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Abstract 
 

The pace of life history is highly variable across mammals, and several evolutionary 

biologists have theorized that the tempo of a species’ life history is set by external factors.  

These factors, such as food availability and predation pressure, determine mortality rates.  In 

turn, mortality rate determines the age at maturity.  High mortality rate results in early age at 

maturity; individuals must grow and reproduce quickly because of the high risk of death.  

Conversely, a low mortality rate is allows individuals to prolong their growth period and 

reproduce slowly.  This theory assumes that growth rates are constant across species, and 

thus body size is determined by mortality rates. 

This project posits that the intrinsic characteristics of species set the pace of life 

history.  Among anthropoids, there is a great deal of variation in growth rates and the pace of 

life history relative to body size.  The hypotheses proposed by this project state that the 

degree of encephalization in a species determines the growth rates, the length of the growth 

period, and the adult lifespan.  Growing a large brain is costly and requires a prolonged period 

of development.  However, a large brain has the benefit of reducing mortality by facilitating 

cognitive strategies for food procurement and predator avoidance.  This cost/benefit balance 

results in the pattern of life-history variation in which mortality rates are correlated with the 

length of the growth period.  However, the causal arrows are reversed; instead of the 

mortality rate determining the age at maturity and consequently the size of the species, the 

relative brain size of the anthropoid determines the mortality rate and the age maturity. 



v 
 

These hypotheses were tested by determining the body and brain growth trajectories 

of thirteen anthropoids, and compiling life-history data from long-term studies of these 

species in the wild.  Multi-variate analyses demonstrated that extensive brain growth, 

whether through prolonged duration or rapid growth rates, results in slow body-growth rates 

during the juvenile period and delayed age at maturity.  In addition, encephalization results in 

longer adult lifespan.  Therefore, this project demonstrated that intrinsic characteristics of 

anthropoid species determine the pace of their life histories. 
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CHAPTER 1:  INTRODUCTION 
 

 Maximizing reproductive success is the key element in Darwin’s theory of natural 

selection.   The individuals who have the greater number of surviving offspring contribute the 

greatest amount of genetic information to subsequent generations.  An individual that 

reaches maturity quickly and reproduces rapidly would be expected to have disproportionate 

reproductive success, and hence to contribute more of its genes to future generations.  Thus, 

it is something of a mystery why some species have evolved slow growth and slow 

reproductive rates.  Such a life history would be expected to minimize rather than maximize 

reproductive success. Yet, this slow pattern of life history has evolved in many mammals.  In 

particular, it is prevalent among anthropoids, which grow and reproduce at an exceedingly 

slow rate compared to most other mammals.  Anthropoids also have rather large brains for 

their body size, and many researchers have contended that these two features, 

encephalization and slow life history, underwent correlated evolution.  This contention is not 

without detractors.  There are other researchers who argue that all mammalian life histories 

are the evolutionary products of environmental factors and selection pressures extrinsic to 

the animal.  They maintain that no intrinsic feature of a mammal, such as the size of the brain, 

can drive selection on the pace of life history.  There is no doubt that extrinsic factors have 

been the principal or sole determinants of life-history evolution in many mammalian taxa, but 

there is considerable evidence for a causal evolutionary relationship between encephalization 

and life history in anthropoids.  This study seeks to test the reality of that relationship. 



2 
 

 If brain size is the driver of life history, then it follows that brain growth must set the 

pace of pre-reproductive ontogeny.  However, preliminary research investigating the 

relationship between the duration of brain growth and the age at maturity in anthropoids has 

produced non-significant results (Leigh 2004).  Perhaps growth and development and life-

history stages are modular and evolve without any necessary links to each other.  Life history 

and patterns of brain and body growth might be free to vary without an inextricable influence 

on each other.  In order to properly address this question, more variables than just brain 

growth duration and age at maturity must be examined.  Life history and ontogeny involve 

many other variables – such as lengths of gestation and lifespan, and brain and body growth 

rates – and these variables may be related in complex ways.  These complexities arise from 

the diverse ways in which species balance the trade-offs inherent in life histories and 

ontogeny. However, some degree of variation in these trade-offs does not imply that 

encephalization and its consequent patterns of brain and body growth do not drive the 

evolution of life history in anthropoids.  Similar degrees of encephalization can be 

attained through different modifications of ontogeny, which may have different effects on 

life-history variables.  For instance, a doubling in brain size might be achieved by growing the 

brain for twice as long without altering the growth rate, or by growing it twice as fast 

without altering the growth period.  Other things being equal, a species following the first 

strategy will necessarily have to delay somatic maturity to compensate for the extended 

period of brain growth.  A species following the second strategy will maintain a constant 

brain-growth period; but it will be compelled to divert resources away from body growth into 

brain growth during that period.  A subsequent "catch-up" period will be required to attain 

full body growth, and somatic maturation will be delayed accordingly.  In either 
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case, increasing brain size involves delayed maturation, but the length of that delay will vary 

with such intervening variables as maternal investment in growth, initial brain-body size 

ratios, and metabolic rate.  This variation in brain growth does not suggest that 

encephalization is disassociated with life-history; it indicates that the influence of 

encephalization on life history is manifested in multiple ways.  The influence of greater 

encephalization on the delay of maturity and the increase in lifespan involves more than 

one causally relevant variable, including modifications of body growth rates.  Detecting that  

influence calls for an equally complex inquiry that examines multiple  potential causes and 

effects. 

 E. L. Charnov, the leading proponent of the claim that life history is wholly determined 

by extrinsic causal factors, argues that in mammals, extended juvenile periods are the result 

of reduced adult mortality. In Charnov’s models, mortality is the result of factors in the 

external environment, i.e. the longevity of a mammal is not the result of any traits that are 

intrinsic to the individual. This theory has withstood empirical scrutiny.  Low adult mortality 

rates are correlated with long juvenile periods among mammals in general and primates in 

particular. However, Charnov’s theory provides no explanation as to why growth rates are so 

variable among juvenile mammals, with anthropoids growing at less than one-half the rate of 

most other mammals.  Even within anthropoids, growth rates vary considerably from species 

to species.  Female gorillas have an average growth rate that is 30 times that of brown 

capuchin monkeys; white-handed gibbons have an average growth rate that is half that of 

spider monkeys or rhesus macaques.  Larger animals tend to have a higher growth rate, as 

Charnov recognized, but even when body size is considered, growth rates are highly variable 
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among anthropoids.  Human females have an average growth rate that is 60% of the rate 

expected for an anthropoid of their body size, whereas female yellow baboons have a growth 

rate nearly double what is expected for an anthropoid of their body size. 

 This study was undertaken to ascertain whether the variation among anthropoids in 

the body growth rates and the length of life history stages can be explained as adjustments to 

brain growth rates and durations.  Data on cranial capacity and skeletal size were collected 

from specimens of thirteen anthropoid species across all stages of postnatal ontogeny.  The 

developmental age of the specimens was estimated from dental eruption.  The data on 

skeletal size were used to reconstruct body size for every specimen in the sample.  The 

resulting body-size estimates were used to reconstruct brain and body growth trajectories for 

each species.  From these trajectories, brain growth duration and rate, and body growth rates 

before and after the completion of brain growth, were calculated.  Prenatal growth rates were 

determined from neonatal brain and body sizes.  Life-history data were compiled from long-

term studies at field sites in the wild. 

 Several types of multi-variate analysis were used in this project to determine whether 

encephalization, via multiple patterns of brain and body growth, drives the pattern of life 

history in anthropoids.  The results consistently demonstrated, across each type of analysis, 

that extensive brain growth determines the overall length of the pre-reproductive stage of life 

history.  Specifically, extensive brain growth results in a long juvenile period that is 

characterized by slow body growth rates.  Charnov’s contention that extended juvenile 

periods are the result of reduced adult mortality is not supported by the results of this study.  

Rather, a scenario in which the arrow of causality leads from encephalization to the pace of 
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life history has greater explanatory power than one that depicts mortality rate as the sole or 

predominant determinant of the remaining life-history variables. 
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CHAPTER 2:  LIFE HISTORY, ONTOGENY, AND BRAIN SIZE 
 

“Life history” is a nebulous term, but most theorists agree that it has something to do 

with growth, reproduction, and mortality {, 1992 #274; Stearns, 1992 #275; Charnov, 1993 

#145; Calder, 1996 #272}.  It sometimes refers to the series of key events that an organism 

goes through during its lifetime – i.e., it grows up, reaches reproductive maturity, has 

offspring of its own, and then dies.  The term is also used to refer to average values for the 

life-history parameters within a population –i.e., the average length of immaturity, the 

average rate of growth, the average rate of reproduction, and the average age at death.  

These parameters can be expanded to larger scales of reference, referring to the average life 

history of a species or a higher taxon.  The intersection of these different scales generates 

questions about life-history variation.  One can investigate the differences in life history 

between males and females, between human populations, between humans and other 

primates, or between primates and other mammals.  In each of these comparisons, the 

underlying questions are the same: why does life history vary, and how do the patterns of 

variation reflect the adaptation of an organism, a population, or a higher taxon to its physical 

and social environment?  Because life history involves growth and reproduction, it is a key 

element in understanding fitness.  One might assume that natural selection would favor a 

short growth period, an early onset of reproduction, and a rapid reproduction rate.  At first 

glance, this combination of traits would seem to maximize fitness.  However, this life-history 

pattern is often not present – particularly among primates.  Why would a slower life-history 

pace evolve? 
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Like life-history patterns, patterns of growth and development can be compared on 

many levels of analysis, from the individual to the order and beyond.  For instance, the 

asymptotic and indeterminate growth pattern of squamate reptiles stands in contrast to the 

determinate or closed growth of mammals and birds, who reach a fairly stable size at or close 

to reproductive maturity.    Furthermore, orders of mammals differ considerably in rates and 

duration of ontogenetic growth, as well as in the shape of their typical growth curves.  The 

ontogeny of an individual, or the average ontogeny of a species, not only affects the 

individual; the ontogeny of the offspring also affects the reproductive rate in the adults.  Thus, 

the rate of population growth or the decrease of population size and the rate of the 

population’s turnover are affected by ontogeny.   Again, we encounter the same two 

fundamental questions – why do ontogenetic patterns vary, and how do they reflect 

adaptation? 

Life history and ontogeny are linked for obvious reasons.  They both involve growth 

and reproduction.   Body size is also a crucial variable related to life history and ontogeny, 

though its significance is unclear.   Presumably, it should take longer to reach maturity if a 

larger amount of total growth is necessary, and thus larger animals are expected to have 

longer life histories.  Such a correlation between life-history variables and body size is evident 

in large comparative samples with wide ranges of body size (Blueweiss et al. 1987; Eisenberg 

1981; Millar and Zammuto 1983; Purvis and Harvey 1995; Western 1979; Western and 

Ssemakula 1982) but the residual variation is considerable.  Over narrower body size ranges, 

the discordance between life histories and body size can be striking.  Female ring-tailed 

lemurs and female brown capuchin monkeys both average about 2.25 kilograms as adults (Di 
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Bitetti and Janson 2001; Sussman 1991).  However, the age at first reproduction for female 

ringtails averages 36 months (Koyama et al. 2001), whereas females capuchins reach 

reproductive maturity at 80 months of age on average (Di Bitetti and Janson 2001).   

Therefore, the growth rates of these two species might be very different; that is, the ringtails 

grow more than twice as fast as the capuchins.  Alternatively, the two species might grow at 

similar rates, and female capuchins might delay reproduction despite reaching adult size 

much earlier.  There must be additional factors that explain the disassociation between the 

life history, ontogeny, and body size of these two species. 

Brain size is the factor most often invoked to explain the residual variation in the 

relationship between body size and life history.  Variation in brain size relative to body size 

has been shown to correlate strongly with life-history variation in large comparative samples 

of mammals in general (Deaner et al. 2003; Hofman 1983a; Sacher 1959; Sacher and Staffeldt 

1974)and in primates in particular (Allman 1995; Allman and Hasenstaub 1999; Allman et al. 

1993; Austad and Fischer 1992; Barrickman et al. 2008; Barton 1999; Deaner et al. 2003; 

Hakeem et al. 1996; Harvey and Clutton-Brock 1985; Harvey et al. 1987; Ross 2003, 2004; Ross 

and Jones 1999; Walker et al. 2006a).  However, patterns of brain ontogeny do not always 

correspond to life history in a straightforward manner.  Leigh (2004) found no relationship 

between brain growth duration and age at first reproduction among a sample of seven 

primate species, but he did not control for the relationship between brain growth allometries 

and life history.  It is possible that the balance between the investments in body growth and 

brain growth is reflected in life history. The following discussion will examine these issues in 

greater depth, and provide a framework for the research objectives of this project.  
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Life-History Variation 

Traditionally, the variation in mammalian life histories has been characterized as a 

fast-slow continuum in which temporal variables such as duration of gestation, age at 

maturity, and lifespan are positively correlated with each other, and negatively correlated 

with reproductive rate.  Early age at reproduction is correlated with rapid reproductive rate 

and short lifespan, while late age at reproduction is correlated with low reproductive rate and 

long lifespan (Harvey et al. 1989; Harvey and Zammuto 1985; Millar and Zammuto 1983; 

Promislow and Harvey 1990; Purvis and Harvey 1995; Saether 1988; Sutherland et al. 1986).  

Schultz (1969) examined these correlations by comparing the duration of growth stages and 

the lifespan across a wide range of primates.  He posited a gradient from the relatively short 

gestation, growth and development period, and lifespan in lemurs to the long life stages of 

humans (Figure 2.1).  However, Schultz’s gradient could instead represent a sequence of 

increasing body sizes.  The prolongation of growth in primates and other mammals could be a 

simple effect of growing a larger body – it takes more time to grow larger.  Among mammals, 

this pattern has been demonstrated by studies showing that larger body sizes are correlated 

with slower life histories (Blueweiss et al. 1987; Calder 1996; Eisenberg 1981; Millar and 

Zammuto 1983; Purvis and Harvey 1995; Western 1979; Western and Ssemakula 1982).  The 

correlations between life-history variables are still present when body size is controlled, 

although the mammalian taxa are at different locations along the fast-slow continuum (Bielby 

et al. 2007; Promislow and Harvey 1990; Rapoport 2003; Read and Harvey 1989; Stearns 
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1983).  Body size does not explain all the variation in the pace of life history.  A lognormal 

regression of body size and age at maturity among a diverse range of mammals yields an r2 

value of only 0.47 (Figure 2.2) and among primates the r2 value is only 0.46 (Allman et al. 

1993)).  In addition, some studies demonstrate the contribution of more than one variable to 

the variation in life-history pattern. Principal-components analyses integrate the correlations 

of several variables such as body size, litter size, interbirth interval, neonatal body size, age at 

maturity, condensing the variation into a small number of explanatory variables or axes.  

These analyses reveal a fast-slow continuum on the first axis, and an altricial-precocial 

continuum on the second axis (Gaillard et al. 1989; Stearns 1983).  Bielby et al. (2007) 

performed another analysis, and interpreted the first axis of their principal-components 

analysis as representing the continuum between high numbers of offspring on one end and 

large offspring on the other.  Their second axis represented the frequency of reproductive 

episodes.   In short, while body size explains a considerable amount of the variation in life 

histories, other factors also exert influence. 

