (phase 3) marks the achievement of full maturity, and is usually
accompanied by the attainment of a relatively stable stature (i.e. skeletal maturity) and body
mass (Shea, 1992). Senescence (phase 4) occurs later in adulthood, and may be accompanied
by a loss of tissue mass, as well as by a loss of function (Bogin, 1999). The timing of the
different stages of development is subject to selection, and varies between taxa (Shea, 1992);

this is life history variation (Charnov & Berrigan, 1993). For example, primate growth is
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characterised by a long delay between the end of infancy (primary maternal dependence) and
the onset of puberty and attainment of adult size (Ross, 1992EPagel & Harvey, 1993).

In general, prenatal brain and non-brain tissue mass increases keep pace with each
other through the effect of pleiotropic genes that regulate hyperplastic growth (Little, 1989).
After parturition, hyperplastic growth diminishes and the tight association of brain and non-
brain body mass increase is lost. In primates, the brain shows the most rapid rate of growth,
and is largely complete early in postnatal life (Smart, 1991). Other organs increase in
maturation at a rate comparable with overall body mass or stature (Sinclair & Dangerfield,
1998). For example, the male macaque brain has achieved adult size by the age of 30 months
old, whereas the liver and heart only attain adult size a year later, at the age of 40 months old

(Fig 1.1). The testes are the last of the organs to reach adult size, two years after the brain.
Nervous system development and brain mass increase

The central nervous system develops from a simple neural plate that emerges from a layer of
the ventral ectoderm early in embryological development. The plate thickens and folds
inwards, forming a neural ‘tube’ in a process called neurulation (Nolte, 1999). The cavity of
this neural tube will go on to form the ventricular system of the brain. Neural cell precursors
along each of the folds (neural crest cells) give rise to different CNS cells, including neurons
(Smart, 1991). The differentiation of cells in the neural crest is dependent on cell-cell
signalling, and is regulated by a myriad of neurogenic genes and their products (Mize &
Erzurumlu, 1996). Factors such as nerve growth factor (NGF) and fibroblast growth factor
(FGF) are essential for the growth and survival of neural cell precursors (Nolte, 1999).
Hormones that are more generally involved in tissue growth also play an important role in
brain growth. For example, T* and T* (triiodothyronine and thyroxine), corticosterone and
somatotrophin all affect various aspects of neural cell development as well as growth of other
body systems (Jacobson, 1978). The high lipid content of the brain (Crawford, 1993;

Clandinin, 1999) is due in part to the importance of fatty acids in maintaining the structural
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integrity of neuronal membranes (Clandinin & Jumpsen, 1997), and in the formation of neural
connections during synaptogenesis and myelination (see Chapter 5).

Neurogenesis is largely complete by the third trimester of gestation (Williams &
Herrup, 1988). After neurogenesis, the brain increases in mass through the growth of axons’
and dentrites, the rapid multiplication of oligodenroglial cells, and myelination (Hall &
Oxberry, 1977). Brain mass increase is characterised by a sigmoidal growth pattern when
plotted against age (Brizzee & Dunlap, 1986), although some primate and non-primate species
have been shown to undergo a brain growth spurt around the time of birth (Dobbing & Sands,
1979). The timing of this spurt is variable; in macaques it occurs prenatally, in humans,

- perinatally (Brizzee & Dunlap, 1986).

By far the most important factor in postnatal brain mass increase is myelination, in
which nerve fibres are coated in a myelin sheath that improves the speed and efficiency of
signal conduction (Nolte, 1999). Before myelination, neural connections are ‘plastic’ and open
to reorganisation; the completion of myelination signals the achievement of maturity for a
particular nerve fibre (Mize & Erzurumlu, 1996). Axons involved in ‘primitive’ tasks such as
gripping and suckling are myelinated early in development (Nolte, 1999). Because
myelination further consolidates connections and ‘fixes’ the axons in place, myelination
prevents further neuronal reorganisation (Mize & Erzurumlu, 1996). Postnatal brain growth is
also characterised by the large-scale ‘pruning’ of neurons and their connections, a process that
further canalises neuronal pathways in the brain (Smart, 1991).

Recent research suggests that, whilst neuronal population size is largely set before
birth, mice, guinea pigs, cats, and some birds and primates (including humans) are able to
generate neurons well into adulthood (Hastings et al., 2000). The longevity of these new cells
is uncertain, and they may be temporary, functioning for no more than a few weeks (Gould et
al., 1999). Postnatal neurogenesis appears to Be associated with certain parts of the brain; in
birds, for example, the new neurons are associated with brain structures that function in
4 memory formation, and may serve to aid song recognition (Kimn et al., 1999). In rats, the rate

of formation of these new neurons is positively associated with environmental enrichment, and

43



negatively associated with stress (Cameron & McKay, 1999; Gould & Tanapat, 1999).
Neocortical neurogenesis has been reported in adult macaque monkeys (Gould et al., 1999),
but in humans the regeneration of neurons appears to be restricted to the hippocampus, again
as a possible aid to memory function (Fuchs & Gould, 2000).

Although the majority of brain mass is aécumulated in early postnatal life in most
primate species, mass increase does continue into ontogeny (Deacon, 1990). An extreme
example is Homo: five year old human infants have achieved only around 90% or 95% of
adult brain mass (Sinclair & Dangerfield, 1998). Some parts of the human brain (e.g. parietal
and frontal lobes) are reported to show an increase in mass as late as adolescence, but whether
this late postnatal growth has cognitive implications, or simply reflects changes in cerebral
blood flow is not yet certain (Sowell ef al., 1999). Later still in the lifespan, the human brain
undergoes a moderate decrease in mass (Sinclair & Dangerfield, 1998). This degeneration is
also observed in chimpanzees, but not rhesus macaques (Herndon et al., 1998; Herndon et al.,
1999).

The brain does not grow uniformly across ontogeny, and functional structures in the
brain mature at different rates (DeVito et al., 1989). The language centres of the human brain,
for example, are not fully myelinated until late childhood, by which time the majority of the
sensory and motor processing areas are mature (Nolte, 1999). Whilst there does appear to be
some constraint the amount of variation in brain structure size (Finlay & Darlington, 1995),
variation in brain mass has been shown to be associated with specific specialisation of certain
parts of the brain, e.g. the visuo-spatial pathways in primates (Barton, 1999). Barton (1999)

notes:

“Brain size cannot thus be meaningfully interpreted without reference to
specific neural adaptations, which will differ from case to case... Primates
combine visual acuity with hand-eye coordination and manual dexterityf[,]
functions that bring into play the extensive connections between neocortex
and cerebellum. Also, the cerebellum is, like the neocortex, significantly
larger in primates than in insectivores|...] This suggests that the relevant

functional units or modules of the brain, on which selection has acted,
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cannot be simply equated with single structures or regions, but constitute
networks distributed across major brain regions.”

(Barton, 1999:189).

Thus even when an area that is known to be involved in a particular function increases in size,
selection is not necessarily acting on that area alone. The existence of these ‘global’ networks
within the brain validates the study of gross brain size as a means of examining the maturity of
brain function. A large proportion of variation in the size of brain structures is accounted for
by variation in the size of the brain itself (Finlay & Darlington, 1995; Barton, 1999), and the
achievement of adult brain size coincides with the attainment of adult patterns of behaviour
and cognition in most taxa. Furthermore, brain tissue is relatively homogeneous, and its mass
is an excellent predictor of the brain’s metabolic costs (Kety & Schmidt, 1945; Schmidt ez al.,
1945; Passmore & Durnin, 1955). An analysis of brain size variation and function below the
gross anatomical level is beyond the scope of this thesis, and in the following discussions

brain size, in particular brain mass, is used as a whole-brain maturity indicator.

Growth at the organism level: body mass increase

What aspect of size does body mass represent? Although in general body growth is regular
and predictable (Tanner, 1986), body mass itself is relatively labile (Economos, 1980). Mass
increase is modulated by a suite of genetic and epigenetic factors (Bogin, 1999). The pituitary
gland develops in the second trimester of pregnancy, and growth hormone, or somatotrophin,
is detectable in the fetus soon after the pituitary gland is formed (Nolte, 1999) and it is likely
that products of all the endocrine glands influence growth at some stage of life (Sinclair &
Dangerfield, 1998). For example, insulin-like growth factors, T, T* and other somatomedins
play important roles in regulating protein synthesis (Rechler ef al., 1987). Somatotrophins
inhibit lipid and carbohydrate synthesis and also promote increased cell division (i.e. cell

number) and DNA formation after infancy (Sinclair & Dangerfield, 1998). Androgens
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stimulate growth early in postnatal development as well as at puberty and are associated with
the development of body mass dimorphism (Leigh, 1992; Shea, 1992).

Growth is also affected by epigenetic factors (Brizzee & Dunlap, 1986; Little, 1989;
Sinclair & Dangerfield, 1998). The effects of maternal and infant nutrition on growth are well-
documented across many taxa (see Lee, 1996 for review). The adequate diet consumed by
provisioned and captive populations tends to promote faster rates of body growth over
ontogeny. For example, chimpanzee infants have been reported to wean after about 56 months
in a natural environment, but at a little under half that in captivity; weaning masses also
differed in the two populations by about 3kg, or about 15% (Lee et al., 1991). This difference
in rate of mass increase between wild and captive infants has been reported in many other
species (Leigh, 1994). For instance, body mass growth rates in the infants of captive protein-
deprived baboons are around half those of infants of adequately nourished baboon females
(Buss & Reed, 1970; Altmann & Alberts, 1987). Growth during the period of maternal
dependence is also modulated to a large degree by maternal parameters of health, parity, status
and psychology (Lee, 1987; Lee, 1996). Even in adults, body mass itself can vary across the
course of months, weeks and days. Alberts & Altmann (1987) report a 6% difference in body
mass in free-ranging baboons between nightfall and morning: mass gained through feeding
was lost overnight, probably through thermogenesis. Long and short term fluctuations in body
mass are therefore part of normal, as well as ill, health. The Introduction showed that postnatal
variation in growth is an important determinant of adult brain and body proportions (Martin,
1996). In most mammal species, the majority of brain growth is complete by birth, and
neonatal body mass is a good predictor of encephalisation (Martin, 1990). Because body
growth is completed much later in life, differential body growth can result in differing levels
of encephalisation between individuals that are similarly-encephalised as neonates (Martin,

1996).
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1.2

Modelling brain allometries over ontogeny

How do brain and bodies grow in relation to each other? Few large, good-quality comparative
brain growth datasets exists for species other than humans and macaques (Falk ef al., 1999),
and only recently have routine necropsy procedures in primate centres and zoos been
established (see below). Comparing necropsy data is a useful way of examining how brain and
body size vary in relation to each other across a range of different age groups i.e. 4 comparison
of brain allometries (Shea, 1985; Shea, 1992). Empirical evidence suggests that the
ontogenetic brain allometry curve can best be modelled as a convex quadratic function
(Brizzee & Dunlap, 1986); log-transforming the data allows the comparison of relative growth
rates during ontogeny (Holt et al., 1975). All animals are predicted to follow this ontogenetic
brain allometry curve, which describes growth from conception to adulthood (Fig 1.2).