MacArthur and Wilson (1967) coined the terms r-selection and K-selection to describe 

differing modes of selection on population regulation and resource utilization in different 

environments, and noted how these modes of selection affect life-history variables.  The 

variable “r” refers to the instantaneous rate of population growth per capita (which need not 

imply anything about long-term population growth, since it does not take mortality rates into 

account; see Roff 1992; Stearns 1992).  In environments which have not reached carrying 

capacity for a species and which have a highly seasonal and/or unpredictable climate, the 

reproductive rates of the individuals are density independent and the fitness is r.  Under these 
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circumstances, selection favors rapid development, high reproductive rates, small body size, 

and semelparity (Pianka 1970).   

In an environment with no crowding (r-selection), genotypes which harvest 
the most food (even if wastefully) will rear the largest families and be most fit.  
Evolution here favors productivity (emphasis orginal; MacArthur and Wilson 
1967:149). 
 

Mortality rates under this selection regime are expected to be high, catastrophic, density-

independent, and random.  Such mortality rates may keep population growth rate under 

control, but the population may eventually saturate the environment.  If it does, selection will 

shift towards density-dependent K-selection.  The variable “K” refers to the carrying capacity, 

or the maximum number of individuals a given environment can support. 

At the other extreme, in a crowded area, (K selection), genotypes which can at 
least replace themselves with a small family at the lowest food level will win, 
the food density being lowered so that large families cannot be fed.  Evolution 
here favors efficiency of conversion of food into offspring – there must be no 
waste (emphasis original; MacArthur and Wilson 1967:149) 
 

 In these conditions, selection favors slow development, delayed reproduction, large body 

size, and iteroparity (Pianka 1970).  K-selected species are expected in environments that are 

constant and/or predictable, and mortality rates are density-dependent.  Selection is directed 

towards individuals that are able to out-compete their conspecifics for food resources and 

more successfully avoid predators.   

MacArthur and Wilson (1967) initially applied these terms to describe different 

selective strategies within a given species depending on the environmental conditions; that is, 

these terms were applied at a microevolutionary level.  In particular, they were interested in 

the sequence of selective forces operating on species that are in the process of colonizing 
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relatively uninhabited islands.  These concepts were subsequently applied to characterize 

reproductive and life-history strategies employed at a macroevolutionary level.  For instance, 

the contrast between insects and vertebrates provides an example of the distinction between 

r-selection and K-selection, respectively (Pianka 1970).  The contrast is evidenced at lower 

taxonomic levels as well, such as the contrast between rodents and primates.  The r-selected 

and K-selected taxa are polar types on a continuum in which a species’ life history is optimized 

for its particular balance between fluctuating environmental conditions and population 

density. 

Some theorists have criticized these concepts of r and K selection (Charlesworth 1994; 

Roff 1992; Stearns 1992).  The bundles of correlated characteristics predicted by the theory 

are not always reliably associated in empirical studies.  For instance, Stearns (1977) compiled 

and analyzed published data on life-history characters from a wide array of taxa and found 

that only about half the organisms fit the expected scheme. Both r and K strategies can evolve 

in populations with stable densities and predictable environments, as well as in populations 

with fluctuating densities and unpredictable environmental conditions (Ross 1988 found 

similar results in her comparative analyses of primate species).  The position of a species along 

the r-K continuum depends on such factors as the differential mortality rate in immatures 

versus adults (Harvey and Purvis 1999; Kozlowski and Weiner 1997).  Species with high adult 

mortality relative to juvenile mortality tend to have fast life history, and those with relatively 

low adult mortality tend to the converse (Stearns 1992).  MacArthur and Wilson (1967) 

predicted that K-selected species would demonstrate higher differential fitness between 

conspecifics because the population would be near carrying capacity and characteristics that 
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facilitated efficiency of food procurement and predator avoidance would be selected.  They 

argued that the higher differential fitness among genotypes indicates greater competitive 

ability (as represented by efficiency in food procurement and predator avoidance) among 

individuals of K-selected species relative to the abilities of individuals of r-selected species.  

However, as Promislow and Harvey (1990:418) noted,  

…it is important to distinguish between the empirically observed fast-slow 
continuum in mammalian life histories and the theoretically derived r-K 
continuum.  By definition, K-selection results in increased carrying capacity, 
and there is no good evidence that increased competitive ability among 
mammals results in a higher K. 
 

In short, the mechanisms of population regulation proposed by the r-K continuum do not 

adequately explain the mechanisms that produced the observed fast-slow continuum in the 

growth and reproductive rates in mammals.  They only describe the pattern of correlated 

variables that characterize the fast-slow continuum. 

 

Modeling Life History:  The Search for an Explanatory Framework 
 

Many theorists have postulated that variation in life history evolves through 

adaptation to age-specific mortality rates (Charnov 1993; Gaillard et al. 1989; Gaillard and 

Yoccoz 2003; Harvey and Zammuto 1985; Promislow and Harvey 1990; Read and Harvey 1989; 

Stearns 1992; Stearns 1983).  A negative relationship between mortality rate and age at first 

reproduction has been demonstrated in natural populations of mammals even when body 

size is held constant (Harvey and Zammuto 1985).  In addition, it has been shown that high 

mortality rates are associated with other features of the fast end of the life-history 
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continuum, such as short gestation length, early age at weaning, short juvenile periods, and 

large litters (Promislow and Harvey 1990).   

Charnov (1993) proposed an overarching framework to explain the correlations 

between such variables as age at maturity and reproductive rate in mammals.  In his models, 

the life-history parameters are reduced to a few invariant or constant relationships between 

variables.  These invariants include the relationships between αM and αb, where α = age at 

maturity minus weaning age 1 , M = adult mortality rate, and b = reproductive rate.  That is, 

the products of the values for these variables are constant across species.  He posited that 

these regular relationships between the variables are governed by trade-offs between time 

and energy expenditures on growth versus reproduction.  In Charnov’s model, an organism’s 

energy budget is much like a savings account; body size is the capital and the energy 

remaining for growth or reproduction is the interest.  Any surplus energy not needed for 

metabolic maintenance is channeled into growth before maturity is reached, and into 

reproduction afterwards.  All other things being equal, larger animals have greater energetic 

surpluses.  This analogy shows why an organism may delay reproduction instead of beginning 

as soon as possible.  By growing for a longer period of time and reaching a larger body size, an 

organism may ultimately have the energy to produce larger and more viable offspring that 

have a better chance of survival than smaller offspring.  Conversely, an organism could 

redirect its energy from growth to reproduction at an earlier point in time and have smaller 

offspring, but at a greater rate.   The relative values of these opposing strategies depend on 

 
1 Note that weaning age is subtracted from age at reproductive maturity.  Charnov (1993) emphasizes 
the energetic trade-offs of growth and reproduction for individual organisms, and thus does not include 
the time period during which maternal energy is available (also see Charnov and Berrigan 1993). 
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the risk of dying before being able to reproduce successfully.   The timing of maturity (i.e. the 

cessation of growth and the beginning of reproduction) depends on the optimal trade-off 

between reproducing at a larger size and dying while waiting to reproduce (see also Harvey 

and Purvis 1999; Harvey et al. 1989; Stearns 1992).  It follows that age at maturity is set by 

mortality rate, such that an increase in mortality rate will result in a decrease in age at 

maturity.  For this reason, the product αM is a constant.  Conversely, a lower mortality rate 

would result in an increased age at maturity.  The optimum balance results in maximum 

reproductive output.  Charnov (1993) did not specify the factors that determine adult 

mortality, only noting that they are controlled by the external environment.  While adult 

mortality drives the model, juvenile mortality is determined by the level of fecundity, and is 

thus density-dependent.  Population growth is truncated when reproductive rates are too 

high for the environment to sustain, and thus density remains at equilibrium.  Figure 2.3 

illustrates the cascade of factors that result in the correlations between life-history variables, 

as posited by Charnov (1993). 

Body size must enter the scheme because, as noted above, it has been demonstrated 

that body size is related to life-history variables (Blueweiss et al. 1987; Eisenberg 1981; Millar 

and Zammuto 1983; Purvis and Harvey 1995; Western 1979; Western and Ssemakula 1982).  

The speed of life history is negatively correlated with body size.  However, Charnov did not 

assign body size a causal role as other researchers had previously; “This argument does not 

have adult body size determining mortality rates; quite the opposite – it is mortality rates 

which determine body size” (Charnov 1993:97).  Figure 2.3 illustrates how Charnov (1993) 

reintroduces body size into his model for the variation in life histories.  This model attempts to 
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explain (1) the causal relationships between life-history variables, and (2) the correlation 

between body size and life history.  It also introduces a new factor, the production-growth 

function, which represents the body growth rate before maturity and a reproduction rate 

(litter weight per unit time) after maturity.   

Body size of a mammal is determined by the time spent growing (age at maturity) and 

the average growth rate, as described by the production-growth function.  Charnov (1993) 

inferred the production-growth function by examining the scaling patterns of growth rates, 

arriving at the following equation: 

dw/dt = AW0.75        (1) 

This equation states that growth rate, or dw/dt (change in weight over change in time) is 

determined by body size (W) scaled to the 0.75 power, multiplied by a coefficient (A).  Larger 

organisms have an absolutely faster growth rate than smaller organisms.  However, growth 

rate has a negative allometry (i.e. 0.75 < 1.0), so smaller mammals have a faster growth rate 

relative to their body size than larger mammals.  Charnov determined the values of the A 

coefficient and the scaling exponent of 0.75 by examining regression of age at maturity on 

body mass (sources: Millar and Zammuto 1983; Wootton 1987), and determining how growth 

rate changes with increasing body size.  He found that non-primate mammals have higher 

growth rates at all body masses (estimated by dividing mass by time to maturity) than 

primates.  This difference is reflected by a value for A of about 1.0 in non-primates, and about 

0.42 in primates (data from Ross 1992).  Figure 2.4 illustrates the disparity that Charnov found 

between the growth rates of primates and other mammals, and the application of his 

production-growth equation. 
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Charnov’s model explains much of the variation in life histories, but by no means all of 

it.  The invariants predicted by Charnov’s model, in particular αM and αb, were found to hold 

for many mammals (Purvis and Harvey 1995), suggesting that his model is able to explain the 

strong correlations between life-history variables.  There were some exceptions; for instance, 

the ratio of weaning weight to adult weight was found to be negatively correlated with body 

size, whereas Charnov’s model predicted that this ratio would be invariant (Lee et al. 1991; 

Purvis and Harvey 1995).  This proportion of weaning weight to adult weight is crucial because 

Charnov does not include the pre-weaning period in his analyses; he assumes that the 

proportion of growth relative to adult body size during this period is constant and the 

preweaning period does not factor into his analyzes of the relationships between mortality 

rate, age at first reproduction, and body weight. 

It has also been suggested that there is no strong relationship between weaning 

weight and maternal weight, and that the correlations noted by Charnov are a statistical 

artifact (Nee et al. 2005).  A regression of two variables, one of which is a proportion of the 

other (as in the case of weaning weight on maternal body weight), can result in spuriously 

high levels of significance and goodness of fit.  Even a randomly-generated uniform 

distribution of proportions regressed against the original variable can result in r-square values 

as high as 0.957 (Figure 2.5).  Thus, the consistent relationship found by Charnov between life-

history characters may be an oversimplification of the variation in reproductive strategies – 

i.e. when to wean and at what body weight.  In addition, age at maturity is a proportion of the 

total lifespan, so a similar statistical artifact could be at work in one of the fundamental 

invariants in Charnov’s model – the invariant value of αM (age at maturity – weaning age x 
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mortality rate).  However, there are reasons why these criticisms may not be valid.  First, the 

null models cannot account for the unimodal distributions and constrained ranges of 

proportions that are found in empirical data (Savage et al. 2006; Figure 2.6).  Furthermore, the 

values of the ratios between variables such as age at maturity and adult lifespan differ 

between taxa, resulting in regression lines with different slopes (Figure 2.7).  These slopes 

differ significantly from those expected by Nee et al.’s (2005) null models (Savage et al. 2006).  

Thus, the empirical data support the existence of real relationships between life-history 

variables, as predicted by Charnov’s models of life history.  However, the relationships are not 

necessarily invariant – they vary between taxa and different taxonomic levels, and there is 

some residual variation around the unimodal distributions. 

Finally, Charnov’s model does not adequately explain why organisms of similar body 

sizes grow at different rates, take different periods of time to reach maturity, and have 

different lifespans.  This variation in life-history parameters among organisms of similar body 

size is reflected in the variation in the coefficient (A) of the production-growth function.  In 

Charnov’s (1993) analysis, the values for A among non-primate mammals, estimated from 

regressions of adult body weight on age at first reproduction, ranged from 0.88 to 1.23 

(confidence intervals were not provided).  Among primates, Charnov (1993) found a value for 

A of 0.42 (using data from Ross 1992), whereas an analysis of the data compiled by 

Barrickman et al. (2008) results in a value of 0.30.  In addition, the r-square values for these 

analyses range from 0.56 to 0.87, showing that there is substantial unexplained variation in A 

among primates and other mammals.  Hence, there is a loose enough fit between the data 

and the assumed constant value of A in Charnov’s model to question the cause of variation in 
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this coefficient and how it affects life history.  Also, empirical studies of growth trajectories 

demonstrate that growth rates, even when body size is controlled, vary considerably among 

primates (Leigh 1994; Pereira and Leigh 2003) and bats (Jones and MacLarnon 2001).  

 

Primate Life Histories 
 

The model proposed by Charnov (1993) explains a great deal of the life-history 

variation across mammals (Hakeem et al. 1996; Purvis and Harvey 1995), but it is not always 

as effective at lower taxonomic levels.  Compared to other mammals, primates have 

particularly slow life histories – slow growth, late age at maturity, gradual reproductive rate, 

and long lifespan –relative to their body size (Austad and Fischer 1992; Charnov 1993; 

Charnov and Berrigan 1993; Harvey and Clutton-Brock 1985; Harvey et al. 1987; Harvey and 

Nee 1991; Lee et al. 1991; Lee 1996; Martin and MacLarnon 1988; Read and Harvey 1989; 

Ross 1988, 1992; Ross 1998).  Primates also have a longer adult lifespan and lower mortality 

rate than other mammals of their body size (Carey and Judge 2000; Promislow and Harvey 

1990; Purvis and Harvey 1995; Read and Harvey 1989).  Yet, there is evidence that they 

demonstrate Charnov’s expected correlations between mortality rate and other life-history 

variables, such as reproductive rate and age at maturity. 