The model presented here describes how brain size changes with increasing body size.
It can be seen that body size (x-axis) continues to increase after brain size increase (y-axis) has
ceased or slowed. Two periods of growth can therefore be distinguished. In the pre-inflexion
brain/body growth phase, the slope of the curve is equal to 1.0, and the brain and non-brain
tissues grow in step with each other. The value of this slope has been empirically derived,
although in some litter-producing species, the exponent appears to be slightly lower than
isometry (Lande, 1979; Deacon, 1990; Martin, 1990). For simplicity, and because the analysis
presented here only includes species with a modal litter size of one, the brain allometry is
modelled with a slope equal to 1.0. In this period, the brain increases in size through
neurogenesis and some gliogenesis and includes all prenatal growth from conception to birth
(Lande, 1979); in some taxa such as humans, some postnatal growth is also included (Deacon,
1990). Where birth occurs along the curve depends on the altriciality of the species i.e. how
much brain growth occurs pre- or postnatally. In Figure 1.2, B marks the position of birth
along the body growth axis for a typical mammal.

In the post-inflexion period, the slope of the curve is predicted to be much lower than

in the pre-inflexion period. Deacon (1990) estimates an exponent of 0.1 to 0.2, based on
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previous interspecific analyses (Count, 1947; Gould, 1975). This phase of brain growth is
characterised by cell enlargement and gliogenesis (Smart, 1991). In Deacon’s (1990) model,
this phase includes within-species variation of adult brain and body size.

The point at which the slope changes from that of the pre-inflexion period to that of
the post-inflexion period is marked & in Figure 1.2: it represents the end of the phase of rapid
brain growth. It should be noted that time is not represented on either axis: the model does not
predict how long an individual will spend at any body or brain size. The slope, or ‘rate’, at
which brain mass changes represents the amount by which brain mass increases in relation to
body mass increase. Two of the model’s predictions can be tested with postnatal growth data:
1] The curve describing primate postnatal brain and body growth is linear i.e. represents the
post-inflexion phase of the mammalian growth model..

2] The slope of this postnatal, post-inflexion curve falls between 0.1 and 0.2.
If 1] is shown to be incorrect, a further prediction can be made:
3] The postnatal pre-inflexion curve represents an extension of the prenatal brain growth

period, and the slope of this pre-inflexion curve equals 1.0.
Interspecific analysis of brain and body ontogeny: testing the brain allometry model
Materials*

In order to test the validity of the brain growth model, a dataset of non-human primate

postnatal brain and body mass was collected. Data were of three types:

1] Endocranial volume
Endocranial volume (EV) is measured from wild-shot New World monkey crania housed in

two Brazilian museums:

*All data analysed in this, and other chapters, are available from the author in electronic form.
See Appendix 1 for details.
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1] Museu Paraense Emilio Goeldi, Belem, Brasil (www.museu-goeldi.br/).

2] Museu de Zoologia, Universidade de Sao Paulo, Sao Paulo, Brasil (www.mz.usp.br).

Only intact crania for which field-recorded body masses at death were available were used.
Loose debris was carefully removed from the endocranial cavity, and the orbits filled with
cotton wool. Using a funnel, 1.00 millimetre diameter glass beads were introduced into the
inverted skull via the foramen magnum. The beads were inserted in pre-measured increments
of 50mm’® measured in a 50ml-capacity measuring tube. The skull was gently shaken and
tapped after the addition of each increment to ensure even settling of the beads. The skull was
filled to the level of the foramen magnum with the skull held in an inverted anatomical
position. Volume was measured to the nearest 0.25mm’. Error was tested by remeasuring a
random sample of 8 crania; the mean percent difference between the two measurements was
1.5 £ 0.8% (Table 1.1).

Some authors treat EV and brain mass as equivalent (e.g. Clutton-Brock & Harvey,
1980). Others use conversion factors to accommodate differences in the densities of water and
neural tissue (Count, 1947; Stephan et al., 1981; Smith et al., 1995; Kappelman, 1996) and the
percentage of the endocranial volume taken up by the brain (Tobias, 1971). For the sake of
simplicity, and to avoid introducing further error into the analysis, EV was used here as a

direct measure of brain mass (i.e. | mm® =1 g). -

2] Necropsy data

Necropsy data are useful for assessing organ mass immediately or soon after death, but like
other tissues, the brain often becomes oedemic immediately before death (Macfarlane et al.,
2000), and necropsy data may not reflect the anatomy of healthy living subjects. Because of
the problem of oedema, necropsy brain weights should be thought of as estimating the upper
limit of living brain size, and those included here as broadly comparable across different

studies. In all cases, data from stillborn infants were jalsd excluded.
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Table 1.1 Estimating endocranial volume measurement error

Cranium Difference % Difference
Measurements
A B C=A-B |Cl/(A+B/2)
1 72.25 71.50 0.75 - 0.010
2 7w0 - 7150 050 0.007
3 650 625 075 0012
4 58.75 58.00 - 0.75 ~0.013
5 5000 4950 050 0010
6 ~ 54.00 5550 150 - 0.027
7 7500 77200 200 0026
8 59.25 60.00 0.75 0.013
0.015
Mean + sd +0.008
se 0.003
95%
confidence
interval for 0.009 - 0.021
mean

sd = standard deviation. se = standard error.
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Necropsy brain masses were gathered primarily from the Yerkes Regional Primate
Research Center (YRPRC). The YRPRC (www.emory.edw/WHSC/YERKES/yerkes.html)
houses many different primate species, including chimpanzees (Pan), orangutans (Pongo),
sooty mangabeys (Cercocebus), macaques (Macaca), and capuchins (Cebus). Body masses are
routinely recorded at death, and autopsy is a standard procedure at the YRPRC (Herdon et al.,
1999). Ten years of necropsy records (1989 to 1999) were collected from the YRPRC
computer database, and brain masses gathered for those individuals that were considered
healthy at the time of sacrifice or that died from acute trauma or non—Wasting disease. Animals
noted to be emaciated or masses that were recorded more than two days after death were not
included.

Necropsy data were also taken from five previously published reports (Crile &
Quiring, 1940; Kennard & Willner, 1941a; Kennard & Willner, 1941b; Kennard & Willner,
1941c; Count, 1947). Not all these sources provide detailed necropsy protocols, and it is
probable that the procedures for opening the skull, removing, fixing and weighing the brain
vary considerably between different workers. On the other hand, Kennard & Wilner (1941a)
find no difference in mass between similarly-aged formalin-fixed and unfixed Macaca mulatta
brains (n = 118). Neither do they find a significant difference in brain masses between
individuals that had and had not been anaesthetised prior to death. However, evén if protocols
do not differ, decisions such as how much brain stem to retain with the brain proper, or
whether to remove meninges etc., can and often do vary from necropsy to necropsy. Neither
do all published reports note whether the brain is oedemic or damaged, or whether the body is

over- or underweight at death.

3] Mean reported neonatal and adult body masses from the literature

For some taxa neonatal brain and body data were scarce, and to ensure that the full range of
postnatal body masses were encompassed by the analyses, mean neonatal and adult body and
brain mass data were also gathered from the literature. Species-averages are sex-specific

where possible, and are the mean of minimum and maximum reported mean values i.e. do not
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indicate the full range of reported masses, but instead are an estimate of a mean value based
on the highest and lowest mean reported in the literature. Details of these data are given in

Appendix 1.