Harvey and Clutton-Brock (1985) performed a seminal analysis of primate life-history 

patterns (see also Harvey et al. 1987).  They found a strong correlation (r = 0.83) between 

lifespan and age at first reproduction, as would be predicted by the mortality-driven life-

history models.  In addition, they found a correlation between interbirth interval (the inverse 



20 
 

                                                           

of reproductive rate) and lifespan (r = 0.72).  However, their results are difficult to interpret 

for three reasons.  First, they did not control for phylogenetic non-independence.  In 

comparative analyses, correlations between variables may be spurious because the particular 

combinations of characters could be the result of inheritance from a common ancestor rather 

than the outcome of a shared function (Felsenstein 1985).  For instance, a long lifespan and a 

later age at maturity could be coincidently present in a common ancestor (i.e. no direct or 

indirect causal relationship), and both these two traits could be passed on to multiple 

daughter species.  Harvey and Clutton-Brock (1985) used averages from the subfamilial level, 

so the problems of phylogenetic bias were minimized.  However, this procedure obscures 

much of the variation at the specific level, and these patterns could tell a different story. 

Second, Harvey and Clutton-Brock’s dataset defined lifespan as the maximum 

recorded lifespan, and most of these values come from animals in captivity.  Different species 

might have very different demographies, and the maximum recorded lifespan may not reflect 

the mortality rate or the life expectancy of adults in the wild (Williams 1999) (note that adult 

life expectancy is half of the inverse of adult mortality rate 2 ).  Unfortunately, complete life 

tables are available for only a few species, and data on primates are particularly scarce since 

these measures require long-term data collection at established field sites.  Beverton (1963) 

found that the maximum recorded lifespan is a consistent index of adult mortality rates, and 

Charnov (1993) followed this approach, but the study group was clupeid fish and the 

 
2Adult life expectancy represents the number of years at which half of the population that reached 
adulthood has died.  That is, when a cohort of 1000 individuals reaches the age at which 500 individuals 
(or half) are still alive, this age is the average adult life expectancy.  Mortality rate measures the 
number of deaths in a population relative to the population size per year (e.g. 1% of the cohort dies per 
year).  These percentages can be expressed cumulatively over an extended period of time until 50% of 
the population is deceased, the same age as average lifespan or life expectancy (e.g. at the average rate 
of 1% per year, half the population will be deceased at 50 years). 
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applicability of these results to mammalian species is difficult to assess.  Yet, maximum 

lifespan may gauge the physiological limit of lifespan, which is probably set by natural 

selection to balance energy invested in cellular maintenance with the long-term mortality rate 

(Kirkwood and Austad 2000).  Maximum lifespan in an environment with limited extrinsic 

mortality could represent the full realization of the investment in cellular maintenance.   

Analyses of mortality data in natural populations of birds and mammals demonstrate that 

rates of senescence are correlated with rates of extrinsic mortality, indicating that species age 

faster if they are subjected to a higher likelihood of dying from predators or lack of adequate 

resources (Ricklefs 1998).   

Mortality rates are gathered from life tables assembled by field researchers, and 

there are very few long-term studies of primates in the wild that have adequate data over the 

period of time required to construct life tables for these long-lived species.  Reliable data on 

mortality rates are available for only eight primate species (compiled by Barrickman et al. 

2008).  Obtaining suitable data on maximum lifespan in captivity requires that a sufficient 

number of individuals are kept in captivity, thereby increasing the likelihood that some will die 

from age-related causes; such data are not available for every species.  Data of both sorts 

have been gathered for only seven primate species (Barrickman et al. 2008).  An analysis of 

these data reveals that maximum adult lifespan, as defined by total lifespan minus age at first 

reproduction, is tightly correlated with adult life expectancy (Figure 2.8).  Note that age at first 

reproduction is subtracted from total lifespan in order to provide a measure that is 

commensurate with life expectancy upon reaching adulthood. This result suggests that the 

investment in cellular maintenance and repair is associated with the chances of suffering from 
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extrinsic causes of death in a wild setting.  That is, if a species has a short life expectancy in 

the wild, then it is not likely to have extensive physiological mechanisms to slow senescence 

and combat age-related causes of death, and vice versa. 

The third reason why it is difficult to interpret the results of the study by Harvey and 

Clutton-Brock (1985) and many subsequent studies (Austad and Fischer 1992; Deaner et al. 

2003; Harvey et al. 1987; Ross 2003, 2004; Ross and Jones 1999) is that the quality of the data 

is uncertain.  The comparative datasets have been compiled over time by several researchers, 

and used in amended and somewhat varying forms.  These sets often contain an assortment 

of values from captive and wild populations.  Because the values of many life-history 

parameters have considerable phenotypic plasticity (Lee 1999; Lee and Kappeler 2003), such 

mixed data might contain enough noise to obscure real relationships.  For instance, interbirth 

interval and age at first reproduction can be significantly reduced in captivity relative to wild 

populations (Barrickman and Lin in prep; De Lathouwers and Van Elsacker 2005) and body 

mass is consistently higher in captivity (Leigh 1994; Smith and Jungers 1997). 

Despite the difficulties with Harvey and Clutton-Brock’s dataset and analysis, their 

results suggest that mortality-driven life-history models have explanatory value at the level of 

the primate order.  Charnov and Berrigan (1993) claim that the age at maturity (minus 

weaning age) has a constant relationship with adult mortality rate, referring to the invariant 

relationship αM.  They attempt to validate this position by using Harvey and Clutton-Brock’s 

dataset, but provide no statistical test of this relationship.   Hawkes et al. (1998) tested this 

relationship among humans and great apes and found αM ((age at first reproduction minus 

age at weaning)*(mortality rate)) to be very tightly constrained, between 0.44 and 0.46 (Table 
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2.1).  They did not find the same consistency in αb ((age at first reproduction minus age at 

weaning)*(daughters per year 3 )), with humans having a value more than double that of the 

great apes (Table 2.1).  They conclude that 1) our late age at maturity is as expected for a 

mammal with our mortality rate, and 2) our reproductive rate is greater than would be 

expected for a mammal with our mortality rate.  They further conclude that the rate of 

reproduction in humans is not as constrained as that of great apes and other mammals 

because human grandmothers can provision their grandchildren.  Thereby, the daughter’s 

rate of reproduction can increase beyond her own abilities to provide maternal care.  

Unfortunately, they did not have a large enough sample size to perform any sort of statistical 

test of the life-history invariants, as Purvis and Harvey (1995) performed across mammals.  

Alvarez (2000) expanded the dataset to include 16 anthropoid species.  She found a strong 

relationship between α and lifespan (r-square = 0.83, p > 0.05), with the value of αM ranging 

from 0.44-0.58 (Table 2.1).  The relationship between α and b is not as strong even when 

humans are excluded (r-square = 0.63, p < 0.05) (Table 2.1).  The relationship was not 

significant when humans were included.  This result coincides with the finding of Hawkes et al. 

(1998), indicating that the rapid rate of human reproduction relative to age at maturity is an 

outlier among primates. 

Barrickman et al. (2008) compiled life-history data from long-term studies of 28 wild 

primate populations.  Captive records were used for maximum lifespan in all of the species 

and gestation length in a few species.  Gestation length is not always easily determined in the 

wild because the timing of conception is often unknown.  However, its timing has been shown 

 
3 Note that daughters per year is the common measure of fecundity in life-history theory because 
females are the limiting factor to long-term reproductive rates and population growth. 
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to be tightly conserved across a range of conditions (Martin and MacLarnon 1988). The 

mortality-driven models stipulate that α is calculated by subtracting age at weaning from age 

at first reproduction.  Age at weaning is also difficult to ascertain in the wild because weaning 

is a gradual process rather than a precise landmark (Lee et al. 1991; Lee 1996).  Instead, 

Barrickman et al. (2008) calculated lactational period by subtracting gestation length from 

interbirth interval.  This calculation provides a measure of the time period during which an 

offspring is able to gain exclusive access to maternal energetic resources before those 

resources are diverted to the next offspring.  Lactational period is then subtracted from age at 

first reproduction to arrive at α.  Life tables are used to determine mortality rate (M).  

However, these data are available for only eight of these species, so maximum lifespan (minus 

age at first reproduction to arrive at adult lifespan) was used in a second test of the 

relationships predicted by mortality-driven life-history models.  The relationship found 

between adult lifespan in captivity and α is significant (see Figure 2.9) but not as strong as 

that found by Alvarez (2000), and the goodness-of-fit (r-square) is considerably diminished 

when humans are removed from the sample.  However, the relationship between M and α is 

much stronger (Figure 2.10).  Reproductive rate, measured by number of offspring per year, is 

related to α (Figure 2.11) even when humans are included, unlike the results found by Alvarez 

(2000).  In addition, humans are only the second-greatest outlier, suggesting that the pattern 

of rapid reproduction relative to slow life history is not just a human characteristic.  

Leontopithecus, the other cooperative breeder in the sample, exhibits the greatest divergence 

with large annual fecundity relative to age at maturity. 
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The invariant relationships predicted by Charnov’s models are not as apparent in the 

present analysis (i.e. data from Barrickman et al. 2008) as previous studies have found.  The 

range of actual values (αM and αb) is extensive (Table 2.1).  There is support for the 

correlation between low mortality rate and delayed maturity, and for the correlation between 

delayed maturity and reproductive rate, though these correlations do not produce invariant 

values when multiplied.  These results do not preclude the possibility that mortality rates 

determine some degree of the variation in life history.  Nonetheless, there is a considerable 

amount of variation that remains unexplained. 

The most glaring difficulty with Charnov’s mortality-driven model is its treatment of 

body size.  As noted above, Charnov (1993) viewed body size as a consequence rather than a 

cause of life-history variation (see Figure 2.3).  Length of growth period, which is determined 

by mortality rate, determines body size given the production-growth function.  Charnov’s 

model assumes either that there is no variation in the coefficient A, a major component of the 

function, or that the variation is of little consequence to life history.  Kozlowski and Weiner 

(1997) modified the mortality-driven model, and assigned a more causative role attributed to 

body size.  In particular, they noted that mortality rates are not independent of body mass, 

and probably decrease as body mass increases.  Large body size can serve as an anti-predator 

strategy – larger animals are often more difficult to kill, particularly for smaller predators.  

This proposition is confirmed by the strong negative relationship between αM and body mass 

among primates (Figure 2.12).  Thus, body size cannot be ignored, and it follows that body 

growth patterns and ontogenetic trajectories likewise cannot be ignored in accounting for the 

variation in life-history parameters. 
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Life History and Brain Size 
 

Brain size, relative to body size, may explain much of the variation in growth rates and 

the coefficient (A) of the production-growth function.  Primates have big brains for their body 

size (Austad and Fischer 1992; Jerison 1973; Martin 1990), and the energetic cost of growing 

and maintaining a large brain may slow down primate life histories (Allman et al. 1993; 

Armstrong 1985; Leigh 2001; Martin 1996; Sacher 1975; Sacher and Staffeldt 1974).  The 

characteristically low A coefficient of primates means that most primates, compared to most 

other mammals, have slow growth and reproductive rates, and a late age at maturity for their 

body size.  This generalization refers to the averages:  the average primate has a slower life 

history than the average mammal, but within primates and other mammals, there is a great 

deal of variation in brain size and life history.  Lemurs, much like other non-primate mammals, 

have small brains relative to their body size (Armstrong 1985; Kirk 2006; Martin 1990) and fast 

life histories, while anthropoids tend to have the reverse.  Much like anthropoid primates, 

delphinid odontocetes are, on average, more encephalized than other mammals (Marino 

1998, 2002; Marino et al. 2004), and they display the same pattern of slow life history relative 

to less-encephalized odontocetes and other mammals (Deaner et al. 2003; Lefebrve et al. 

2006).  It is likely that delphinid odontocetes also have a low coefficient (A) of the production-

growth function. 

Charnov (1993) did not offer an explanation for the low coefficient (A) of the 

production-growth function in primates, but admitted that it required further consideration.  

Charnov and Berrigan (1993) addressed the issue of primate life histories, concluding that a 

mortality-driven model of life history is applicable given the strong correlation between 
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lifespan and age at maturity.  The slow growth rates of primates are not, in their view, crucial 

to explaining the overall pattern of variation in life histories.  Charnov and Berrigan did not 

offer an explanation for the low value of A, and had little regard for the possibility that larger 

brain size causes slow growth rates.   

One possible explanation for the low values of A in primates is the greater 
energy demands for growing and supporting big brains; there is a fair bit of 
irony in this suggestion because it implies that the long primate lifespan 
follows from the cost, rather than some cognitive benefit, of having a big 
brain.  Primate biologists often seem (to us) to be obsessed with the benefits 
of large brains.  It is worthwhile to note that snakes and lizards have relatively 
small brains but have relatively low values for A. They also have average adult 
lifespans (adjusted for body size) that are equal to or greater than those of 
primates.  We suspect that primate biologists can easily propose alternative 
explanations for the cause of low values of A (Charnov and Berrigan 
1993:193). 

Recently, Charnov (2004) allowed the possibility that the large brain size relative to body size 

characteristic of most primates could divert resources from somatic growth, causing an 

overall slowing of life history.  However, he did not attach primacy to brain size as a 

determining factor in overall life history, again referring to variation in extrinsically-imposed 

mortality as the ultimate cause of variation in life histories. 

Many studies have demonstrated the relationship between slow life histories and 

large brain size among mammals in general, and among primates in particular (Allman 1995; 

Allman and Hasenstaub 1999; Allman et al. 1993; Austad and Fischer 1992; Barrickman et al. 

2008; Barton 1999; Carey and Judge 2000; Deaner et al. 2003; Hakeem et al. 1996; Harvey and 

Clutton-Brock 1985; Harvey et al. 1987; Hofman 1983a, 1984; Ross 2003, 2004; Ross and 

Jones 1999; Sacher 1975, 1978; Sacher and Staffeldt 1974).  For instance, Sacher (1959) 

found, among mammals, a stronger correlation between brain size and lifespan than between 
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either variable and body size.  In addition, when the effect of body size is removed, the 

correlation between brain size and such life-history variables as gestation, age at first 

reproduction, and lifespan is still present (Allman et al. 1993; Barrickman et al. 2008; Barton 

1999; Deaner et al. 2003; Harvey and Clutton-Brock 1985; Harvey et al. 1987). 

There are some methodological difficulties associated with removing or controlling for 

variation in body size.  Body and brain size are related (Bauchot 1978; Bauchot and Stephan 

1969; Harvey and Krebs 1990; Hofman 1982; MacArthur and Wilson 1967; Martin 1981, 1990; 

Martin and Harvey 1985; Pagel and Harvey 1988b) so the relationship between slow life 

history and large brain size could be a spurious correlation reflecting the relationship between 

slow life history and large body mass.  For instance, some studies have found that the size of 

other major organs, such as the liver, is almost as highly correlated with lifespan as brain size 

is (Economos 1980; Prothero and Jurgens 1987).  Body-size estimates are much more variable 

and prone to measurement and sampling error within a given species than estimates of the 

size of the brain or other organs (Economos 1980; Pagel and Harvey 1988; Smith and Jungers 

1997).  If the average body mass of a species is overestimated, then both brain size and life-

history variables, such as lifespan, will appear relatively small.  It is interesting to note that the 

variation in the size of most organs relative to body size is smaller than the variation in brain 

size relative to body size.  Regressions of organ mass on body mass among mammals result in 

high coefficients of determination, or r-square values:  liver= 0.997 (Prothero 1982); kidney = 

0.993 (Prothero 1984); skeleton = 0.990 (Prothero 1995).  The regression of brain mass on 

body mass has lower r-square values:  0.949 (Bauchot 1978); 0.960 (Hofman 1982); 0.979 

(Martin 1981).  These small differences in r-square values represent a large degree of 
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variation across large ranges of body size (see Aiello and Wood 1994).  Only the gastro-

intestinal tract exhibits as much variation relative to body size as the brain (Aiello and 

Wheeler 1995).  Thus, the residual variation in brain size relative to body size may have a 

considerable effect on life history. 

Several hypotheses have been proposed to explain the link between brain size and life 

history (for reviews see Deaner et al. 2003; Leigh 2001; van Schaik et al. 2006).  These 

hypotheses fall into two general groups:  those that emphasize the reproductive period and 

those that emphasize the pre-reproductive period.   

Proponents of the first group of hypotheses argue that the effects of brain size on 

adult lifespan are the most crucial to determining the overall pattern of life history.  The 

delayed-benefits hypothesis states that the fitness benefits for growing a large brain, which 

takes a long period of time to reach a functional state, can only pay off if the species has a 

long reproductive period (Charnov 1993; Charnov and Berrigan 1993; Harvey et al. 1989; 

Stearns 1992).  Brain size would never increase unless lifespan was sufficiently long to offset 

the costs.  This hypothesis implies that slow life history is necessary but not sufficient for the 

selection of large brains – slow life histories relax the costs of brain size increase, lifting the 

constraints on selection for increased brain size but not always resulting in large brains.  In 

contrast, the cognitive-buffer hypothesis states that large brains are selected for because they 

reduce mortality in certain socioecological situations, allowing for an extended life history 

that would not otherwise be possible (Allman and Hasenstaub 1999; Allman et al. 1993; 

Hofman 1984; Kaplan et al. 2000).  These two hypotheses point the causal arrows in opposite 

directions, but both argue for a relationship between large brain size and long adult lifespan. 
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Proponents of the second group of hypotheses argue that species under selection for 

a larger brain size are forced to evolve a slow life history in order to have sufficient time to 

grow the brain; in other words, large brains require an extended period of growth and 

development.  There are two developmental costs to brain size – energy and learning – that 

have to be paid during the pre-reproductive stages of life history. 

Brains are energetically expensive to grow and maintain (Aiello and Wheeler 1995; 

Holliday 1986; Leonard and Robertson 1992, 1994).  The malnutrition-risks hypothesis states 

that the growing brain is vulnerable to nutrient and energy shortages, and must grow slowly 

to alleviate risks associated with potential short-term scarcities in resources (Aiello and 

Wheeler 1995; Armstrong 1983, 1985; Kaplan et al. 2000; Leonard and Robertson 1992, 1994; 

Martin 1981, 1996; Ross and Jones 1999).  Consequently, the pace of brain growth and 

development may constrain the growth rate of the entire soma, as originally suggested by 

Sacher and Staffeldt (1974).  Martin (1996) extended this notion by proposing the maternal-

energy hypothesis, in which the size of the brain is determined by the metabolic turnover of 

the mother during gestation and lactation (see also Hofman 1983b; Martin 1981, 1983).  In 

Martin’s model, the energetic cost of encephalization is shouldered by the mother, and her 

reproductive rate can be adversely affected by a greater degree of encephalization in her 

offspring.   

Early speculations about the relationship between brain size and life history proposed 

that a large amount of learning is required to make effective use of the cognitive complexity 

afforded by a large brain: the larger the brain, the more to learn, and the longer the necessary 

period of training (Fiske 1885; Spencer 1886).  More recent advocates of this argument have 
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advanced a similar claim:  large-brained species, humans in particular, must acquire a large 

amount of information and skills before reproducing (Bogin 1999; Dobzhansky 1962; Gould 

1977; Joffe 1997; Kaplan et al. 2000; Lancaster and Lancaster 1983; Ross and Jones 1999).  

However, this idea has not stood up under empirical scrutiny in some species.  Several studies 

have suggested that some of the skills necessary to survive, such as acquiring a high-quality 

diet, reach adult levels well before age at first reproduction (Blurton-Jones et al. 1999; Pereira 

and Fairbanks 1993; Stone 2006).  Also, small size, limited strength, and lack of physical 

coordination rather than lack of experience may prevent juveniles from acquiring the high-

quality diet normally procured by adults (Janson and Schaik 1993; Kuhtz-Buschbeck et al. 

1998; Lemon 1999; Sasaki et al. 1989; Schneiberg et al. 2002).  Nonetheless, it is possible that 

the acquisition of skills in complex foraging niches requires time and experience. This pattern 

could depend on the difficulty of the skill and the importance of the skill to survival.  Some 

species may rely on complex foraging techniques while others may have a simpler foraging 

strategy. 

Many studies have demonstrated that competence in highly-complex skills, such as 

hunting, is not achieved until sexual maturity, and that this delay is not necessarily due to lack 

of adequate strength in birds (Marchetti and Price 1989; Ricklefs 1984; Wunderle 1991),  

carnivores(Caro 1994; Caro and Hauser 1992; Holekamp et al. 1997), cetaceans (Baird 2000; 

Guinet and Bouvier 1995), non-human primates  (Boesch and Boesch-Achermann 2000; 

Boinski and Fragaszy 1989; Byrne and Byrne 1993; Johnson and Bock 2004; Lonsdorf et al. 

2004; Matsuzawa 1994), and humans  (Gurven and Kaplan 2006; Gurven et al. 2006; Kaplan et 

al. 2000; Lancaster et al. 2000; Ohtsuka 1989; Walker et al. 2002) (see also van Schaik et al. 
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2006).  For instance, some juvenile primates and birds have diets that exclude foods that are 

difficult to obtain or process (Johnson and Bock 2004; Marchetti and Price 1989; Pereira and 

Altmann 1985; Yoerg 1994).  It is important to note that limited strength and lack of sufficient 

physical coordination in juveniles may affect their ability to learn; some skills cannot be 

practiced until the immature is physically ready (Elliot 1999). 

The behavioral studies summarized above suggest that the brain of juveniles may not 

be fully developed, so that cognitive abilities and neural control of physical coordination are 

consequently limited.  According to the maturational-constraints hypothesis, reproduction 

cannot begin until the immatures, particularly females among primates, have the necessary 

abilities to raise their young.  The brain of juveniles has not reached sufficient functional 

capacity, and thus their reproductive maturity is delayed (Deaner et al. 2003; Elliot 1999; 

Parker and McKinney 1999).  The larger the brain, the longer the time until functional capacity 

is reached, and this results in a slower life history.  The most difficult tasks would require the 

longest period of time to fully form the necessary neural connections, which is why species 

that have simple foraging techniques are able to reach adult-level competence at a younger 

age than those species with complex foraging niches.  Constrained by these requirements, the 

immature individual must balance the tradeoff between starting reproduction before it is fully 

competent, and risking death while waiting to reach reproductive maturity (Harvey and Purvis 

1999; Stearns 1992). 

These hypotheses – those that focus on the reproductive period and those that focus 

on the pre-reproductive period – are not mutually exclusive, and the effectiveness of their 

predictions depends on the taxa that are examined.  For instance, bats have slow life histories 
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relative to their small brain size, which fits the delayed-benefits hypothesis but not the 

cognitive-buffer hypothesis (Deaner et al. 2003).  However, it is clear that slow life history is 

necessary to growing a large brain in mammals; there are no large-brained mammals with fast 

life histories, and the process of growing a brain – i.e. producing enough neurons, establishing 

connections, fine-tuning the connections through environmental exposure, insulating those 

connections through myelination –  requires a great deal of time and energy.  Hence, the 

second group of hypotheses may also be correct.  It is likely that both sets of hypotheses have 

the potential to explain some aspects of the relationship between brain size and life history. 

Determining which aspects requires further investigation.  

Barrickman et al. (2008) propose a cost/benefit model, wherein the development 

costs and reproductive benefits of encephalization form a balance that is manifested in life 

history.  In their model, the evolution of larger brain size entails delayed maturity to meet the 

energetic and behavioral needs of a growing brain.  However, it provides certain benefits, 

such as decreased mortality or increased reproductive rate among adults.  Any organism 

could reap these benefits, provided that the benefits outweigh the developmental costs.  

Correlations of life-history variables, such as age at maturity and lifespan, with degree of 

encephalization should reflect the balance between these costs and benefits.  The results 

presented by Barrickman et al. (2008), show that among primates, encephalization is 

significantly correlated with prolongation of all stages of developmental life history except the 

lactational period (Figure 2.13; Table 2.2).  In addition, large brain size is correlated with an 

extension of reproductive lifespan, either measured as maximum lifespan minus age at first 

reproduction (Figure 2.14) or as life expectancy at age at first reproduction (Figure 2.15).  
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These results support the contention that among primates, the link between brain size and 

life history is caused by a balance between the costs of growing a brain and the survival 

benefits the brain provides.  However, the mechanisms that facilitate this link remain obscure. 

Many of the hypotheses regarding the connection between encephalization and 

developmental periods make the general assumption that the brain increases in size by 

increasing the length of time that it grows rather than the rate.  Hence, when the length of 

brain growth is increased, then the length of the entire developmental period must also 

increase.  However, the physiological and genetic mechanisms governing rates of brain 

growth are not well understood.  Bioenergetic models have suggested that human infants 

devote 85% of their resting metabolic rate to brain functions, whereas adults only use 25% 

(Leonard and Robertson 1992, 1994).  These figures strongly suggest that brain growth can 

increase in rate only if additional energy is available from a stable resource.  It is possible that 

some species have high rates of brain growth relative to other species, and this rate may vary 

inversely to body growth rate – that is, energy allotted to high brain growth rates may channel 

energy away from somatic growth, resulting in low body-growth rates.  Ontogenetic 

trajectories must be examined in order to sort out these possibilities. 

  

Ontogenetic Variation 

Evolutionary change proceeds through developmental change.  The differences 

between one generation and the next arise from differences in developmental patterns, and 

some of these differences spread throughout a population over succeeding generations to 
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become a new norm for the species.   Variation in ontogenetic trajectories therefore reveals 

clues about the mechanisms of evolutionary change.  Life-history stages mark a series of 

physical and behavioral changes during the lifetime of an organism, and their evolutionary 

relationship with brain size and body size is elucidated by examining the growth trajectories of 

the brain and body. 

Patterns of mammalian variation in brain growth can be divided into two primary 

groups.  Altricial mammals have small brains at birth, and most of their brain growth occurs 

postnatally, though it ceases well before body growth is completed (Eisenberg 1981).  In 

contrast, precocial mammals experience a period of rapid and extended brain growth 

prenatally, and then the rate tapers off shortly after birth (Deacon 1990a, 1990b; Dickerson 

and Dobbing 1967; Hofman 1983c; Holt et al. 1975; Konigsberg et al. 1990; Leigh 2004; 

Marino 1999; Vrba 1998; Widdowson 1981; Wingert 1969).  All primates that have been 

studied have a brain-growth pattern like that of other precocial mammals, though they tend 

to extend the rapid rate of growth into the postnatal stages (Table 2.3). In humans, each of 

these stages is extended to a greater degree than the prolongation seen in other primates; 

the rapid rate of brain growth that characterizes the prenatal period continues for a longer 

time postnatally in Homo than any other primate (Coquegniot et al. 2004; Count 1947; 

Dobbing and Sands 1973; Holt et al. 1975; Jordaan 1976; Martin 1983; Passingham 1982).  

This pattern is often referred to as sequential hypermorphosis, meaning the prolongation of 

developmental stages relative to the ancestral pattern (McKinney and McNamara 1991; 

McNamara 1997; Rice 2002; Shea 1988, 1989; Vrba 1998).  It is one of the many forms of 

heterochrony. 
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Heterochrony 
 

Debates about heterochrony are often characterized by confusion, excessive jargon, 

and disagreement as to the processes that are involved and the outcome of these processes 

(Klingenberg 1998; Smith 2001).  Haeckel (1874) first used the term heterochrony, referring to 

phylogenetic alterations in growth and developmental processes that could produce derived 

forms.  More recently, evolutionary biologists have reintroduced the concept, but there has 

been little consensus regarding the different types of heterochrony and how they are 

manifested.  Gould (1977) re-worked the analysis of evolutionary change through the 

modification of growth and development, and his concepts are frequently used in current 

analyses of growth.  He developed a series of clock models that described the ontogenetic 

pathways through which modification from ancestor to descendant can occur (Figure 2.16).  

These models included three variables that could be adjusted:  age at maturation, size of the 

organism, and shape.  The last term could refer to the overall shape of the organism, perhaps 

most useful when examining something like the shell of a bivalve, or the shape of a particular 

anatomical element, such as the length of the skull relative to body size.  Gould’s definition of 

heterochrony was rather narrow, and virtually synonymous with allometry.  The models 

described the modification of shape from ancestor to descendent, but the descriptions were 

static because they only considered the form observable in the adult rather than the 

differences in developmental timing that produced those results.  For instance, the juveniles 

of a species may have relatively longer legs, compared to trunk length, than the adults.  This 

species might evolve relatively longer legs in the adult form by retaining juvenile body 
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proportions in later life stages.  This change could be effected by increasing the rate of growth 

in the legs, an earlier onset of rapid leg growth, a late cessation of growth in the legs 

(assuming leg growth ceases before maturity in the ancestor) or a decrease in the rate of 

trunk growth relative to leg growth.  In addition, the focus on allometric relationships of size 

and shape limited analyses to global growth processes and did not consider the dissociation of 

growth patterns in various morphological regions (Cartmill 1978; Hall 1999; Raff and Wray 

1989; Shea 1989).  This form of mosaic evolution, in which some morphological regions 

change through alterations of developmental processes whereas others do not (or are altered 

in a different manner), is supported by studies which demonstrate that heterochronic changes 

rarely affect the entire organism; a particular region (such as leg length) is modified and the 

other attributes are unmodified or affected by a different process (Raff 1996; Zelditch and 

Fink 1996). 

Albrech et al. (1979) formulated an alternative to Gould’s models with the intent of 

better distinguishing between perturbations in rates and timing of growth and development.  

In their framework, heterochrony is defined as shifts in the onset, cessation, or rate of specific 

growth processes.  However, the analyses of Albrech et al. (1979) were bivariate – they 

examined relationships of shape versus age or size versus age, but did not explicitly examine 

the possible disassociation between size and shape.  Thus, they did not address the question 

of growth allometries – change in shape during ontogeny.  In addition, size is often 

substituted for age, a procedure that has received criticism because it sometimes obscures 

the timing patterns of growth and development (Blackstone 1987a, 1987b; Godfrey and 
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Sutherland 1995a, 1995b; Klingenberg 1998; Leigh et al. 2003; McKinney and McNamara 

1991; Roth 1984; Smith 2001). 