Methods

There is evidence for body and organ dimorphism in some primate species at birth and earlier,
especially in the larger-bodied primate species (Smith & Leigh, 1998); where sample size
allowed, male and female data were analysed separately. It should be remembered that most of
the data presented in this section are cross-sectional and therefore do not represent one
animal’s lifetime ontogenetic curve, but rather a summary of different animals’ body and brain

proportions at different body sizes.

a] Non-brain body mass

The calculation of non-brain body mass (NBBM) is useful if brain and body masses are to be

analysed independently. This is especially true for the smaller-bodied species and age groups,

where brain tissue takes up a larger proportion of the total body mass. Non-brain body mass

was calculated in one of two ways, as appropriate:

NBBM = Whole body mass — brain mass 1.n

or

NBBM = Whole body mass — EV 1.2)

NBBM derived by these different methods are not distinguished in the analyses.
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b] Non-linearity testing

The data were log-transformed, and the allometric relationship between brain mass and
NBBM was tested for non-linearity by comparing linear and polynomial regressions of each
sample. A curve was considered non-linear when the coefficient of determination of the
quadratic regression was significantly larger than that of the linear regression (Sokal & Rohlf,

1995). Significance was assessed with the calculation of an F value such that:

F=[R'-R’)/k-k]/[(1-R?)/ (n-k - 1) (1.3)

R,? and k, are the coefficient of determination and the number of power terms of the linear
regression respectively; R,* and k; are the coefficient of determination and the number of
power terms of the quadratic regression respectively. The F value has n - k, — 1 degrees of

freedom. Because k; = 1 and k, = 2 in each sample, the equation can be re-written:

F=@®R'-R’)/[(1-R?/ (@-3)] (1.4)

This method compares the proportion of variation explained by the quadratic regression with
the proportion of variation explained by the linear regression, in relation to the amount of
residual (unexplained) variation, the number of power terms and the size of the sample (Sokal

& Rohlf, 1995).

c] Estimation of inflexion

Where the allometric curve was shown to be non-linear, locally-weighted regression (loess;
Cleveland & Devlin, 1988; Cleveland et al., 1988) was used to estimate the position of the
inflexion, 8. Whereas linear and other parametric line-fitting techniques presuppose the shape
of a function, loess is a non-parametric smoothing technique that runs an iterative regression
analysis along the x values, and finds a predicted curve from a weighted average of nearby y

values. The resulting curve reflects the local parametric (least-squares) relationship between x
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and y values. The statistical analysis package SYSTAT 9.0 (www.spss.com), which was used
to fit the loess curves, requires that two loess parameters are set before running the analysis.
The first of these is the degree of polynomial used to regress the data. In all analyses that
follow this value is set to 1, in order to obtain a curve fitted by local linear regression. The
second parameter is the percentage of neighbouring datapoints to be included in the least
squares analysis. A high percentage specification results in a curve that reflects the trend of
the majority of data. For example, a setting of 100% produces a curve that includes
information from all data and results in a straight line i.e. a normal linear regression. A low
percentage (e.g. 10%) results in a curve that includes only a small proportion of the data at any
one point along the curve i.e. a very localised regression line. In all analyses that follow, the
percentage of points to be included is set to 50%. This setting results in loess curves that
reflect the general trend of the data and are sensitive to any large-scale changes in slope, but

do not reflect small-scale inflexions caused by random scatter of the data.

d] Calculating pre- and post-inflexion RMAs, and

The loess estimate of the inflexion was used to divide each sample into pre- and post-inflexion
subsets. Data which fell on the estimated inflexion were included in both subsets. The reduced
major axis (RMA,; Clarke, 1980) was then calculated for both the pre- and post-inflexion parts
of the allometric curve. RMAs were used in preference to least squares regression because
both variables included in the analysis are subject to error; calculation of the RMA
standardises both variables such that each has a mean of zero and a standard deviation of one
(Sokal & Rohlf, 1995). The two RMAs were solved as simultaneous equations, as follows.

The allometric relationship is a function of x and y values such that:
log (y) = a + b*log (x) (1.5)

If the pre-inflexion RMA equation is denoted by subscript 1 (;) and the post-inflexion RMA is

denoted by subscript 2 (3), then:
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Y =a; +bX (1.6)

Y =a, + X (1.7)

Y and X represent log-transformed y and x respectively. Rearrangement of the terms produces

the equation:

(b1 —b)X - (a1—-a) =0 (1.8)
Further rearrangement produces:

X=(a1-a)/(bi—by) (1.9)

Y can be obtained from this derivation of X using either of the two original RMA equations.
Here, the solution to the simultaneous equations represents the point along each axis where the
two lines cross, i.e. the point of inflexion, 8. This method ensured that the inflexion was
derived statistically, rather than visually from the loess estimate alone. Even when the
inflexion of the loess was inconspicuous, for example in the male Cercocebus sample (see
below), the calculation of RMAs meant the position of § could be calculated. Where the
allometric curve was shown to be linear, an RMA was calculated for the whole sample. The
standard errors of all the RMAs were calculated from the standard error of the least squares

regression, as recommended by Sokal & Rohif (1995).

e] RMA ‘lengths’

The ‘lengths’ of the RMAs were calculated as:

RMA length = ¥ (a® + b?) (1.10)
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a = difference in brain mass between ‘endpoints’ of the RMA, and b = difference in NBBM
between the endpoints of the RMA. This method uses Pythagoras’ theorem @+bv’=cHto
calculate the hypoteneuse of a right-angled triangle of which the differences in brain mass and

NBBM are the two known sides.

f] Residual encephalisation

Residual encephalisation at adulthood and inflexion was calculated as:

Residual encephalisation = observed brain mass — predicted brain mass

(1.11)

Observed brain mass was calculated from the post-inflexion RMA equation; predicted brain

mass was calculated from the predicted RMA equation (see below).

g] Correlation analysis

As a statistical test of the relationship between the shape of the growth curve and
encephalisation, the following variables were entered into a correlation analysis (Pearson’s
coefficient):

1] The slopes of the pre- and post-inflexion RMAs.

2] The lengths of the RMA between birth mass and 9, and between & and adult NBBM.

3] Residual encephalisation at 3 and adult mass,

1.3.3 Results

a] Data collection
Data for 9 taxa were available:
1] Squirrel monkey (Saimiri sciureus)

2] Tufted capuchin (Cebus apella)
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3] Spider monkey (Ateles spp.)

4] Howler monkey (4louatta spp.)

5] Sooty mangabey (Cercocebus torquatus)
6] Rhesus macaque (Macaca mulatta)

7] Common chimpanzee (Pan troglodytes)
8] Orangutan (Pongo pygmaeus)

9] Gorilla (Gorilla gorilla).

Detailed and numerous data were available for Saimiri (total n = 53), Cercocebus (n =
101), Pan (n = 133) and Macaca (n = 1088). It should be noted that:

1] Crile and Quiring (1940), from whom data for Ateles, Alouatta and Pan are taken, provide
only sample size and mean in their organ mass compendium, not individual datapoints.

2] In order to increase the number of datapoints in the howler monkey sample, both Alouatta
belzebul (47%) and A. palliata (53%) are included (n = 109).

3] The majority (72%) of the datapoints included in the spider monkey sample (n = 184) are
Ateles geoffroyi specimens; the remaining are A. fusciceps (25%) and 4. paniscus (3%).

4] The dataset mixes wild and captive data, as well as data from hand- and mother-reared
infants.

A good mix of male and female data were available for four of the taxa (Saimiri,
Cercocebus, Macaca, Pan), and in these groups the sexes are analysed separately. Fewer
known-sex data were available for the remaining taxa, and data in these samples are sex- and
source-combined. Some of the taxa included show a high level of sexual dimorphism as adults
and over ontogeny (Leigh, 1992), but here are analysed as a sex-combined sample (e.g.
Gorilla). This undoubtedly -obscures some growth trends, but is unavoidable with the data

available. A summary of the data included in the following analyses is given in Table 1.2.
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Table 1.2

Sources and description of data used in the interspecific analyses

n of datapoints Ages included (y, or based on source Allometric curve
Common name  Genus (m:£:2)! Source®  Type Data description) calculated. ..
Squirrel monkey Saimiri 53 (25:28:0) 7 Captive Necropsy 0.00-3.00 By sex
Capuchin Cebus 28 (18:10:0) 2 wild EV To complete eruption of permanent dentition ~ Sex and source
monkey 16 (7:9:0) 6 Captive  Necropsy  Immatures and mature individuals combined
. _..8@s0) 8 Captive Necropsy 000-036
Spider monkey  Ateles 3 (0:0:3) 2 Wwild EV To complete eruption of permanent dentition Sex and source
171 (25:35:111)° 3 wild Necropsy  Immatures and adults combined
104y 6 Captive  Necropsy  Immaturesandadults
Howler monkey Alouatta 52 (28:24:0) 2 wild EV To complete eruption of permanent dentition Sex and source
o B o  57(4:51 3 Wild  Necropsy  Immatures and mature individuals combined
Sooty mangabey Cercocebus 88 (46:42:0) 8 Captive  Necropsy 0.00 —-30.08 By sex, sources
,,,,, . ... ... ...B@Enroy 6  Captive Necropsy Matureindividuals . combined ,
Rhesus macaque Macaca 1031 (552:479:0) 8 Captive  Necropsy 0.00-37.90 By sex, sources
... .57(27:30:00 4  Captive Necropsy Immatures and mature individuals  ~ combined
Chimpanzee Pan 70 (30:40:0) 8 Captive  Necropsy  0.01 - 59.41 By sex, sources
49 (18:31:0) 5 Captive  Necropsy  Immatures and adults combined
11 (8:3:0) 1 Wild Necropsy  Immatures and adults
e 3@0) 3 Wild  Necropsy  Immatures and adults _ ,
Orangutan Pongo 7 (4:3:0) 8 Captive  Necropsy 0.05-33.48 Sex and source
4 (2:2:0) 5 Captive  Necropsy  Immatures and adults combined
2 29006003:0) 1 Wild Necropsy ~ Immatures and adults A
Gorilla Gorilla 4 (3:1:0) 8 Captive  Necropsy  0.00-31.13 Sex and source
10 (5:5:0) 1 Wild Necropsy Immatures and adults combined
2(1:1:0) 5 Captive  Necropsy  Immatures and adults

'9 = sexes unknown or combined.
21: Count (1945); 2: endocranial volume (see text for details); 3: Crile & Quiring (1940); 4: Kennard & Willner (1941a); 5: Kennard & Willner
(1941b); 6: Kennard & Willner (1941c¢); 7: Manocha (1979); 8: Yerkes Regional Primate Research Center (YRPRC).
*Crile & Quiring (1940) provide sample size and mean rather than individual datapoints for all taxa except Pan.