 Shea (1983, 1989) recognized the importance of growth allometries, or the change in 

proportions during the ontogeny, to the investigation of heterochronic processes.  He also 

noted that distinctions must be made between duration and rate changes – as stated above, 

neoteny (and acceleration) can be produced by modifications to either duration or rate of 

growth, or both.  However, his use of terminology is inconsistent (see Godfrey and Sutherland 

1995a).  Much like Gould, he refers to neoteny as the maintenance of juvenile proportions in 

his description of heterochronic processes (Shea 1989). He then refers to the contrast 

between the shorter skull length relative to trunk length in P. paniscus compared to P. 

troglodytes as an example of neoteny in the former.  Instead, the allometric relationship 

between skull length and trunk length across ontogeny shows that longer skull length relative 

to trunk length is the juvenile pattern (Godfrey and Sutherland 1995a).  P. paniscus has 

undergone acceleration, or P. troglodytes has undergone neoteny, depending on which (if 

either) represents the ancestral form.  So, is the designation of P. paniscus as paedomorphic 

incorrect?  Shea’s analysis used trunk length as a proxy for body size; and relative to body size, 

skull length in P. paniscus is peramorphic, or has larger proportions than its ancestor 

(paedomorphic is the converse).  However, a multivariate analysis of skull shape relative to 

overall size of the skull reveals that P. paniscus is neotenous, or paedomorphic, compared 

with P. troglodytes (Lieberman et al. 2007).  The frame of reference for shape, such as some 

proxy for body size versus overall skull size, is crucial to the description of the heterochronic 

process. 
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McKinney and McNamara (1991) attempted to rework the framework and 

terminology used to describe heterochronic processes.  One of their major revisions 

concerned the concept of “shape.”  They argued that the term was vague and subjective.  

Instead, they advocated using the direct measure of a particular trait relative to time.  In their 

framework (illustrated in Figure 2.17), two major classes of heterochronic change are 

recognized – paedomorphosis and peramorphosis – each of which can occur in a specific 

morphological region or can affect overall body size.  Paedomorphosis results in a smaller 

form than the ancestral state, and is brought about by one or more of three processes: 

delayed onset of growth (progenesis), early cessation of growth (postdisplacement), or 

reduced rate of growth (neoteny).  Conversely, peramorphosis results in a larger form than 

the ancestral state, and is brought about by one or more of three processes: early onset of 

growth (predisplacement), late cessation of growth (hypermorphosis), or increased rate of 

growth (acceleration).  

McKinney and McNamara (1991) did not discount the importance of shifts in 

allometries, or the disassociation of size and shape.  However, their terms focused on 

trajectories rather than proportions found in adults.  The distinction between the frameworks 

of Gould (1977)and McKinney and McNamara (1991) is clarified through Godfrey and 

Sutherland’s (1995a, 1996)“paradox of peramorphic paedomorphosis”.  As noted above, 

according to Gould neoteny refers to the retention of juvenile shape in the adult, and it 

results in a paedomorphic descendent.  In the case of large neurocranial dimensions relative 

to overall skull size in P. paniscus, this modification could be achieved through a late cessation 

of growth in the neurocranium, an increased rate of growth in the neurocranium, or an earlier 
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onset of rapid neurocranial growth.  To McKinney and McNamara (1991), these processes are 

instead referred to as hypermorphosis, acceleration, and predisplacement, all of which are 

peramorphic processes.  Figure 2.18 illustrates the contrast between Gould’s paedomorphosis 

through neoteny and McKinney and McNamara’s peramorphosis through acceleration, both 

resulting in a similar morphology in the descendent relative to the ancestor.  The graphs 

depict the same growth curve, but the analytical frameworks differ, and thus opposing 

definitions result.    Thus, the contradictory use of terminology requires one to be clear about 

one’s usage.   

Some of the above-mentioned researchers looked only at adult members of a species 

and attempted to infer their ontogenetic trajectories.  Because the timing and rate of growth 

stages is crucial to understanding the evolution of brain growth, this study adopts a 

framework that considers the temporal component.  Other frameworks that are used to 

characterize heterochronic processes (reviewed in Godfrey and Sutherland 1995a, 1995b; 

Shea 1989; Smith 2001; Smith 2003; Webster and Zelditch 2005) are not necessarily 

applicable in the present study.  These frameworks include changes in shape independent of 

size (disassociated allometries) and the sequences of appearance of structures.  This study is 

primarily interested in the ontogenetic trajectories of brain size and body size, which do not 

involve alterations that are independent of body size (all analyses are relative to body growth) 

or changes in the sequence of appearance of traits.  However, body size and brain size may be 

dissociated, so more than one of the types of heterochronic processes may be in effect.     

The examination of ontogenetic trajectories reveals that many of the previous 

frameworks did not recognize some additional heterochronic processes.  Alba (2002) notes 
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that the diagnosis of a heterochronic process depends on the definition of the initial stage of 

development.  If the descendant displays a proportional difference from the ancestor in the 

size of a trait at onset of growth, and no other shifts occur during growth and development, 

this condition will result in a difference in adult proportions between the ancestor and 

descendant.  Alba (2002) refers to these terms as postformation (decreased size of trait 

relative to body size at initial development) and preformation (increased size of trait relative 

to body size at initial development).  However, applications of these terms necessarily do not 

involve measuring the trait at the true beginning of development (since the size of any 

structure at the  beginning of its ontogeny is zero), nor do they use body size as the reference 

for determining “proportional”.  For instance, Lieberman et al. (2007) refer to the differences 

between the skull shape of P. paniscus and P. troglodytes as being the result of postformation 

in the former species.  They base this conclusion on the finding that the youngest members of 

P. paniscus already have a larger neurocranium relative to the size of the skull than the 

youngest P. troglodytes, and the slopes of the growth trajectories leading to adulthood are 

similar in the two species.  However, Lieberman et al. (2007) do not have any data on prenatal 

stages, so they cannot be certain the initial formation of the skull during embryogenesis also 

displays these differing patterns in the two species.  Thus, the diagnoses of preformation and 

postformation depend on the standardization of which stage represents “initial development” 

of a trait.  Alba (2002) and Klingenberg (1998) recognize that different kinds of heterochrony 

can be identified depending on the developmental stages used for standardization, 

particularly when the ancestral and descendant stages have disparate chronological timing.  In 

addition, the type of heterochronic process could reverse during ontogeny; the descendant 

may be peramorphic relative to the ancestor in an early stage and paedomorphic in later 
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stages, sometimes referred to as multiphasic heterochrony (see also McKinney and Gittleman 

1995).  Each developmental stage may be subjected to different selective pressures in the 

descendent compared with the ancestor.  Therefore, the diagnosis and labeling of a 

heterochronic process is dependent on the stage or stages of interest, and may not be 

restricted to a single process throughout ontogeny. 

 

Heterochrony and Brain Evolution 
 

   Gould (1977) referred to humans as neotenous or possessing a “juvenilized shape” 

in their relative proportions of brain and body size.  His argument was an extension of the 

neoteny hypothesis proposed by Bolk (1926), in which humans retain the relative body, brain, 

and facial proportions seen in juvenile apes.  Thus, Gould argued, humans have experienced 

an overall “matrix of retardation” during their evolution.  However, he does acknowledge that 

multiple processes might be at work. 

No Darwinian could ever expect a complete and harmonious retardation 
during a slow evolutionary transformation directed by selection.  The issue is 
not whether exceptions to a general paedomorphosis exist (they must); it is, 
rather, their extent.  If they should overwhelm the paedomorphic features in 
frequency and importance, then we could maintain no general hypothesis of 
neoteny.  I have suggested that such an overwhelming is unlikely within the 
matrix of general retardation that has characterized human evolution (Gould 
1977:380). 

However, Gould is often regarded as focusing on “neoteny” for describing the processes that 

characterize human evolution.  The species can fit this definition if the individuals grow for a 

longer period of time and arrive at a larger body size than their ancestor so long as their shape 
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retains a juvenilized form (see Figure 2.19).  Yet, the examples he provides are not always 

referring to juvenilized shape. 

In practically all human systems, postnatal growth either continues long past 
the age of cessation in other primates, or the onset of characteristic forms 
and phenomena is delayed to later times.  The brain of a human baby 
continues to grow along the fetal curve; the eruption of teeth is delayed; 
maturation is postponed; body growth continues longer than in any other 
primate; even senility and death occur much later (Gould 1977:371). 

It is not clear in what respect the delayed eruption of the dentition, the postponement of 

maturation, or the extension of the lifespan represent retentions of juvenile “shape.”  Only 

one thing seems to be holding these features together – we grow for a longer period of time 

than our ancestors.  Moreover, some features may be larger (e.g. brain size versus body size) 

in the juvenile than in the adult, and thus require more growth (either at higher rate or longer 

duration) during ontogeny, and yet Gould referred to this growth pattern as “retardation” – 

though in a footnote he states that “as I have emphasized continually, not all types of 

retardation imply paedomorphosis…hypermorphosis involves a delay in reproductive 

maturation alone, dissociated from all other aspects of somatic development” (Gould 

1977:371).  Thus, Gould does not conflate neoteny with retardation.  Instead, the matrix of 

retardation broadly refers to developmental delays, and subsumes many processes including 

neoteny and hypermorphosis. 

However, dissociation or mosaic evolution of the brain and body is clearly seen in two 

hallmarks of human evolution, large brain size and bipedal locomotion.  These features are 

not the result of the same global process, retardation or otherwise (Cartmill 1978; Shea 1989).  

First, they occurred at very different times during the evolutionary course of human 

evolution.  Bipedal locomotion evolved at least 4.2 million years ago with the appearance of 
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the genus Australopithecus  (Leakey et al. 1995)and possibly as early as 7 million years ago in 

Sahelanthropus tchadensis (Brunet et al. 2005).  In contrast, significant increases in relative 

brain size did not occur until approximately 1.8 million years ago with the appearance of 

Homo erectus (Ruff et al. 1997; Wood and Collard 1999).  Second, the specific morphological 

changes associated with bipedal location are unlikely to be the result of any heterochronic 

process, particularly a general retardation.  Finally, non-human primates do not exhibit the 

morphology of a biped at any point during their development as would be expected if humans 

retained the features of infant and juvenile apes (Shea 1989). 

While the observation of a relatively juvenilized brain-to-body proportion in adult 

humans compared to adult apes is accurate, it does not provide any insight into the growth 

processes that produced these proportions.  Brain-growth trajectories can be examined in 

two forms:  the relationship between brain size and body size during ontogeny, and the 

relationship between brain size and time.  Holt et al. (1975) compiled data from many sources 

to compare the ontogeny of brain and body proportions across a variety of mammals (Figure 

2.20).  They noted that compared with other mammals, primates are more encephalized from 

early stages in ontogeny.  In addition, primates extend the prenatal rapid rate of brain growth, 

nearly isometric relative to body growth, into the postnatal period.  More encephalized 

primates stretch this period of isometric growth to a greater degree than less encephalized 

species.  Deacon (1990a, 1990b) also examined the ontogeny of body and brain proportions in 

humans, apes, macaques, and a wide range of other mammals.  He found that anthropoid 

primates, odontocetes, and elephants are more encephalized than other mammals from early 

prenatal stages, and continue this pattern through adulthood.  Longer periods of growth in all 
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organs are expected in animals of larger body size.  Yet primate, dolphin, and elephant brains 

grow as if they were in the body of a mammal of a much larger body size.  Moreover, human 

brains grow as if they were in a giant ape’s body.  Deacon (1990a, 1990b) described several 

shifts in ontogenetic allometry that result in differing degrees of adult encephalization, 

described in Figure 2.21.  However, these comparisons do not have a temporal component, 

and instead they attempt to use size as a proxy for age.  It is not clear whether more-

encephalized animals grow their brains for longer periods of time or at a higher temporal rate 

than less encephalized animals. 

Studies of brain growth that include a temporal axis can also be revealing.  Each stage 

of brain growth in primates (see Table 2.3 for a list of studies and source data) and dolphins 

(Marino 1999) is extended relative to other mammals of similar body size – i.e. the early rapid 

stages are prolonged, as well as the later stages that are characterized by reduced rates.  

Most precocial mammals cease brain growth almost immediately after birth (Count 1947; 

Deacon 1990a, 1990b; Dickerson and Dobbing 1967; Eisenberg 1981; Hofman 1983c; Holt et 

al. 1975; Widdowson 1981; Wingert 1969).  In contrast, rhesus macaques are born with 

approximately 65% of their adult brain size (Harvey and Clutton-Brock 1985; Kerr et al. 1974; 

Kerr et al. 1969; Schultz 1941b).  They cease the rapid growth of their brains that 

characterizes the prenatal stage shortly after birth (within the first 6 months) but continue 

brain growth at a reduced rate for up to 3 years (Konigsberg et al. 1990).  Chimpanzees 

continue the rapid brain growth rate for some time after birth, and taper off in much the 

same way as macaques, albeit at a later age (Herndon et al. 1999; Leigh 2004; Rice 2002; Vrba 

1998).  Humans have extended the rapid brain growth for the longest period postnatally, 
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along with the later stage of reduced brain growth rate (Blinkov and Glezer 1968; Count 1947; 

Dobbing and Sands 1973; Giedd et al. 1999; Holt et al. 1975; Jordaan 1976; Leigh 2004; 

Passingham 1982).  The term sequential hypermorphosis, in which stages of brain growth 

cease at a later time, describes human brain growth relative to the probable ancestral pattern 

(Rice 2002; Vrba 1998).  This term better describes the multiphasic process of growth and 

development than the static descriptions of adult allometries proposed by Gould (1977). 

Current ideas about evolutionary changes in growth patterns somewhat resemble 

previous ideas regarding the relationship between ontogeny and phylogeny.  Bolk’s (1926) 

fetalization hypothesis was placed in a theoretical framework derived from Haeckel’s (1874) 

contention that ontogeny recapitulates phylogeny.  Though the human brain is better viewed 

as overdeveloped, rather than underdeveloped as Bolk’s hypothesis would imply, its evolution 

nonetheless involved a change in growth patterns that could be interpreted as a form of 

recapitulation.  Specifically, overdevelopment may imply that there has been a terminal 

addition to the ontogenetic trajectory sometime during human evolution, and possibly ape 

evolution as well.  However, human patterns of growth and development do not fit this 

scenario.  The human brain does not proceed from earlier more “stem-anthropoid-like” and 

“ape-like” stages, and then go through an additional “human-like” stage during ontogeny.  

Instead, each component stage of development is stretched over a longer period of time.  

Prenatal neurogenesis is more extended in human than macaques (Kornack 2000; Kornack 

and Rakic 1998; Rakic 1995), as is synaptogenesis (Bourgeois et al. 1994; Bourgeois and Rakic 

1993; Huttenlocher 1993; Huttenlocher et al. 1982; Huttenlocher and Dabholkar 1997; Paus et 

al. 1999; Rakic et al. 1994; Rakic et al. 1986; Zecevic et al. 1989) and myelination (Gibson 
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1970, 1991; Giedd et al. 1999; Giedd et al. 1996a; Giedd et al. 1996b; Jacobson 1991; Paus 

2005; Paus et al. 2001).  McKinney (2000) uses the expression terminal extension to 

characterize this process, emphasizing that every aspect of the developmental trajectory is 

extended instead of extra phases being tacked onto the end of brain ontogeny. 

 

Brain Growth and Life History in Anthropoids 
 

Many studies of brain growth in anthropoids focus on the growth pattern of a single 

species (see Table 2.3 for a list of studies and source data).  Schultz (1941b, 1965) several 

primate species, but his sample sizes within each species are low, so there are too many gaps 

to create complete trajectories.   Comparing brain growth relative to dental development, he 

concluded that more encephalized species have longer brain-growth duration.  However, the 

dental stages he created had a broad time span which precluded pinpointing brain-growth 

completion with much precision.  As discussed above, Vrba (1998) and Rice (2002) compared 

chimpanzee and human growth curves, and concluded that humans have extended all growth 

phases compared with the probable ancestral condition.  Rice (2002) also compared brain 

growth in chimpanzees and humans with that of Macaca mulatta and Saimiri sciureus.  He 

found that the macaques have a similar prenatal brain-growth rate as humans, and that the 

growth rate in macaques abates considerably after birth whereas human brains continue to 

grow at a rapid rate.  In contrast, squirrel monkeys have a relatively slow prenatal brain-

growth rate, and then experience a brief period of rapid brain growth shortly after birth.  

Thus, a finer-grained examination of ontogenetic trajectories within anthropoids, as opposed 
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to the contrast between anthropoids and other mammals, reveals that brain-growth patterns 

are variable within this taxon.  

Only a few studies of brain growth perform a comparison with life-history variables, 

and most of those that do have examined only the amount of postnatal brain growth (adult 

brain size minus neonatal brain size), rather than the total duration and rate of growth 

(Barrickman et al. 2008; Harvey and Clutton-Brock 1985; Harvey et al. 1987; Martin 1983; 

Martin and MacLarnon 1988).  For instance, Harvey and Clutton-Brock (1985) find that 

neonates with large brains relative to their body size add a smaller percentage of adult brain 

weight postnatally - that is, primate species with high degrees of neonatal encephalization 

generally have very little brain growth after birth.  In addition, they found that large neonatal 

brain size is related to long periods of gestation.  No other life-history variables were 

compared with postnatal brain growth in that study.  Barrickman et al. (2008) also find a 

strong correlation between neonatal encephalization and length of gestation relative to adult 

body size.  Also, they found that, controlling for adult body size, the amount of postnatal brain 

growth (adult brain size minus neonatal brain size) is correlated with the age at maturity.  

However, these studies cannot provide information regarding brain growth rate, duration, or 

corresponding body growth rates and durations.   

Leigh (2004) examined differences in brain-growth trajectories among seven primate 

species to determine how these patterns relate to differences in life-history variables.  He 

found two growth patterns.  The first is characterized by small neonatal brain size relative to 

adult brain size and large amounts of postnatal brain growth.  The second pattern is 

characterized by large amounts of prenatal brain growth and little or no postnatal growth (see 
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Martin, 1983 and Harvey and Clutton-Brock, 1985 for similar analyses of relative neonatal 

brain size).  Leigh (2004) further concluded that brain growth and life history are not directly 

associated because the duration of postnatal brain growth and the age at first reproduction 

are not correlated.  Two maternal strategies were posited, early and late investment, with the 

particular strategy of a species not being directly related to the age at maturity.  In addition, 

late brain maturation was associated with early weaning suggesting that the energy required 

to grow the brain does not affect the length of the period of lactation.  

There are three primary problems with previous studies (Harvey and Clutton-Brock 

1985; Leigh 2004; Martin 1983) that may obscure the correlation between brain growth and 

life history.  First, none of the studies examined corresponding changes in body size 

throughout ontogeny.  Count (1947), Holt et al. (1975), and Deacon (1990a, 1990b) examine 

brain/body proportions throughout ontogeny, but do not investigate the relationship of these 

trajectories to life-history variables.  Body growth must be factored into the analysis because 

energetic resources are balanced between brain and body growth (Vinicius 2005).  The need 

to balance the energetic requirements of brain and body would be expected to yield a direct 

correlation between brain growth and life history.  During periods of extensive brain growth, 

the somatic growth rate must be held in check.  If body growth is decreased early in 

development, it must catch up after brain growth ends by increasing in rate.  However, it can 

only do so within the limits of the available energetic resources (Aiello and Wheeler 1995; 

Holliday 1986; Leigh 2001; Leonard and Robertson 1992, 1994).  Ultimately, these restrictions 

should lengthen the growth period in larger-brained species.  Studies of growth in 

malnourished Saimiri support this contention; neurocranial growth continues normally, but 
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the skeletal growth rate is reduced and often prolonged compared to adequately nourished 

control animals (Pucciarelli et al. 2000).  In other experiments on dietary stress, growth of the 

neurocranium was affected much less than the splanchnocranium in undernourished Saimiri 

(Dressino and Pucciarelli 1997, 1999; Ramírez-Rozzi et al. 2005).  Thus, the combination of 

increased brain growth rate and prolonged catch-up growth of the body after brain growth 

has ceased could result in a later age at maturity in larger-brained species.  Figure 2.22 

illustrates these growth patterns by demonstrating the balancing requirements of the brain, 

the soma, and the age at maturity.  It shows that lengthening of total time to maturity could 

occur regardless of whether encephalization is achieved by increasing the rate of brain growth 

or the duration of brain growth. 

The second problem with previous studies involves the values assumed for the life-

history variables.  As detailed above (p. 20), the quality of data from previous studies of life-

history variation is questionable.  The datasets for these studies have been pieced together 

from combinations of captive and wild populations.  Most life-history variables, age at first 

reproduction in particular, have considerable phenotypic plasticity (Lee 1999; Lee and 

Kappeler 2003).  Large discrepancies in the values for these variables may create enough 

noise to obscure the results of analyses.  Leigh (2004) used values for age at first reproduction 

and weaning taken from Ross and Jones (1999).  Three out of the seven non-human primates 

in his study have not been studied in the wild for a sufficient period of time to gather average 

values for these life-history variables.  Ross and Jones (1999) do not provide the sources for 

the life-history data, but do note that data from captive populations were used when wild 

data were unavailable. 
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The third problem arises from the way Leigh (2004) parcels out life-history variables 

relative to brain growth.  He considered the duration of growth as synonymous with the age 

at first reproduction.  However, total duration of growth ought to include the gestational 

period.  Longer gestational periods are strongly related to larger neonatal brain sizes relative 

to neonatal body size (r2 = 0.77, p = 0.001, Barrickman et al. 2008), suggesting that prenatal 

growth trajectories are a critical component of overall growth.  It is possible that those species 

with long gestational periods and large neonatal brains relative to neonatal body sizes have 

very little postnatal brain growth.  However, they might have long lactational periods to catch 

up on body growth.  Barrickman et al. (2008) found that long lactational periods are 

associated with large adult body size, but show no relationship to brain size.  This scenario 

could explain why Leigh (2004) found late weaning to be correlated with early completion of 

brain growth – rapid early brain growth (prenatally and postnatally) suppressed body growth, 

requiring long periods of maternal energetic input to arrive at a suitable body weight at 

weaning.  In addition, the amount of postnatal brain growth (adult brain size minus neonatal 

brain growth) is correlated with the age at maturity, and in particular, it is most strongly 

related to the juvenile/post-weaning part of the lifespan (Barrickman et al. 2008).    

Synaptogenesis and myelination have been shown to last until the time of first reproduction 

in primates (Bourgeois 1997; Gibson 1970, 1991; Giedd et al. 1999; Paus et al. 1999).  Thus, 

even if the gross volume of the brain is attained at an early age, the brain may not yet be 

functionally mature.  Prolongation of the juvenile period, even after adult brain size is 

attained, could be a necessary concomitant of having a larger brain.  Such a finding would 

indicate that there are developmental time costs to encephalization.  However, none of these 
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scenarios are adequately supported without a comparison of brain and body growth 

trajectories to life-history variables. 

 

Present Study 
 

 The present study examines the question of why some anthropoids grow slower 

and longer than others, and why these primates have a consequently reduced rate of 

reproduction and a longer life expectancy.  The point of departure for this research is the 

proposition that increased encephalization is linked to slower life history in anthropoids.  

Several studies have demonstrated that brain size and the pace of life history are related in 

primates (Allman 1995; Allman and Hasenstaub 1999; Allman et al. 1993; Austad and Fischer 

1992; Barrickman et al. 2008; Barton 1999; Carey and Judge 2000; Deaner et al. 2003; Hakeem 

et al. 1996; Harvey and Clutton-Brock 1985; Harvey et al. 1987; Ross 2003, 2004; Ross and 

Jones 1999).   However, the nature of the associations between these size, growth, and life-

history variables is not certain.  Brain size and life history may be related because of energetic 

constraints on brain growth, and temporal costs of cognitive development.  Leigh (2004) 

hypothesized that plotting brain growth trajectories would demonstrate that brain growth 

and life history landmarks are linked, demonstrating a general pattern of primate ontogeny 

and suggesting support for constraints on energetic budgets and/or cognitive development.  

He did not find much support for this hypothesis.  The current study reinvestigates this 

hypothesis using a larger sample of species, improved quality of data, and more thorough 

analyses. 
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Table 2.1.  Summary of results testing for life-history invariants  

Study Sample αM αb 
Hawkes et al. 1998 Hominoids 0.44-0.46 0.52-0.79 (humans = 1.71) 
Alvarez  2000 Anthropoids 0.44-0.58 0.69-1.93 (excluding 

humans) 
Data from 
Barrickman et al. 
2008 

Primates 0.25 – 0.58 0.51-1.84 (humans = 2.73) 

α= age at first reproduction minus length of lactational period; M = adult mortality rate; b = 
number of offspring per year 

 

Table 2.2.  Results of analysis of the effects of adult brain size and body size on developmental 
life-history variables using multiple regression; all analyses use independent contrasts (n = 27 
contrasts) 

Life-History Variable  

Model Summary Brain Size Body Size 

r2 F-stat  
p-value 

coefficient
(std error) 

p-
value 

coefficient
(std error) 

p-
value 

Gestation Length       
 0.84 64.27 

p < 0.0001 
0.11 

(0.05) 
0.006 0.12 

(0.04) 
0.05 

Lactation Length       
 0.50 12.56 

p < 0.0001 
-0.22 
(0.22) 

0.34 0.53 
(0.18) 

0.006 

Juvenile/ Adolescent 
Period 

     
0.69 27.22 

p < 0.0001 
0.69 

(0.14) 
0.0001 -0.22 

(0.22) 
0.06 

Age at First 
Reproduction (AFR) 

     
0.69 27.34 

p < 0.0001 
0.44 

(0.13) 
0.003 0.004 

(0.11) 
0.97 

Total Immaturity 
(Gestation + AFR) 

     
0.70 29.43 

p < 0.0001 
0.41 

(0.12) 
0.003 0.004 

(0.09) 
0.99 

Source:  Data from Barrickman et al. 2008, Table 4. 
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Table 2.3.  Studies of postnatal brain growth in non-human haplorhines 

Species Reference Source of 
sample 

Composition of Sample 

Saguinus 
fuscicollis 

(Leigh 2004)a Captive 39 total, across all age groups 

Saimiri sciureus (Manocha 1979) Captive 10 neonates, 2 at 15 days old, 5 at 
30 days old, 3 at 60 days old, 2 at 6 
months, 1 at 1 year, 2 at 3 years 

(Rice 2002)a Captive Data from Manocha 1979 
Saimiri orstedii (Schultz 1941a)a Wild 1 juvenile, 2 adults 
Alouatta palliata (Schultz 1941a)a Wild 1 infant, 1 juvenile, 2 adults 
Cebus capucinus (Schultz 1941a)a Wild 1 neonate, 1 juvenile, 2 adults 
Ateles geoffroyi (Schultz 1941a)a Wild 1 neonate, 1 infant, 1 juvenile, 2 

adults 
Trachypithecus 

(Semnopithec
us) obscurus 

(Count 1947)a Captive 1 neonate, 1 w/ deciduous 
dentition, 1 w/ P3 erupted, 1 w/ 
P4 erupted, 2  w/ all but M3 and 
canine erupted, 10 adults 

(Holt et al. 
1975)a 

Captive Data from Count 1947 

Nasalis larvatus (Schultz 1941a)a Wild 1 infant, 1 juvenile, 2 adults 
Macaca mulatta (Zuckerman and 

Fisher 1938) 
  

(Schultz 1941a)a Wild 1 neonate, 1 infant, 1 juvenile, 2 
adults 

(Cheek 1975; 
Holt et al. 

1975)a 

Captive 1 neonate, 1 at 8 days, 1 at 15 days, 
2 at 30-32 days, 1 at 60 days, 3 at 
88-89 days, 3 at 117-122 days, 1 at 
299 days, 5 adults 

(Koningsberg et 
al. 1990) 

Provisioned 
free-range 
population 

157 less than 5 years old, 183 
greater than 5 years old 

(Rice 2002)a Captive Data from Cheek 1975 

(Leigh 2004)a Provisioned 
free-range  
population 

Data from Koningsberg et al. 1990 
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Table 2.3 continued 

Species Reference Source of 
sample 

Composition of Sample 

Cercocebus sp. 
Lophocebus sp. 

(Leigh 2004)a Wild 246 total, across all age groups 

Papio 
hamadryas 

(Mahaney et al. 
1993) 

Captive 3 at 1 year old, 2 at 2 years old, 4 at 
3 years old, 30 at 4 years old 

21 at 5 years old, 131 adults 
(Leigh 2004)a Wild 143 total, across all age groups, in 

addition to Mahaney’s data 
Cercopithecus 

aethiops 
(Bolter and 

Zihlman 2003) 
Wild 5 infants, 6 juveniles w/M1 erupted, 

3 juveniles w/ I’s erupted 
4 juveniles w/ C’s erupted, 43 adults 

Hylobates lar (Schultz 1941a, 
1965)a 

Wild 3 neonates, 11 infants, 7 juveniles 
w/ M1 erupted, 34 juveniles w/ 
more than M1 but less than M3 
erupted, 181 adults 

Pongo 
pygmaeus 

(Gaul 1933)  1 neonate, 15 infants, 65 juveniles, 
95 adults 

(Schultz 1941a, 
b, 1965)a 

Wild 2 neonates, 11 infants, 13 juveniles 
w/ M1 erupted, 22 juveniles w/ 
more than M1 but less than M3 
erupted, 109 adults 

(Count 1947)a Captive 1 w/ deciduous dentition, 2 w/ M1 
erupted, 1 at 4 ½ years old, 21 
adults 

Gorilla gorilla (Schultz 1941a, 
1965)a 

Wild 1 neonate, 13 infants, 16 juveniles 
w/ M1 erupted, 11 juveniles w/ 
more than M1 but less than M3 
erupted, 115 adults 
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Table 2.3 continued 

Species Reference Source of 
sample 

Composition of Sample 

Pan troglodytes (Zuckerman 
1928) 

Unknown 11 infants, 25 juveniles, 61 adults 

(Schultz 1940, 
1941b, 1965)a 

Wild 1 neonate, 25 infants, 27 juveniles 
w/ M1 erupted, 24 juveniles w/ 
more than M1 but less than M3 
erupted, 113 adults 

(Count 1947)a Captive 1 at 1 ½ - 2 years old, 2 at 2-3 years, 
3 at 3 years, 6 at 4 years, 4 at over 
4 years 

(Holt et al. 
1975) 

Captive Data from Count 1947 

(Vrba 1998)a Captive 121 specimens from neonate to 
adulthood, mostly from Yerkes 
Primate Center; additional data 
from Zuckerman 1928; Schultz 
1930, 1941a, 1969; Count 1947 

(Herndon 1999) Captive Data from Yerkes Primate Center 
(same as Vrba 1998), 7 neonates, 
14 from neonate to 1 year old, 3 at 
1-2 years old, 1 at 2-3 years old, 2 
at 3 -4 years old, 6 at 4-6 years old, 
4 at 6 to 9 years old, 39 from 11 to 
60 years old 

Pan paniscus (Schultz 1965)a Wild 1 infant, 2 juveniles w/ M1 erupted, 
11 adults 

aBrain growth in more than one anthropoid species, including humans, were compared in 
these studies. 
  