Table 1.3 Testing the brain allometries for linearity

Taxon Sex n R, Ry’ of F
Saimiri F 28 | 0.820 0917 25  2.303**
Saimiri M 25 | 0728 0951 22 3.881%*
Cebus ~ M&F 52 | 0711 0778 49 1267%
deles  M&F 23 | 0757 075 20 0281
Alovana~ M&F 60 | 0379 0379 57 0179
Cercocebus ~ F 50 | 0740 0.822 47 1328%*
Cercocebus M 53 | 0.7% 0847 47  1.283%*
Macaca  F 507 | 0703 0752 504  0.790%**
Macaca M 580 | 0759 0801 573 0.699**
Pan_ F 68 | 0599 0810 65  1.869%*+
Pan M 68 | 0618 0775 65  1.564**+
Pongo  M&F 40 | 0369 0415 37 0648
Gorilla M&F 15 0.776 0.798 12 0.497
Mean+sd | 0.673 0.754
+£0.147  +0.169
se | 0.041 0.047
95% confidence interval | 0.591-  0.660 —
0.755 0.848

*=P <0.05;**=P<0.01; ***=P <0.001. Rzama ore the oefhaunks
D‘de VMMM\)OV\ o("d/\z wngde aund q/u\qd/m,v\g \-eﬁreg-lgf\m
TCSPC(X\LW}.
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b] Statistical analyses: testing the three predictions
1] Is the curve describing primate postnatal brain allometry linear?

The amount of variation explained by linear regression is consistently high across the samples,
with a mean R,* of 0.673 + 0.147 (Table 1.3). Mean R,” across all samples is 0.754 £ 0.169. In
9 of the 13 data safnples analysed, the proportion of variation explained by quadratic
regression is significantly higher than tﬁe proportion of variation explained by linear
regression. In these samples, postnatal brain allometry is non-linear. This indicates that there
is a significant change in the rate of brain growth relative to body growth after birth in these
primates that is not consistent with the model presented above.

The four taxa which do not depart from linearity in their brain allometries are Ateles,
Alouatta, Pongo and Gorilla. The lowest R, of all samples is found in Pongo (= 0.369),
although Alouatta shows similarly low and non-significantly different R? values (R,*> = R)> =
0.379). The trend to linearity observed in these species may have two explanations:

1] Postnatal brain growth in these four species is linear, i.e. no difference in brain growth rate
relative to body mass is observed over ontogeny.

2] The small size of each of these four samples may obscure curvilinearity. Gorilla and Ateles
in particular have a low number of datapoints in their samples (n = 15 and 22 respectively).

Of the four taxa which show linearity, it is likely that the Pongo sample is also biased
by a relatively low number of datapoints, especially at the lower end of the body size range
(Fig 1.3a). Only two datapoints represent very young individuals in this sample. The Gorilla
sample also under-represents early postnatal growth (Fig 1.3b) but is similar in shape to the
platyrrhine samples (Ateles and Alouatta) that show linearity (Fig 1.3c and d). There is no
obvious inflexion of the curve in either of these two latter taxa. It is interesting to note that
Gorilla and Alouatta are relatively non-encephalised as adults (see below). The possibility that
this type of linear growth contributes to a low level of adult encephalisation is discussed

below.
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2] Is the slope of the postnatal post-inflexion curve approximately 0.1 or 0.2?

The pre-and post-inflexion slope values of the non-linear allometries are given in Table 1.4.
Only in the Cebus (Fig 1.4) and Cercocebus (Fig 1.5) samples is a slope of 0.2 included in the
95% confidence interval of the post-inflexion slope (0.086 + 0.059 for Cebus, 0.170 + 0.029
and 0.141 + 0.062 for Cercocebus females and males respectively). The other samples fall
below the 0.2 prediction. Seven of the samples include either 0.2 or 0.1 in the slope 95%
confidence interval. The only taxa not to include either 0.2 or 0.1 in the slope value estimate
are the female Macaca sample and the male Samiri sample.

Both Macaca samples (Fig 1.6) have very low slope values for this part of the curve.
The 95% confidence interval of the female Macaca slope only just excludes 0.1 (0.082 +
0.008); the male Macaca slope’s confidence interval includes 0.1 (0.095 + 0.016). Although
the slope is significantly lower than 0.2 in the male sample, their allometric curve is consistent
with the model presented above. Male Saimiri also show a low post-inflexion slope that
includes zero in its confidence interval (0.048 = 0.024). On the other hand, the female Saimiri
show a much higher slope than the males (0.128 = 0.027), consistent with the predicted slope
of 0.1 — 0.2. The male Saimiri sample contains only a few datapoints in the post-inflexion
period, and this may account for the discrepancy between the sexes in their slope values (Fig
1.7).

The two chimpanzee samples (Fig 1.8) show slopes that are consistent with each
other, both lower than 0.2, but including 0.1 in the slope confidence interval (0.149 + 0.020
and 0.137 £ 0.020 for females and males respectively). The mean post-inflexion slope across
all samples included in Table 1.4 is closer to 0.1 than 0.2 (0.115 £ 0.039). It appears that, in
these primate species, the pattern of post-inflexion brain growth is consistent with that
predicted for mammals in general. After the inflexion of the brain allometry, brain mass
increases in relation to body mass at a rate that can be predicted from growth in non-primate
mammals. Some taxa show very low slope values. In two samples (Cebus, Saimiri males), the

slope cannot be statistically distinguished from zero. However, a visual inspection of the
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Table 1.4

Pre- and post-inflexion RMAs of the non-linear samples

Pre-inflexion RMA

Post-inflexion RMA

slope + se 95% confidence 95% confidence
Taxon Sex Fig. interval for slope intercept slope + se interval for slope intercept
Saimri  ~ F  17b [0.666+0.068  0.530-0802  -0.157 [0.128+ 0.027  0.074-0.182 _ 1.024
Saimiri M 17d | 0840+£0.042  0.756-0.924  -0.534 | 0.048+0.024  0.000-0.096 1333
Cebus ~ M&F 14b | 0422+0.047  0.328-0.516 0.584 | 0.086+0.059  -0.032-0.204 1532
Cercocebus ~ F  1.5b | 0.607+0.060  0487-0.727  0.190 |0.170+0.029  0.112-0228 1378
Cercocebus M 15d |0353+0.035  0283-0423  0.868 | 0.141+£0.062  0017-0265 1499
Macaca ~ F  1.6b | 0381+0.022  0337-0425 0756 [ 0.082+0.008  0.066-0.098  1.624
Macaca M 1.6d [0404+0.020  0364-0444  0.713 0.095 £ 0.016 0.063 - 0.127 1.599
Pan F  18b |0522+£0.062  0.398-0.646 0.548 1 0.149+0.020 0.109-0.189 1.886
Pan M 1.8d | 0.523 4+ 0.062 0.399 — 0.647 0.576 | 0.137 +0.020 0.097 -0.177 1.967
Mean + sd | 0.524 + 0.159 0.115+0.039
se 0.053 0.013
95% confidence interval | 0.418 — 0.630 0.089 - 0.141
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Table 1.5

‘Whole-sample RMAs of the linear allometries

Whole-sample RMA

slope + s.e. 95% confidence
Taxon Sex Fig. interval for slope  intercept
Pongo  M&F 14a | 016220021 _ 0120-0204 _ 1802
Gorilla  M&F 14b | 01740023  0128-0220 1839
dteles  M&F 14c | 02150023 0169-0261 1214
Alouatta M&F  14d | 0.233+0.023 0.187-0.279 0.921
Mean + sd | 0.196 £ 0.034
se 0.017
95% confidence interval | 0.162 —0.230
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Cebus data suggests that there is some increase in brain size after the inflexion (Fig 1.4), and
the confidence interval for the Cebus slope includes 0.1 and 0.2.

Those samples which show linear postnatal brain allometries (4louatta, Ateles, Pongo,
Gorilla) conform closely to the model (Table 1.5). Postnatal brain growth in these taxa is
similar to that predicted for other, non-primate mammals, i.e. linear and with a slope of 0.2
(mean slope 0.196 £ 0.034). All four of the linear allometry samples have 95% confidence
intervals for the RMA slope that include 0.2; the two platyrrhine species show higher slopes
than the two hominid species, but these differences are not statistically significant, as the

confidence intervals for all four slopes overlap (Table 1.5).

3] Does the postnatal pre-inflexion curve represent an extension of the prenatal brain growth

period, i.e. does the slope of the pre-inflexion curve equal 1.0?

None of the samples included in Table 1.4 have slopes that include 1.0 in the 95% confidence
interval. The male Saimiri sample comes close, with a slope of 0.840 +0.042 (Fig 1.7). The
slope values of the other samples range from 0.353 £ 0.035 in male Cercocebus, to 0.666 +
0.068 in female Saimiri. The cross-sample mean is 0.524 + 0.159, suggesting that brain mass
increases at half the rate (relative to body mass) that it is predicted to before birth. The post-
inflexion period does not, therefore, represent an extension of the prenatal growth phase as
predicted by the model. The pace of primate brain mass increase in this period is slower than
brain growth in utero but faster in relation to body mass than that seen after the inflexion of

the allometric curve.
¢] Modelling growth and encephalisation

How do these departures from the allometric model affect brain and body proportions (i.e.
encephalisation) over ontogeny? The predicted RMAs shown in Figure 1.9 represent brain

allometries as they would appear if each primate taxa conformed to a non-primate pattern of
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Fig 1.9 cont'd

inflexion RMAs at the minimum NBBM value for each sample. Minimum values were used because ages
were not known for the majority of the data, and neonatal values could not be estimated. Mean reported
adult NBBM (Appendix 1) was used as a measure of adult mass. The predicted RMAs impose a slope of
0.2 on the data. The intercepts of these predicted RMAs were calculated by substituting 0.2 for the
appropriate slope value for each sample, and then re-arranging the terms of the equation (Table 1.6). The
Cercocebus samples are not shown in this figure, or included in Table 1.6, because no estimates of
neonatal brain mass for this species were available from the literature, and NBBM at birth could not be
calculated.

73



postnatal growth. The shape of the observed allometric curve influences encephalisation
during ontogeny and in adulthood (Fig 1.9). At the point of inflexion of the allometric curve
(), all the samples have brains that are larger than would be predicted from the model.
However, at adult NBBM, residual encephalisation varies between the different samples, with
some taxa showing larger than, and other taxa showing smaller than, predicted relative brain
size. Although the taxa are highly encephalised at & (positive residual encephalisation), by
adulthood residual encephalisation is generally low because NBBM increases more rapid}y in
relation to brain mass. This ties in well with Martin’s (1983) observation that, in the later
stages of growth, encephalisation is influenced by body, rather than brain, growth. However,
the only significant association to emerge from the correlation analysis (see above) is between
adult residual encephalisation and the pre-inflexion RMA slope (r = 0.829, P =0.010,n = 7).
Thus the only growth allometry variable that is a good predictor of species-level adult residual
_ encephalisation is the rate at which the brain increases in mass relative to body mass, prior to
the allometry inflexion. Over 68% of the variation in residual encephalisation seen in the
different samples is explained by variation in the pre-inflexion slopes (R? = 0.687). Neither the
rate of brain growth after the inflexion, nor the ‘length’ of each stage of growth, appears to be
an important determinant of encephalisation later in life.

The small platyrrhines (Saimiri, Cebus) have a high level of residual encephalisation
as adults, with brain masses that are at least 12% larger relative to body size than predicted
(Fig 1.9a to c). This value increases if data-specific, rather than literature-derived, NBBM is
used to predict brain mass (Table 1.6). The minimum NBBM datapoint was used as an
estimate of neonatal mass because ages are not known, and actual neonatal masses could not
be calculated. The same trend of increased residual encephalisation when minimum NBBM is
used is seen in the Pan samples (Fig 1.9d, €). Female and male Panr brains are 17.4% and
13.8% heavier than predicted when mean reported neonatal NBBM is used as a predictor, but
23.7% and 25.1% larger when the minimum NBBM is used respectively (Table 1.6).

The adult macaques have negative residual encephalisation, i.e. smaller brains than

predicted (88.3% and 84.8% of predicted size for females and males respectively). However,
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Table 1.6

Predicting adult brain mass

Predicting adult brain mass Predicting adult brain mass
from mean reported neonatal NBBM from minimum NBBM in sample
Adult Predicted Predicted
brain Predicted RMA>®  adult brain % Predicted RMA**  adult brain %
mass (g)' i.e. slope =0.2 mass (g) Difference  Difference i.e. slope = 0.2 mass (g) Difference  Difference
- |C|/ - |[E|/
A B C=A-B  \iBn) D E=A-D  A\ippy

Saimiri F 2404 | y=02x+0760 2079 325 = 0145 | y=02x+0719 1891 513 10.239
Saimiri M 29 80 y=02x+0.743 2144 = 836 = 0326 | y= 02x+0695_» 19. 20 106 0433
Cebus ~ M&F 6765 y= 0.2x +1 087 6032 733 - 0115 y=02x+1.059 56 58 11 07 0278
Ateles ~ M&F  110. 66 y=0. 2x+ 1257 10691 N 0.034 y=02x+ 1 252 1()5 74 7 4 92 - 0.045
Alouatta ~ M&F  58. 08 y= 0.2x + 1 008 6339 531 0.087 C y=02x+1.006  57.84 024 0.004
Macaca _F 8555 | y=02x+ 1 231 9.6 -1061 0117 y=02x+1.165 82 56 299 0.036
Macaca M 94 59 | y= 02x +1 248 11010  -15.51 - 0.152 y=0.2x+1.170 91 90 269 0.029
Pan  F 370 33&_ y= 02x +1 576 31090 5943 0. 1747” y=0.2x +1 549 o 291 89” 7844 0237
Pan @ 0M 77,7409 12 | y= 0.2x +1 610 35616 52.96 0138 y= 0.2x +1.560 3178 9126 0251
Pongo ~ M&F 37411 | y=02x+1.682 42993 -58. 82 0139 | y=02x+ 1 686 433 90mm -59 79 1 0.148
Gorilla M&F  596.49 y =0.2x +1.755 533.33 63.16 0.112 y=0.2x +1.753 593.20 3.29 0.006
Mean + sd 0.140 + 0.146 +

0.072 0.137

se 0.021 0.041
95% confidence interval of 0.098 — 0.064 —

mean 0.182 0.228

ICalculated from the post-inflexion RMA or'whole-sample RMA allometry as appropriate, using mean reported adult NBBM as an estimate of adult
*Represents the postnatal brain allometry as predicted by the model discussed in the
text. Slopes inferred as 0.2. *Intercept calculated from i =m — 0.2k, where i = intercept of predlcted RMA, k = mean reported neonatal NBBM, and m
= estimated neonatal brain mass (i.e. neonatal brain mass inferred from reported NBBM using the appropriate pre-inflexion or whole-sample RMA
given in Tables 1.4 and 1.5). Reported data from the literature given in Appendix 1. ‘Intercept calculated from i = m — 0.2p, where i = intercept of
predicted RMA, p = minimum NBBM in sample, and m = estimated neonatal brain mass (i.e. neonatal brain mass inferred from minimum NBBM
using the appropriate pre-inflexion or whole-sample RMA given in Tables 1.4 and 1.5).

body size. Reported data from the literature given in Appendix 1.



mean reported neonatal NBBM is considerably smaller than the minimum datapoint in both
the Macaca samples (Fig 1.9, g). When the minimum neonatal NBBM value is used to
predict brain mass in adulthood, macaques have positive residual encephalisation, i.e. larger
brains than expected (3.6% and 2.9% larger than predicted for females and males
respectively). These old world monkeys are less encephalised as adults — i.e. have smaller
brains relative to body mass — than the either the new world monkeys or chimpanzees included
in the analysis.

The linear-allometry samples show either positive or negative adult residual
encephalisation depending on whether the RMA slope is higher than, or lower than 0.2 (Fig
1.10). The Ateles’ brains are on average 3.4% and 4.5% larger than predicted, depending on
the source of the neonatal data (Fig 1.10c). Alouatta appears to have a larger brain than
expected in adulthood: 8.7% larger if mean reported neonatal NBBM is used to predict brain
mass, but only larger 0.4% if the sample-specific value is used (Fig 1.10d). Adult Ateles and
Alouatta are reported to be relatively highly encephalised, and relatively non-encephalised,
respectively (Harvey & Clutton-Brock, 1985).

The known pattern of great ape encephalisation (relatively non-encephalised adult
gorillas and relatively encephalised adult orangutans; Harvey & Clutton-Brock, 1985) is
reversed in this analysis (Fig 1.10a and b). This is likely to be the result of each samples’
small number of datapoints; in Pongo, only one datapoint (indicated by an arrow in Figure
1.10a) represents NBBM smaller than 3kg, and this individual has a brain size much smaller
than predicted by the whole-sample RMA. If this datapoint were taken as the origin of the
postnatal growth allometries, Pongo would, in fact, have a brain size larger than predicted for
its body size (shown by predicted line marked with an asterisk in Figure 1.10a). In a similar
way, the gorilla data is scant, and it is possible that this lack of data obscures biological trends
(Fig 1.10b). More information about brain size at birth in these species is needed to resolve

this problem.
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1.3.4

14

14.1

Section summary

In summary, the taxa included in these analyses conform to the predicted model (Deacon,
1990) only in the post-inflexion phase of growth. Nine of the 13 samples show postnatal brain
allometries that are non-linear. The slopes of the pre-inflexion curves in these samples are
significantly lower than the predicted value of 1.0. This part of the brain allometry does not
represent an extension of the prenatal growth curve. Similarly,. the slopes of the post-inflexion
curve are generally lower than predicted, although the 95% confidence interval of the mean in
all but two samples includes 0.1 or 0.2. Primate growth is therefore unusual because most
primate species display an elevated rate of relative brain mass increase after birth that is faster
than predicted for other taxa but slower than brain growth in utero. When the curves are
compared with the predicted allometries, all the taxa are more encephalised than expected
during the pre-inflexion period and at 8. This is a result of elevated RMA slope values in the
pre-inflexion period, compared to the model’s predictions. Those samples that do not show
curvilinearity in their allometries deviate only slightly from the predicted postnatal slope, and
so show only slight deviation from predicted encephalisation as adults. Adult residual
encephalisation, i.e. relative to the predicted level of encephalisation, is influenced by pre-
inflexion growth. Growth after the rate of brain growth slows is not significantly associated

with adult residual encephalisation in this species-level analysis.

Weaning and brain allometries

Definitions of weaning: theory...

Weaning is a process that involves many behavioural and physiological changes in both the
mother and the infant. Metabolic and growth rates, milk composition and output, energy
availability and juvenile mortality have all been linked to the timing and pattern of weaning

(Oftedal, 1984; Nicoll & Thompson, 1987; Lee et al., 1991; Janson & Van Schaik, 1993).
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Milk production itself is regulated by the suckling arc reflex, a complex interaction of
infant behaviour and physiology and the uterine/ovarian cycle regulating hormones (Fig
1.11). Weaning can be therefore defined in a variety of ways and with respect to several
parameters. Dettwyler (1995) describes weaning as the complet¢ cessation of breastfeeding
(C in Figure 1.12), but where suckling provides non-nutritive support for the infant (as it
does in primate infants, Lee et al. 1991), this definition may greatly exaggerate the period
of nutritional/energetic dependence. It also ignores the transitional nature of weaning. Two
definitions which define weaning more specifically and in terms of nutrient transfer are
suggested by Martin (1984) and Lee et al. (1991). Martin (1984) describes weaning as
shifts in the slope of the investment rate curve; Lee ef al. (1991:101) refine this concept
further, defining weaning as “a rapid decline in rate of [nutrient] transfer.” They note that
suckling terminates at a specific point in time, but determining this point in taxa which
undergo slow rates of transfer (such as primates, Oftedal, 1984) is almost certainly
impossible. More is to be gained, therefore, by focussing on rate changes than on the
suckling behaviour itself (Martin, 1984). In this thesis, the term ‘weaning’ is used to denote
the transition from nutritive and energetic dependence to independence, whereby the
majority of the infant’s needs are met by sources other than the mother (Fig 1.12). As noted
above, psychological and behavioural development are also important aspects of weaning,

and should be kept in mind in the following discussions of the weaning process.