 
 

Figure 2.1.  Illustration showing variation in length of life-history stages among primates.  
Source: Schultz 1969:149. 
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Figure 2.2.  Least-squares regression demonstrating the relationship between log-transformed 
values of body mass and age at first reproduction in mammals (y = 0.18x + 4.83, r² = 0.47).  
Source:  Data from Purvis and Harvey 1995. 
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Figure 2.3.  Schematic of Charnov’s model for explaining the variation in mammalian life 
histories.  Mortality rate is determined by factors in the external environment.  Mortality rate 
sets the age at first reproduction in order to maximize lifetime reproductive success:  lower 
mortality rate results in later age at maturity and larger body size, hence higher quality 
offspring; higher mortality rate results in earlier age at maturity, hence reducing the risk of 
dying before reproducing.  Age at maturity approximates the duration of growth, while the 
production-growth function (see text and Figure 4) approximates the rate of growth.  
Together, the duration and rate of growth result in adult body weight.  Body weight 
determines the reproductive rate; larger adults produce fewer, larger offspring that have a 
less mortality risk than smaller, more numerous offspring.  Source:  Data from Purvis and 
Harvey 1995. 
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Figure 2.4. Graphic depiction of Charnov’s production/growth function, in which variation in 
growth rates across body masses are described by the following equation:  dw/dt = AW0.75, 
where dw/dt represents the growth rate and W is the adult body weight.  Charnov (1993) 
determined that non-primate mammals have an A coefficient of approximately 1.0 (sources:  
Millar and Zammuto 1983; Wootton 1987), and primates have an A coefficient of 0.4 (source:  
Ross 1992).  Thus, non-primate mammals have faster growth rates than primates.  The graph 
shown here is a hypothetical dataset with values in the formula imputed from the sources 
listed above. 
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(a) (b) 

Figure 2.5.  (a)  Nee et al. (2005) generated a random distribution of proportions (c) of maternal 
body weight.  That is, there was no relationship between the value of the proportion 
(constrained to values between 0 and 1) and the corresponding maternal body weight.  (B)  They 
performed a regression with the randomly-generated proportions of maternal body weight 
(representing hypothetical values for weaning weight) on maternal body weight and found a 
strong relationship (r-square = 0.94).  They repeated this process 1000 times, and found an 
average r-square value of 0.90 with a 95% confidence interval of 0.799 and 0.957.  Source: Nee 
et al. 2005:1238, Figure 1. 
  



 

 

Figure 2.6.  Plots of empirical data (top) of weaning mass/maternal mass taken from Lee et al. 
(1991) and Nee et al.’s (2005) null model (bottom) of a random distribution of the proportions 
of weaning mass to maternal mass.  The empirical data has a unimodal distribution and a 
constrained range of variation whereas the random distribution does not.  Source:  Savage et al. 
2006:198b, Figure 2. 

 

Figure 2.7.  Plot of age at maturity and average adult lifespan with line fits for respective taxa.  
The slopes are different from those that would be predicted by Nee et al.’s (2005) null model.  
Source:  Savage et al. 2006:198b, Figure 1. 

62 
 



 

1.5

6.5

11.5

16.5

21.5

26.5

31.5

36.5

41.5

46.5

4 14 24 34 44 54 64 74 84 94

A
du

lt
 L

ife
 E

xp
ec

ta
nc

y 
( y

ea
rs

)

Adult Lifespan (years)
(maximum lifespan - age at first reproduction)

Figure 2.8.  Least-squares regression demonstrating the relationship between maximum adult 
lifespan in captivity and life expectancy at adulthood in wild populations of primates.  (y = -1.90 
+ 0.46x, p = 0.006, r-square = 0.81).  Source:  Data from Barrickman et al. 2008. 
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Figure 2.9.  Least-squares regression demonstrating the relationship between adult lifespan and 
α in primates (y = 0.31 + 0.15x, p <0.0001, r-square = 0.57).  Excluding the outlier in the sample, 
humans, the regression remains significant but at a much diminished goodness-of-fit (y = 2.26 + 
0.08x, p = 0.018, r-square = 0.23).  Source:  Data from Barrickman et al. 2008. 
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Figure 2.10.  Least-squares regression demonstrating the relationship between log-transformed 
values of M and log-transformed α in primates.   (y = -0.83x + 0.03, p = 0.005, r-square = 0.75).  
Source:  Data from Barrickman et al. 2008. 
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Figure 2.11.  Least-squares regression demonstrating the relationship between values of α and b 
in primates.  (y = 0.77 - 0.004x, p = 0.001, r-square = 0.33).  Source:  Data from Barrickman et al. 
2008. 
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Figure 2.12.  Least-squares regression of log-transformed values of body weight and αM (log-
transformed age at first reproduction minus age at weaning multiplied by log-transformed 
mortality rate) in primates. (y = -1.60x + 11.44, p = 0.008, r-square = 0.64).  Source:  Data from 
Barrickman et al. 2008. 
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Figure 2.13.  Plots from the multiple regression analyses of life-history variables on body and 
brain size in primates.  The y-axis represents the residual variation in the life-history variable 
after the body size effect has been removed.  The x-axis plots the brain size effect.  All values in 
the analyses are independent contrasts.  Details of the results of statistical analyses are 
provided in Table 2.2.  Source: Barrickman et al. 2008:576, Figure 1.  

(b) 

(c) (d) 



 

 

Figure 2.14.  Plot from the multiple regression analysis of life expectancy at adulthood on body 
and brain size in primates.  The y-axis represents the residual variation in life expectancy after 
the effect of body size has been considered.  The x-axis plots the brain size effect.  All values in 
the analysis are independent contrasts (n= 7).  The brain size coefficient has a significant positive 
effect on life expectancy (p = 0.003).  The body size coefficient has a significant negative effect 
on life expectancy (p = 0.03).  Source: Barrickman et al. 2008:579, Figure 4. 
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Figure 2.15.  Plot from the multiple regression analysis of maximum adult lifespan on body and 
brain size in primates.  The y-axis represents the residual variation in adult lifespan after the 
effect of body size has been removed.  The x-axis plots the brain size effect.  All values in the 
analysis are independent contrasts.  The brain size coefficient has a significant positive effect on 
life expectancy (p = 0.002).  The body size coefficient has a significant negative effect on life 
expectancy (p = 0.02).  Source: Barrickman et al. 2008:580, Figure 5. 
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Figure 2.16.  Gould’s clock models used to describe different heterochronic processes.  Growth 
refers to changes in body size during ontogeny, development refers to changes in shape, and 
maturation refers to the age in which adulthood is reached.  (A) Progenesis involves the overall 
truncation of ontogeny, affecting growth, development, and maturation.  (B) Neoteny involves 
the truncation of development, and is characterized by retention of juvenile shape.  (C)  
Hypermorphosis is the extension of growth, development, and maturation.  (D) Acceleration 
involves the extension of development (growth allometries) relative to growth and maturation.  
(E) Proportioned dwarfism is a truncation of growth while retaining shape and age at maturity, 
resulting in a small individual with ancestral proportions.  (F) Proportioned giantism is an 
extension of growth while retaining shape and age at maturation, resulting in a large individual 
with ancestral proportions.  Adapted from Gould 1977:257-259, Figure 39. 
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Figure 2.17.  Depiction of the heterochronic processes that shows the relationship between the 
size of a trait and time.  The definitions of these terms follow the framework proposed by 
McKinney and McNamara (1991).  These trajectories assume that body size and age at 
maturation stay the same from ancestor to descendant.  However, these two factors could be 
altered along with the heterochronic processes affecting the trait.   
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Figure 2.18.  These plots demonstrate the distinction between Gould’s and McKinney and 
McNamara’s definition of paedomorphosis, peramorphosis, and more specifically, neoteny.   
The growth allometries are shown by plotting the ontogenetic trajectory of log trait size on log 
body size.  The circles represent the descendent adult and the diamonds represent the ancestral 
adult.  Note that the same process has opposing definitions in the two frameworks.  Gould 
would define this modification has neoteny – the retention of juvenile ancestral proportions in 
adulthood, which requires that juvenile isometry is established to determine whether the 
descendant is paedomorphic, or juvenilized.  The triangle represents the point along the 
ancestral ontogeny in which the ancestral proportional shape is the same as that of the 
descendant adult.  In contrast, McKinney would define this process as acceleration, a form of 
peramorphosis – the trait grows at an increased rate in the descendent relative to the ancestor, 
and thus the trait size in the descendant has exceeded the ancestral trait size.  Source:  Godfrey 
and Sutherland 1995a:418, Figure 5. 
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Figure 2.19.  Gould’s interpretation of the alterations in human morphology since the last 
common ancestor with chimpanzees.  He referred to maturation as retarded, size increased, and 
juvenile proportions retained.  Adapted from Gould 1977:260, Figure 40. 
  



 

 
 
Figure 2.20.  Plot of the relationship of brain size and body size from fetal stage through 
adulthood in several mammals.  “Subprimates” refers to non-primate mammals.  The primates 
have a larger brain relative to body size than the other mammals throughout ontogeny.  Birth is 
not indicated on the graph, but the text of Holt et al. (1975) indicates that primates extend the 
rapid prenatal brain growth rate into the postnatal period, whereas the other mammals do not.  
Within primates, larger degrees of encephalization are achieved by extending the period of 
rapid brain growth relative to body growth.  Source: Holt et al. 1975:28, Figure 2.2.   
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Figure 2.21.  Comparison of allometric relationships during ontogeny of mammalian orders.  
Neonatal encephalization is indicated by the starting point of each curve.  The letters with 
arrows indicate shifts of the ontogenetic allometry:  (e) embryological encephalization; (a) 
altriciality induced reduction in neurogenesis (prenatal brain cell growth); (s) selection on larger 
somatic size.  Source:  Deacon 1990b:244, Figure 3. 

  

74 
 



Birth Maturity

Size 

Somatic 
growth

Brain growth 

Brain size relative to 
body size

A 

 

Size 

Somatic 
growth 

Brain 
growth

B 
Increased brain size 
relative to body size 

Birth Maturity  

Birth Maturity 

Size 

Somatic 
growth 

Brain 
growth

C 
Increased brain size 
relative to body size 

Figure 2.22. An illustration of how brain growth could affect age at maturity.  In (A), the growth 
trajectories for a species with low encephalization are shown.  In contrast, (B) shows adjusted 
trajectories in a species in which greater encephalization is achieved through an increased brain 
growth rate.  This increased rate entails an energetic cost that is reflected in a corresponding 
decrease in the somatic growth rate.  Somatic growth must catch up after brain growth ceases 
with an increase in growth rate, but because growth rate is energetically constrained and there 
is a great amount of catch-up necessary, age at maturity is delayed.  Finally, (C) shows adjusted 
trajectories in a species in which greater encephalization is achieved through prolonging the 
duration of brain growth.  The somatic “catch-up” is delayed, and thus age at maturation is also 
delayed. 
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CHAPTER 3:  HYPOTHESES, MATERIALS, AND METHODS 
 

 This project addresses two questions:  (1) why do anthropoids vary in their growth and 

reproductive rates? (2) how do some species become more encephalized than others?  These 

two questions are not independent.  Growing a big brain takes a great deal of time and energy, 

and therefore imposes constraints on somatic growth.  These constraints in turn affect the 

timing of maturation and the rate of reproduction.  The rates and durations of brain and body 

growth are therefore major factors in determining important life-history variables, including 

duration of gestation and lactation, length of the juvenile period, and age at first reproduction.  

The research reported here seeks to determine the trajectories of brain and body growth in a 

sample of anthropoids, and to test whether the expected correlations exist between these 

trajectories and major parameters of life history. 

 

Hypotheses 

 The energy and materials budget of a developing mammal is limited by the resources 

accessible to it through its mother and its environment.  To increase adult encephalization, the 

developing brain must grow faster, longer, or both.  The added resources needed for this 

increase have to be diverted from other growth processes.  The resulting changes in growth 

trajectories necessarily affect the timing of crucial life-history events and the rate of offspring 

production.  The relationships between these variables are complex.  The relevant variables 

include: 



• Neonatal body size 

• Neonatal brain size 

• Gestation length 

• Prenatal body growth rate 

• Prenatal brain growth rate 

• Age at brain growth completion 

• Age at weaning 

• Postnatal brain growth rate 

• Postnatal body growth rate during 

brain growth 

• Postnatal body growth rate after 

brain growth completion 

• Length of juvenile period 

• Adult brain size 

• Adult body size 

• Age at maturity 

• Interbirth interval (inverse of 

reproductive rate) 

 

The balance between body growth and brain growth may not be manifested in the same way 

in each species.  Three species with similarly high levels of adult encephalization may obtain 

their large brains through different ontogenetic trajectories.  One species may display a 

pattern of heavy investment in rapid prenatal brain growth and very little in prenatal body 

growth.  Postnatally, this species could experience a small amount of brain growth, and 

protracted body growth to compensate for its small neonatal size, resulting in a late age at 

maturity.  Another species might have a small neonatal brain and body size and a relatively 

short gestation length but attain the same degree of encephalization through a slow but 

extended period of postnatal brain growth, coupled with a long period of postnatal body 

growth at a moderate rate, increasing slightly after brain growth is complete.  This growth 

pattern would yield a late age at maturity.  A third highly-encephalized species might have a 

moderate rate of prenatal brain and body growth and a moderate length of gestation 
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followed by a postnatal phase of rapid brain growth and slow body growth.  In this pattern, 

the body growth rate might increase after brain growth ceases, but only to moderate levels 

(perhaps because of energetic constraints), resulting in a high degree of encephalization and a 

late age at maturity.  In addition to the effect of extended growth periods on the age at 

maturity, the mother’s reproductive rate might also be decreased by larger degrees of 

encephalization.  Any of these patterns could be reversed to result in a species with relatively 

low encephalization.  These patterns cannot be distinguished in a straightforward manner 

through the analysis of two or even three variables.  This study used many forms of 

multivariate analysis, including partial correlations, principal-components analysis, and path 

analysis, to tease out the links between these variables and establish causal models. 

 We can sum up all of these relationships by saying that large brain size extends all life 

history stages (gestation, lactational period, total pre-reproductive period) to accommodate 

the time and energy demands of brain expansion.  The effect of brain size on the duration of 

these stages has already been demonstrated (see Chapter 2).  For instance, large degrees of 

neonatal encephalization are correlated with longer gestational periods (Barrickman et al. 