Definitions of weaning: ...and practice

An empirical measure of weaning has proved as elusive as a theoretical one, especially
when a comparative approach is required. Weaning age can be defined in relation to either
the mother or infant, and usually refers to completion of weaning, or the age at which
nutritional/energetic independence is achieved (see below). The age at which the weaning
process begins is harder to estimate. Intake of solid food provides an indication that

nutritive or energetic dependency is starting to shift away from the mother, but in practice
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the first occurrence of food intake is often difficult to observe. Many primate infants will
eat small amounts of solid foods early in life — well before peak lactation yield occurs — as
part of the ontogeny of foraging efficiency and gastrointestinal competence (Janson & Van
Schaik, 1993). For example, Lee et al. (1991) find that first solid food intake tends to occur
when the infant weighs just over twice as much as it did at birth. Whether this should be
thought of as weaning behaviour is uncertain.

In taxa that experience postpartum anovulation or amenorrhea, resumption of
sexual activity on the part of the mother provides a behavioﬁral indication of hormone
activity (Altmann et al. 1978). However, this definition will be less useful for describing
weaning in taxa where mothers reconceive before their current offspring is fully
independent (e.g., capuchins, Recabarren et al., in prep.). Lee (1987) focuses on the
weaning behaviour of the infant rather than the mother in her study of weaning in vervet
monkeys (Cercopithecus aethiops). She describes weaning as a function of suckling
frequency and nipple contact rate. Nipple stimulation forms part of Fhe suckling reflex arc
(Fig 1.11), and while Lee (1987) finds that contact frequency does provide a good
indication of maternal hormone levels, it may be less useful in determining levels of energy
transfer.

The most prevalent method of measuring weaning is to predict weaning age and
mass from other size and life history variables. Weaning age is often derived from
interspecific values of interbirth interval minus gestation length (Lee, 1996). This measure
is likely to reflect the length of suckling that accounts for the majority of the infant’s
nutritional needs, and has the advantage of being calculable in species for which no direct
evidence of weaning behaviour exists (Lee ef al., 1991). Such broad-scale calculations are
subject to error, however, as interspecific averages cannot allow for intraspecific variation
in behaviour or physiology. While gestation does not seem to vary by more than a few days
in most taxa for which accurate information on conception date is available (Ardito, 1976,
Lee 1996), interbirth interval shows marked variation at low taxonomic levels (Lee, 1999).

Interbirth interval minus gestation length probably provides a generally accurate estimate
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of age at nutritional independence, but should be used with caution when measurement and
calculation error ranges are unknown.

Most studies infer weaning mass from growth curves at estimated weaning age, but
weaning mass has also been predicted from various other developmental and life history
parameters using the comparative method. Gestation length, for example, has been used as
a predictor of weaning mass, as has adult mass (Harvey & Clutton-Brock, 1985; Charnov
& Berrigan, 1991, 1993). Lee et al.’s (1991) observation that weaning occurs when the
infant weighs four times as much as at birth appears to be the most robust predictor across
different primate and non-primate taxa, and is used to predict weaning in the following

analyses

1.4.3 Weaning in mammals and primates

Primates are unusual because, in comparison with most non-primate mammals, they are highly
encephalised, grow slowly, and spend a relatively long time in maternal dependency i.e. have
a late age at weaning (see Introduction). It is pertinent to ask: how does weaning fit into the
pattern of brain and body growth outlined above? Is the tempo of brain growth associated with
the lactation strategies, and if so, what role does brain and body growth play in the weaning
process?

We have already seen that body size is linked to mortality during the juvenile period,
and that body size at weaning is an important correlate of survivorship in the early stages of
life (Janson & van Schaik, 1993; Lee, 1996). The broadest interspecific analysis of weaning
body mass variation to date is that undertaken by Lee et al. (1991). They compare maternal,
birth and weaning mass and duration of lactation across three different taxa: haplorhine
primates, ungulates and pinnipeds. Many of their results confirm predictions of theoretical
studies; for example, that birth and weaning masses are positively associated with maternal
size across all taxa. Most interestingly, they find that neonatal mass scales to weaning mass by
a factor of four, and that this trend is consistent across all the taxa examined, including

primates. Whether the infant is a primate, pinniped or ungulate, “when a weight of around four
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times birth [mass] is reached, infants are weaned, irrespective of the time taken to achieve
weaning” (Lee et al., 1991:104). This trend remains significant when the dataset is enlarged

and refined (Lee, 1999). The authors go on to suggest that:

“...mothers, from a range of body sizes and foraging modes, appear to be
under a similar constraint, that of their infants achieving a threshold weaning
weight, while duration of lactation varies both inter- and intraspecifically
irrespective of maternal size... Maternal effort is constrained to ensure
growth to a threshold weaning weight in order to maximise offspring
survival.”

(Lee et al., 1991:109)

Lee et al. (1991) suggest that this threshold is likely to be a metabolic one, in the sense that the
mother is no longer capable of supplying the nutritional needs of the infant without causing
detriment to herself and her future offspring. We saw in the introduction, however, that it
might be related to other factors of growth: for example, that the infant achieves a certain level
of gastrointestinal competence for weaning to solid food occur. Yet another threshold to be
crossed might be a behavioural one, i.e. that the infant must have developed at least some
adult behaviours before weaning, whether those behaviours concern foraging, social
interaction, and/or predator avoidance (Boinksi & Fragaszy, 1989; Janson & van Schaik,
1993). This may be especially true of primates, which often live in complex foraging and
social environments (Dunbar, 1998). In addition, the growth and development of a relatively
large and energetically-expensive brain in primates might impinge further on the metabolic
capacity of the mother.

Ages are not known for the majority of the individuals included in the previous
analyses, and an examination of the timing of the weaning process is therefore problematic.
However, an investigation of how weaning mass and brain allometries interact is possible. As
we have seen, brain size can be used as a proxy for bfain maturation and metabolic mass. By
investigating the relationship between brain size, body size and weaning, we can ask: is brain

growth associated with strategies of weaning and lactation in primates?
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Weaning status was known for individuals in only two of the samples analysed in
Section 1.3, those of the Saimiri males and females. Manocha (1979) notes that infants were
weaned at 60 dpp. Although Manocha does not indicate whether the Saimiri were forcibly
removed from their mothers or left to wean naturally, it can be assumed the weanlings were
self-sufficient, at least nutritionally, after weaning. Their body mass growth curves (body mass
over age) show no faltering after weaning (Manocha, 1979). In both the male and the female
samples, the transition from infant to weanling status occurs at the inflexion of the brain
allometry (Fig 1.13). This implies that the change from rapid to slow brain growth coincides
with the process of weaning. Brain mass at  is 20.18g and 27.93g for female and male
Saimiri (Table 1.7). Adult brain masses are 24.04g and 19.80g respectively. Brain mass at § is
therefore 17.5% and 6.5% smaller than adult brain mass respectively (Table 1.6). In other
words, when Saimiri infants’ brains come within an average of 12% of adult size, two events
happen: one, brain growth slows; and two, weaning occurs. We can therefore predict that
these two trends will be true of the other samples in the analysis:
1] Body mass at weaning will coincide with body mass at 3.

2] Brain mass at inflexion will be between 10% and 20% smaller than adult brain mass.
Materials and methods

In order to test the prediction that body mass at weaning coincides with body mass at
inflexion, and also that brain mass at weaning is approximately 80% of adult brain mass, the

appropriate mass variables were calculated as follows:

Brain mass and NBBM at 3 for each of the samples was calculated from the appropriate RMA
equations (Table 1.7). These were then used to calculate whole body mass (i.e. brain mass +

NBBM), and were compared with weaning mass. Weaning mass was calculated as:

Weaning mass = (minimum NBBM + brain mass at minimum NBBM)*4 (1.12)
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1.4.5

This is based on Lee et al.’s (1991) observation that weaning occurs when body mass is four
times birth mass. Weaning mass was predicted for all samples except Saimiri, for which
known weaning masses were available. Brain mass at 8 was also compared with adult brain

mass (Table 1.6).

Results

1] Mass at inflexion typically falls within 30% of predicted weaning mass.

When whole body mass at 8 is compared with predicted weaning mass, the mean percent
difference between the two is 31.0% = 2.6 (Table 1.7). Some of the samples included in the
analyses show very large differences in whole body mass at 3, compared to predicted weaning
mass. For example, the Cercocebus samples are less than half as big at 3 as they are predicted
to be at weaning (the difference is 71.1% and 41.5% of mean in females and males
respectively). Cebus and the female Macaca sample, on the other hand, have body masses at
inflexion that are larger than predicted at weaning, although both by less than 10% (6.7% and
0.3% respectively). Surprisingly, the Saimiri samples also show a large difference between
predicted weaning and inflexion masses (66.5% and 37.4% for females and males
respectively). As described above, weaning status is known for these samples, and this
difference highlights the fact that predicted weaning masses do not always reflect actual
weaning mass in a particular population. Lee et al. (1991) find that the weaning to birth mass
ratio varies from 2.3 to 9.4 in primates. In addition, Bowman & Lee (1995) tested for an
interspecific weaning threshold with data from mother-reared captive rhesus macaques. They
found that a threshold existed at the lower end of the range of birth-to-weaning mass multiples
(3.2), and that when an infant’s mass came within 15.04% of this threshold (1330g), it was
weaned. Lee (1999) observes that “mothers were making behavioural decisions about the

termination of investment in the current infant in the light of that infant’s relative growth, the
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Table 1.7 Comparing brain and body mass at inflexion with adult brain and weaning mass

Whole body
Brain mass NBBM mass Predicted % Adult brain %
at b (g) at5(g) (WBM)atd | weaning mass' Difference  Difference mass (g)° Difference  Difference
|E|/ |G|/
A B C=A+B D E=C-D (C+D/2) F G=A-F (A+F/2)
Saimiri F 2018 15668 17686 | 35321 = -17635 = 0665 | 2404 = -386 0175
Saimiri M 27 93 __'_227 51 o 255 44 | 373 11 o -117. 67 ) 0 374 29, 80 . -187 0065
Cebus  M&F 5957 66222 2179 | 67491 46 88 0. 067_ 1 67 65 -8 08 0127
_Cercocebus ~F 72 95 570 16 643 11 B 1352, l2v -709.01 0711 7 107 93 3498 ~0.387
Cerco_ce.bbus_»_ M 82 99 94624 - 1029 23 » 1568.72 -539 49 __;_>_70.415 . 114, 68 . -3169 0321
Macaca  F 72 78 ~799.83 89599 m_“89_3 48 251 0003 | 8555 <1277 0161
Macaca M 174, 30 o “736. 21 810 51 | 8110  -50.59 0061 | 9459 2029 0240
Pan  F 263 03 3863 67 4126 70 o £ 5746.01 -1619 31 0328 N 370 33 o -1073 0339
Pan M 288.86 401791  4306.77 5081.08 -774.31 0.165 40912 -12026 10.345
Mean + sd 0.310 0.240
_ +0.260 +0.113
se 0.086 0.038
95% confidence interval 0.138 — 0.164 —
0.482 0.316

ICalculated as (whole body mass at minimum NBBM)*4, based on Lee et al. (1991).

2Calculated from the post-inflexion RMA using mean reported adult NBBM as an estimate of adult non-brain body mass. Reported data from the
literature given in Appendix 1.

d = inflexion.



social risks present in the environment, and the demands of the infant for nutrition and
support. It would thus appear that, while a metabolic threshold is at least theoretically likely at
the level of a species, individual growth and investment decisions may produce different
values for [mass] at weaning around that threshold” (Lee, 1999:122). This may account for

some of the variation in mass seen in the results presented here.

2] Brain mass at inflexion closely approximates adult brain size such that, when an infant

reaches 80% of adult brain size, it is weaned.

The mean percent difference between adult bfain mass and weaning brain mass is 24.0 +
11.3% (Table 1.7). Typically, when an infant comes within 25% of its adult brain mass, it is
weaned. Cercocebus females show the largest difference in brain size between 8 and
adulthood (38.7%), but as noted above, they also have small bodies at 8 compared, to
predicted weaning masses. The differences found in the Pan sample are also high, at 33.9%
and 34.5% of mean size. However, brain mass at inflexion explains significantly more of the
variation in brain mass at adulthood than does brain mass at birth (F = 31.03, df = 7, P <0.01;
Table 1.8). When brain mass at birth is held constant, brain mass at inflexion is still highly
significantly associated with brain mass in adulthood (r = 0.912, df = 6, P = 0.002). When
brain mass at inflexion was held constant, brain mass at birth and adulthood are no longer
significantly correlated (r = 0.463, df = 6, P = 0.249). Brain mass at inflexion is therefore a
better predictor of adult brain mass than is neonatal brain mass, and the association of brain
mass at inflexion and in adulthood exists independently of the association between neonatal
and adult brain mass.

How do the linear allometry samples (Ateles, Alouatta, Pongo, Gorilla), in which no
clear inflexion exists, fit into this pattern? When whole body mass at which the brain is 80%
of adult size is compared with predicted weaning mass, it can be seen that only Alouatta
conforms to the prédiction that body mass at weaning is similar to that at which the brain is

80% of adult size (Table 1.9). The difference between whole body mass when the brain is
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TABLE 1.8 Brain mass comparisons in the non-linear samples

Neonatal Brain mass
Adult brain  brain mass at 3 (g)
mass (g)’ ®°
A B ‘ C
Saimii F 2404 1245 2018 _
Saimiri M 29.80 - 11.99 ) 2793
Cebus  M&F 6765 3069 5957
Cercocebus F 107.93 48.35 72.95
_Cercocebus = M 11468 5744 8299
Macaca  F 8555 414 7278
Macaca M 9459  4l5S 7430
Pan F 737033 14825 263.03
Pan M 409.12 148.25 288.86
Correlation between A and C: RZ=0.998  F=31.03**
df=7

Correlation between A and B: R%=0.989

Partial correlation between A and C,

controlling for B: r=0.912,df=6,P=10.002
Partial correlation between A and B,

controlling for C: r=10.463,df=6, P =0.249

‘Calculated from the post-inflexion RMA using mean reported adult NBBM as an
estimate of adult NBBM. Reported data from the literature given in Appendix 1.
2Calculated from the pre-inflexion RMA using minimum NBBM as an estimate of
neonatal NBBM.
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Table 1.9 Brain mass comparisons in the linear samples

Whole
body mass
(WBM)
NBBM when  when brain
80% of adult  brain is 80% is 80% of  Predicted
brain mass  of adult mass  adult size weaning %
(g) (2) (2 mass' Difference  Difference
[E|/
A B C=A+B D E=C-D (C+D/2)
Atles  M&F 8853 256627 265480 162671 102809 0480
Alouata  M&F 4646 159221 163867 168988 5121 0031
Pongo M&F - 299.00 14421.15 14720.15  5387.04 1 9333.11 0928
Gorilla M&F 477.19 67297.67 67774.86 8829.89 58944.97 1.539
Mean + sd 0.745
+ 0.644
se 0.322
95% confidence 0.101 -
interval 1.389

'Calculated as (whole body mass [i.e. NBBM + brain mass] at minimum NBBM)*4, based on

Lee et al. (1991).
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1.4.6

80% of adult size and predicted weaning mass is 3.1% in Alouatta (Table 1.9). The three other
linear-allometry taxa have body masses when the brain is 80% adult size that are larger than
predicted weaning mass. The largest difference is seen in Gorilla: when a gorilla infant’s brain
is 80% of adult brain size, it has a whole body mass at that is one and a half times bigger
(1.539) than predicted by weaning mass. This may contribute to the relatively low level of
encephalisation seen in adult gorillas (see above). Whether the scarcity of the data in these
plots has biased these results, or whether these taxa are showing a different trend over

ontogeny is not clear.

Section summary

The change in postnatal brain growth rate observed earlier in this chapter occurs when the
body is within 30% of the body mass at which weaning is predicted to occur. Furthermore, the
brain first comes within 20% to 25% of its adult mass at the same body mass. Although
variation in both brain and body mass parameters is large, the correlation between brain mass
at inflexion and adult brain mass is highly significant, and remains so when neonatal brain
mass is controlled for. This suggests that the weaning ‘threshold’ in primates might be
associated with brain, as well as body, growth.

- By definition, the data presented in this chapter are cross-sectional. Longitudinal data
are needed to track changes in size during ontogeny, as cross-sectional samples tend to
obscure growth spurts and other growth events (Bogin, 1999). The Chapter 2 re-examines the
trends observed here in the context of longitudinal growth in one primate genus (Cebus), and

investigates whether individual infants follow the patterns of growth presented here.
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2.1

CHAPTER 2

BRAIN AND BODY MASS ONTOGENY IN CEBUS

Chapter 1 examined cross-sectional brain and body ontogeny across different haplorhine
primate taxa at the species level, and found that body mass at the inflexion of the postnatal
brain allometry approximated body mass at weaning, and brain size at 75 to 80% of adult
size. The data presented in Chapter 1 are by necessity cross-sectional, and may obscure
individual variation in ontogeny. This chapter examines whether the observed trends exist
during an individual’s ontogeny, or whether they are an artefact of a cross-sectional
analysis. In order to examine the relationship of brain size and weaning over individual
growth trajectories, longitudinal body and brain data were gathered. Data were collected
for two species of capuchin monkeys, Cebus apella and Cebus albifrons. The data originate
from a Harvard School of Public Health (HSPH) radiographic study that measured growth
over the course of several years. The analysis presented here uses endocranial area (EA)
measured in the mid-sagittal plane as a proxy for Brain size. Section 1 of this chapter sets
Cebus growth in context by introducing some themes of capuchin taxonomy and species-
specific morphology. Section 2.2 presents the results of the longitudinal brain allometry

analyses.

Introducing the genus Cebus

Capuchins form a diverse taxon, and are the most widely distributed of the neotropical
primate genera (Nowak, 1999). Their range encompasses the northern Caribbean,
Argentina, Peru, Ecuador and the Atlantic coasts of Brazil (Fig 2.1). The range of habitat-
type they occupy is also wide (Fragaszy et al., 1990). The success of capuchins in
colonising these environments has been attributed in part to the variability of their
behavioural and social repertoire, and also to the opportunistic and omnivorous nature of

the their diet (Robinson & Janson, 1987).
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Distinguished mainly by their facial pelage (Fig 2.1), the extant capuchin species
are traditionally split into two groups:
1] The tufted capuchins, of which C. apella is the sole member. This group is named for
the presence or absence of two tufts or ridges of black hairs on the crown of the adult C.
apella pelage, which correspond to underlying temporal ridges on the skull (Napier &
Napier, 1967).
2] The non-tufted capuchins, comprising the three smaller allopatric species (C. albifrons,
the white-fronted or brown pale-fronted capuchin; C. capucinus, the white-faced or white-
throated capuchin; C. olivaceus (= nigrivittatus), the wedge-capped or weeper capuchin).

The two most recently-recognised capuchin species, C. kaapori and C.
xanthosternos (Queiroz, 1992; Rylands & Luna, 1993) are usually included within the
olivaceus and apella species respectively (e.g. Wilson & Reeder, 1993). Because of the
limited information available on C. xanthosternos and C. kaapor, they are not discussed
further in this thesis.

The species show a moderate differentiation of body size, and species differences
are present in the skeleton, especially in the postcranium (Jungers & Fleagle, 1980;
Leutenegger & Larson, 1985). Capuchins appear to be either relatively ‘robust’ or ‘gracile’
in their limb proportions, and, as might be expected, this tends to correspond to body size
(Ford & Hobbs, 1996). Capuchins are moderately sexually-dimorphic (Martin &
MacLarnon, 1985; Masterson, 1997), and the level of sexual dimorphism preﬁent in each
species is also positively correlated with body size (Rosenberger, 1992). Capuchin diets
vary with body size, and with geographical location and habitat, but all capuchins consume
insects on a regular basis (Janson & Boinksi, 1992). Most place a heavy reliance on
energy-rich invertebrates and other protein-rich foods such as pith and palm nuts
(Rosenberger, 1992). In fact, capuchins are expert manipulative foragers (Adams-Curtis,
1990), and proﬂigate insect-extractors (Defler, 1979). The use of tools to aid extractive
foraging is well-documented (Chevalier-Skolnikoff, 1989; Visalberghi & Fragaszy, 1995;

Westergaard & Suomi, 1995; Phillips, 1998), although the cognitive implications of
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capuchin tool use are debated (for example, see Chevalier-Skolnikov (1989) and the
discussion following that paper). Perhaps the most distinctive aspect of capuchin
morphology is the extremely large size of the brain compared to those of other primates of
similar body size (Harvey & Clutton-Brock, 1985).

Capuchins show some neurological features that are distinct from both catarrhines
and other platyrrhines. In general, the brains of the non-callitrichid platyrrhines show levels
of cortical folding (relative to brain size) similar to those of catarrhine brains (Zilles et al.,
1989). However, a recent MRI study suggests that capuchins have a lower relative
gyrification index than other platyrrhine species, indicating that less cortical folding is
present (Rilling & Insel, 1999). This is especially true of the anterior half of the brain, and
may be due to reduced growth of the outer cortical layers, or increased growth of the inner
layers. Capuchins are also dissimilar to the other neotropical primates in the patterning of
folding: Cebus is the most old-world-monkey-like of the platyrrhines, especially in its
occipital sulcal pattern (Falk, 1989). In addition, capuchins are the only platyrrhine to show
a well-defined arcuate sulcus that is separate from, and arches around, the caudal end of the
rectus sulcus (Falk, 1989). In macaques this area of the frontal cortex receives fibres from
the part of the parietal lobe which regulates complex somatosensory responses in the arm
and face (Petrides & Panaya, 1984). Capuchins also show distinctive differences in the
number of sensorimotor fibres emerging from the brain compared to other haplorhine
species: Rilling & Insel (1999) find that Cebus have spinal cords that are large for their
bbdy size, although compared to brain size, the spinal cord is the size expected. In other
words, both the brain and the motor fibres that connect to it are relatively large in
capuchins. Rilling & Insel (1999) and Falk (1989) link these features with the extremely
-well-developed manipulation skills of capuchin monkeys. The corticospinal connections
that are directly implicated in manual dexterity have been shown to be at least as dense in
capuchins as in rhesus macaques, another highly manipulative species (Bortoff & Strick,

1993). Capuchin neocortices also have very dense neuronal populations; when brain
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volume is accounted for, they are at least as dense as the neocortices of humans (Haug,
1987).

In order to examine whether capuchins are unusual in any other aspect of gross
brain morphology, a principal components analysis (PCA) was performed on brain size
data from 45 species of primate, representing 12 families, including Cebus (Stephan et al.,
1981; Cebus species not given in the original source). The volume of each brain structure
was calculated from stained and sectioned brains as described in Stephan et al. (1981). The
log-transformed volumés of 11 brain structures were regressed dgainst log-transformed
body size, and RMA residuals calculated (RMAs of haplorhine data only; see Fig 2.2).

The size-corrected variables entered into the PCA were: neocortex, schizocortex,
mesencephalon, diencephalon, cerebellum, hippocampus, medulla oblongata, olfactory
bulb, piriform bulb, striatum and septum (Fig 2.3). The principal components were rotated
using varimax rotation.

Seven of these 11 variables load strongly and positively (> 0.50) on the first PC
extracted, which explains 52.13% of the total variation in the data set (Fig 2.3a). The
neocortex shows the strongest loading of these variables (0.964). The olfactory bulb loads
strongly and negatively on PC1 (-0.585). The schizocortex, hippocampus and piriform bulb
do not load strongly on PC1 (0.195, 0.123 and 0.361 respectively). PC1 therefore
distinguishes taxa whose brain structures (with the exception of the olfactory bulb) are
relatively large from those whose brain structures (with the exception of the olfactory bulb)
are relatively small (Fig 2.3b). This result supports Finlay & Darlington’s (1985)
hypothesis that variation in brain structure size is, for the most part explained by variation
in whole-brain size. Their analysis was based on the same Stephan et al. (1981) dataset.
The result also supports the observation that the first PC extracted usually reflects general
(allometric) size variation (Shea, 1985).

We can predict that PC1 will distinguish relatively species with relatively large
brains but small olfactory buibs from those with relatively small brains but large olfactory

bulbs. The residuals used in the analysis were calculated from a regression of the
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haplorhine species, which are large-brained but also tend to have relatively small olfactory
bulbs. This is a result of their diurnality and the reliance haplorhines place on visual rather
than olfactory foraging and communication (Smuts ef al., 1987). PC1 therefore
distinguishes the haplorhines from the small-brained and predominantly nocturnal
strepsirhines. PC2 explains just under 30% of variation in the dataset (27.16%). The
schizocortex loads very strongly on PC2 (0.829); the hippocampus, septum, olfactory and
piriform bulbs also load strongly on this PC (0.624, 0.682, 0.659 and 0.773 respectively).
The second source of variation described by this PCA therefore arises largely from the
relative size of the schizocortex and piriform bulb.

As predicted, the species positioned in the right hand quadrants of the plot (Fig
2.3¢) are haplorhines. The strepsirhines fall exclusively in the left quadrants, with the
exception of Daubentonia, which does not cluster with the other strepsirhines.
Daubentonia is noted to be unusual in some aspects of its brain morphology (Matano &
Ohta, 1999; Sterling & Povinelli, 1999). To the extreme right are the species that have
relatively large neocortices (e.g. Homo, which is the most extreme of the datapoints along
PC1). The capuchin’s PC1 score is also high, (1.630) indicating that capuchins have a
relatively large neocortex and small olfactory bulb compared to the rest of the brain.
Unlike the strepsirhines (and Aotus), capuchins place little reliance on olfaction during
fdraging (Bolen, 1997). These results also support Fragaszy et al. ’s (1990) observation
that, compared to both the body and the brainstem, the cerebellum, neocortex is the most
enlarged parts of the capuchin brain. Cebus does not score highly on PC2 (-0.750), and
falls well within the range of other species on this component. Capuchins do not, therefore,
appear to be unusual in any aspect of brain architecture other than the neocortex and
olfactory bulb.

In summary, capuchins show an increased association of some of the integrative
and visual systems, as well as of the sensorimotor system. These are most probably linked

to the unusual propensity of Cebus to engage in behaviours that demand high levels of
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manipulation and visual acuity, and may be associated both with the reduction in size of

the olfactory bulb, and the relatively enlarged neocortex noted in the PCA results.

Analysis of brain and body ontogeny in capuchin individuals

This section examines data from two capuchin species, C. apella and C. albifrons. It asks:
is the brain/body size relationship observed at the species level (Chapter 1) also seen
during the ontogeny of an individual? And how do individuals vary from each other?

The three predictions outlined in Chapter 1 were tested, in order to assess the
validity of the brain allometry model (see Chapter 1):
1] The curve describing individual primates’ postnatal brain and body growth is linear i.e.
represents the post-inflexion phase of the mammalian growth model.
2] The slope of this postnatal, post-inflexion curve falls between 0.1 and 0.2.
3] The postnatal pre-inflexion curve represents an extension of the prenatal brain growth
period, and the slope of this pre-inflexion curve equals 1.0.

Weaning data were also integrated with these brain allometry data, and the two
weaning hypotheses presented in Chapter 1 also tested:
4] Body mass at weaning will coincide with body mass at 3.

5] Brain mass at inflexion will be between 10% and 20% smaller than adult brain mass.

Materials and methods

The capuchin data presented here originate from a colony housed in the Department of
Nutrition at the Harvard School of Public Health (HSPH), Boston, MA, USA
(www.hsph.harvard.edu). The HSPH colony, now disbanded, was established in the late
1970s. It included both C. apella and C. albifrons, and was specifically set up for a
radiographic study that investigated the effects of low-calorie and low-protein diets on

body growth and skeletal maturation (Samonds & Hegsted, 1973; Thurm ef al., 1976;
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Samonds & Hegsted, 1978; Ausman & Hegsted, 1980). The data used in this chapter are
primarily taken from the dietary control group, although others were included to increase
sample size (see below and Chapter 3 for details of other dietary groups). The HSPH
project was designed to follow each animal from birth until the later stages of skeletal
growth, and x-rays were recorded until the fifth year of life for some individuals.

The majority of work investigating Cebus growth and maturation published in the
last twenty years is based on the morphometric and radiographic resuits of this study
(Samonds & Hegsted, 1973; Samonds ef al., 1974; Fleagle & Samonds, 1975; Thurm et al.,
1975; Thurm et al., 1976; Elias, 1977; Samonds & Hegsted, 1978; Wilen & Naftolin, 1978;
Ausman & Hegsted, 1980; Ausman et al., 1982; Fleagle & Schaffler, 1982; Ausman et al.,
1986; Ausman et al., 1989; Watts, 1990; Accatino & Fleagle, in preparation). For example,
some of the body mass data presented here have been previously described by Fleagle &
Samonds (1975). Their analysis examines body shape (e.g. stature, chest circumference) in.
relation to age from birth until adulthood. Jungers & Fleagle (1980) present similar data,
describing the results of an allometric investigation of how body proportions (specifically
long bone lengths) change with body size. Samonds & Hegsted (1978) and Ausman et al.
(1986; 1989) use the same body mass data as a control for the dietary-deficiency
experiment described above. None of these analyses investigate any aspect of cranial shape

or size.

a] Rearing conditions

All animals included in the HSPH experiment were laboratory conceived and delivered.
The infants were removed from their dams soon after birth (Thurm et al., 1975) and hand-
reared in a lighting- (14h) and temperature- (28°C) controlled nursery (Ausman et al.,
1970). They were fed a commercially prepared human infant formula (Similac, Ross
Laboratories, www.ross.com/html/unifiedsite.cfm) for the first 8 weeks of life, after which
the infants left the nursery and were allocated to different groups for the dietary deficiency

study. The control group (15 males, 9 females) were subsequently fed an ad libitum liquid
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