2008).  However, the associations between brain growth and life history are not clear.  Leigh 

(2004) found no relationship between the duration of postnatal brain growth and the age at 

maturity.  The following hypotheses are formulated with the intent of determining whether 

these associations are present when two other factors are considered:  the amount of 

prenatal growth, and the corresponding rates of body growth.  In each hypothesis, maternal 

body size is controlled. 
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1. Larger brain size (whether achieved by faster or more prolonged brain growth) 

results in a longer pre-reproductive period (prenatal, postnatal, or both). 

a. Larger brain size (whether achieved by faster or more prolonged brain 

growth) results in an extended period of gestation.  This extended period 

results in neonates with large brains for their body size. 

b. Larger brain size (whether achieved by faster or more prolonged brain 

growth) results in an extended period of infancy.  The brain is expensive to 

grow, and sensitive to energetic scarcity.  Maternal energetic resources are 

more stable, so it is advantageous to grow the brain during infancy.  

Additional time before weaning may be necessary to catch up on body 

growth; the weanling may need to be of sufficient size to live independently.  

Alternatively, the brain may grow more slowly for a prolonged period and the 

body may grow at a moderate rate, also resulting in a prolonged period of 

infancy. 

c. Larger brain size results in a longer period between end of brain growth and 

first reproduction.  This pattern is hypothesized for two reasons.  First, body 

growth rate may be suppressed during brain growth and the body may 

require additional time to catch up.  Second, larger brain size may require a 

longer period of time to reach functional maturity at a cellular level.  Even 

though the brain has reached its adult volume, the cellular architecture must 

be refined through environmental stimulation.  The larger the brain, the more 

complex the network and the longer the period of maturation.  This second 
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time constraint is both energetic and behavioral; myelination and 

synaptogenesis consume metabolic energy, and building a network using 

environmental stimuli is a cognitive process. 

2. It follows from (1a&b) that larger brain size results in a slower reproductive rate.  

A great deal of maternal energy is required to grow large-brained offspring, and 

this cost will prolong the period of time between successive births. 

3. There must be some benefit to the extensive costs of brain growth.  This study 

hypothesizes that larger brain size results in longer adult lifespan, thereby 

resulting in more reproductive cycles.  This increase in net reproductive output by 

lengthening the adult lifespan could be offset by a decrease in reproductive rates.  

This study further hypothesizes that the increase in lifespan in large-brained 

species is sufficient to result in at least as many offspring as in smaller-brained 

species despite any decreases in reproductive rate. 

 

Sample 

 The sample of anthropoids examined in this study is listed in Table 3.1.  It represents a 

wide range of taxa, including a considerable degree of diversity in life history and degrees of 

encephalization.  In addition, these particular species have been extensively studied in the 

wild, so reliable life-history data are available.  There are also adequate data on dental 

eruption schedules for these species, so aging estimates can be made.  Both males and 

females were measured whenever possible to test for sexually dimorphic differences in 
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growth trajectories.  The osteometric data and endocranial volumes were collected from 

skeletal specimens collected in the wild and currently housed in various museum collections 

(Table 3.2).   

 

Data Collection Methods 

Brain Size 
 

Brain size was estimated from measurements of cranial capacity.  Cranial capacity of each 

specimen was measured using the method detailed in Smith et al. (1995).  Each cranium was 

filled with glass beads or mustard seeds.  It is time-consuming to determine volume of the 

beads using a graduated cylinder because it is difficult to make the beads settle completely 

within the cylinder – they are prone to electrostatic adhesion to the walls of the cylinder, and 

the seeds and beads are difficult to pack given the large opening of the graduated cylinder.  

Packing is not difficult when filling crania because of their more spherical shape and the 

relatively small foramen magnum.  Tapping the skull and gently pressing the beads or seeds 

into the crania with my thumb was sufficient to completely fill the cranial cavity.  The weight 

of the beads was determined by weighing the cranium before and after filling, and recording 

the difference.  The weight was multiplied by a constant to convert it to volumetric units.  This 

constant was formulated by weighing carefully packed volumes of beads at gradations of 

10ml, 20ml, and so forth.  Both methods, determining volume using graduated cylinders and 

determining volume from weight, were tested for reliability by measuring 10 crania three 

times each using both methods (a total of six measurements per specimen).  A series of t-tests 
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for each specimen indicated no significant differences between the means generated by each 

of the methods.  In addition, a series of f-tests for each specimen indicated that there were no 

significant differences between the variances generated by each method.   Both methods 

were found to be equally reliable, so the less time-consuming method of determining volume 

from weight was used. 

Cranial capacity does not equal brain weight.   The former measures volume and includes 

meninges, blood vessels, ventricles, and cerebrospinal fluid.  The latter does not include any 

of these structures, and has a different unit of measurement.  Several researchers have 

addressed this issue and examined large datasets to determine whether these measurements 

vary in a systematic fashion.  Stephan et al. (1981) found the specific gravity of primate and 

insectivore brains to be about 1.036.  Because cranial capacity exceeds brain volume by about 

the same degree as the specific gravity of brain tissue (i.e. about 1.04, Stephan 1960), some 

researchers have used cranial capacity interchangeably with brain weight (Armstrong 1985; 

Falk 1987; Hofman 1983b, 1991).   

There is evidence to suggest that cranial capacity and brain weight do not vary in a linear 

fashion across large ranges of size.  Small deviations from isometry can lead to large 

differences between cranial capacity and brain weight in large-brained organisms.  Martin 

(1990) examined the relationship between brain weight and cranial capacity in a wide range 

of primates and other mammals, arriving at the following major-axis equation: 

cranial capacity = 0.94(brain weight)1.02    (1) 

He found an allometric relationship:  for every unit increase in brain weight, there is a larger 

proportional increase in cranial capacity.  Thus, larger-brained organisms have a relatively 
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larger cranial capacity than smaller-brained organisms.  However, a more extensive analysis 

does not reveal the same patterns.  Isler et al. (in press)analyzed data from 72 primate 

species, almost twice as many as Martin (1990) had available.  In addition, the study 

performed by Isler et al. (in press) used brain weight data from Stephan et al. (1981), which 

included more species and larger sample sizes for each species than Stephan et al. (1970), the 

dataset used by Martin (1990).  Isler et al. (in press) found that the relationship between 

cranial capacity and brain mass is isometric, indicating that there is not a disproportional 

increase in cranial capacity with increases in brain weight.  This result is the same whether the 

sexes are pooled or analyzed separately.  The intercept was 0.036, indicating that cranial 

capacity should be multiplied by 1.036 to arrive at a brain mass estimate.  This coefficient is 

very close to the specific gravity of the brain, which accords with the studies of the 

relationship between brain weight and brain volume (Stephan et al. 1970).  Therefore, all 

values of cranial capacity obtained in the present study were multiplied by 1.036 to arrive at 

an approximation of brain mass.  Transformation bias was under 0.7%, and can be ignored for 

practical purposes (Isler et al. in press). 

 Neonatal brain sizes were obtained from the literature, collected from museum 

specimens, or averaged from both sources.  Adult cranial capacities were obtained from 

museum specimens included in the study.  Measurements from both males and females were 

used to calculate the average adult brain size.  The sample size of this study was insufficient to 

perform analyses of the growth curves for each sex of each species.  Therefore, determining 

the endpoint of brain growth (adult brain size) included male and female individuals.  The 
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study did examine the differences between male and female adult brain size; the techniques 

of analysis are described below and the results are reported in Chapter 4. 

 The measurement and comparison of degrees of encephalization is a contentious 

issue.  The encephalization quotients obtained for a given species can vary widely depending 

on the sample used for comparison.  For instance, a regression that includes prosimians or 

some non-primate mammals would result in a different intercept and slope from that of a 

regression that included only anthropoids.  All of the anthropoids would have higher 

encephalization quotients in the first regression than the second regression (Armstrong 1985; 

Martin 1990).   

Encephalization is important, as many of the hypotheses in this project involve some 

measure of brain size relative to body size.  Encephalization quotients will be determined 

using a regression equation that includes only the species examined in this project.  This 

analytical approach will allow for a comparison of how the growth trajectories and life-history 

stages vary in correspondence to encephalization within this circumscribed group.  Thus, the 

conclusions will apply directly to the sample included in this study.  However, the conclusions 

may still be valid for making inferences regarding broad trends within anthropoids.  The 

predictions generated from this study can be tested on other anthropoid taxa by measuring 

the degree of fit between the models and the observed patterns.  In addition, the models can 

be reconfigured to include other taxa, such as prosimians.  

 



85 
 

Body Size 
 

 Body size was assessed by taking a series of cranial and postcranial linear 

measurements of each specimen.  The measurements are listed in Table 3.3.  Rather than 

directly comparing measurements across species, the measurements were used to calculate 

an overall body-size estimate in order to compare body sizes and growth across multiple 

species and sexes.    

Several steps were taken to arrive at a body-mass estimate for every specimen in the 

study.   A sample of individuals with known body mass (Table 3.4) was used to determine the 

strength of the relationship between each of the measurements and body mass.   Correlation 

coefficients are provided in Table 3.3.  Although the correlations are high, using any one of 

these measurements might be problematic.  The relationship between these individual 

measurements and body size varies from species to species because of different locomotor 

and dietary practices (reviewed in Fleagle 1999).  Instead, a series of geometric means of the 

values for the measurements were calculated as follows: 

            n 

g = [Π x j]1/n    (2) 
           j=1 

 

More than one geometric mean was used because some specimens did not have a complete 

skeleton or consisted of only a skull.  A list of geometric means and their descriptions is 

provided in Appendix 1. 
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 Several studies have investigated the effectiveness of predicting body mass in 

intraspecific and interspecific samples using measurements of the skull and postcrania (Aiello 

and Wood 1994; Conroy 1987; Cuozzo 2001; Dagosto and Terranova 1992; Delson et al. 2000; 

Gingerich et al. 1982; Jungers 1990; McHenry 1992).  All of these studies examined adults, and 

many of the measurements have a linear relationship with body mass in adults so simple 

linear regressions can be used.  Across the interspecific and ontogenetic sample in this study, 

most of the measurements do not display a simple linear relationship between the 

measurements and body mass (Figure 3.1), or between the geometric means and body mass 

(Figure 3.2).  Linear equations cannot be used to predict body mass from skeletal dimensions 

across large ranges of body size and ontogenetic stages.  Loess regression fits models to 

localized subsets of the distribution, building up a model that describes the entire bivariate 

distribution.  The window or span of the localized area can be adjusted as necessary 

depending on the density of data and the degree of oscillations (Cleveland 1979; Cleveland 

and Devlin 1988).  This curve-fitting technique has advantages over other methods, such as 

Gompertz, because it does not make any assumptions about the expected shape of the curve.  

It is computationally intensive, and does not result in an equation that summarizes the model 

fit.  Instead, it produces a curve with a minimized residual sum of squares (reflected in a high 

r-square value) for a given window or span of localized data.  Once a loess model was 

computed for a bivariate distribution, the predicted y-values were calculated for a given x-

value in S-Plus statistical software.  Thereby, interspecific loess models of known body mass 

on geometric means were used to generate body mass predictions for the entire sample. 
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 The accuracy of a given loess model for predicting body mass was assessed before it 

was used to predict body mass for individuals with unknown values.  A low standard error of 

estimate reflects a good correlation, as indicated by a high r-square value and narrow 

confidence intervals (Aiello and Wood 1994; Smith 1980, 1984, 1994) across large ranges of 

body mass, large prediction errors are possible even with a low standard error and high r-

square value.  Prediction errors provide a better test of the suitability of a given model (Aiello 

and Wood 1994; Dagosto and Terranova 1992; Smith 1980, 1984), and are calculated as 

follows: 

    PE = observed – predicted  x 100   (3) 
     predicted 

 

Thus, the prediction error is the percentage by which the known body mass deviates from the 

predicted mass.  An example of a loess model for known body mass and a geometric mean, 

and the prediction errors from this model, are provided in Figure 3.3.  The remainder of the 

loess models used in this study, and their corresponding prediction errors, are provided in 

Appendix 2. 

 There are no established criteria for determining the acceptable degree of prediction 

errors.  Predictions based on skeletal dimensions include, at best, 50% of specimens within a 

prediction error of +20% of the actual body mass (see Aiello and Wood 1994).  Smith and 

Jungers (1997) compiled body-mass data on several primate species, and found coefficients of 

variation as high as 19.5%.  This result indicates that body mass can be highly variable within a 

species.  In addition, body mass can fluctuate considerably during the lifetime of a given 
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individual.  An analysis of the body-mass data on howling monkeys collected by Dr. Kenneth 

Glander at the LaPacifica site in Costa Rica reveals considerable variation in body mass during 

the adult lifespan of individuals.  This variation often exceeds the prediction errors produced 

by the loess models (Table 3.5).  Thus, arriving at a model fit in which all the estimates have 

extremely low prediction errors (5-10%) is unlikely.  Instead, it is reasonable to expect that 65-

70% of the specimens with known body mass have prediction errors that are + 20%, and that 

the mean percentage error is about 15% (absolute value).  The mean prediction errors and the 

distribution of the percentage errors for each geometric mean are provided in Appendix 2.  

Overall, the geometric means that include postcranial measurements had lower prediction 

errors, but the prediction errors of the cranial measurements were not substantially higher.  

This result accords with the finding of Aiello and Wood (1994) that cranial measurements 

predict adult body mass in anthropoids as well as postcranial measurements. 

 This study required the calculation of body growth rates, so the endpoint of growth 

(i.e. adult size) was determined.  Some of the species show very little sexual dimorphism (e.g. 

Hylobates), so the male and female values for adult body size were pooled to arrive at an 

average adult body size.  Several other species included in this study display at least some 

degree of sexual dimorphism.  T-tests were performed to determine whether there was a 

significant difference between adult male and adult female body size estimates.  If there was 

a significant difference, only the average of adult female body size was used to calculate the 

endpoint of growth.  Females are the limiting factor in future reproductive rates, so attaining 

adult female size is key to life history, demography, and investment in future offspring.  In 

addition, among the sexually dimorphic species included in this study, male growth rates 
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significantly accelerate in late ontogeny (Altmann and Alberts 2005; Fragazsy and Adams-

Curtis 1998; Leigh 1992; Leigh and Shea 1995; Schillaci et al. 2007).  Therefore, including 

infant and young juvenile males in analyses of brain growth, which is finished in early 

ontogeny, is valid. 

 The adult male gorillas used in this study have geometric means that surpass the 

values of all the specimens of known body mass.  Therefore, the loess regression models 

could not be used to predict their body masses.  Linear regressions of the geometric means of 

all adult hominoids of known body mass were used to generate a body-mass estimate for the 

adult male gorillas.  However, these estimates are used only for heuristic purposes in the 

growth curves provided in Chapter 4.  The analyses that address the hypotheses listed above 

consider somatic size in adult female gorillas only. 

  

Age 
 

Ages of the immature specimens were estimated from the developing dentition.  

Several studies that document the timing of dental eruption in various species were used to 

create a dental development chart, provided in Table 3.6.  The chart is organized into age 

cohorts.  Individuals within a species differ in the exact timing of eruption, and most studies 

provide both the average age and the range of ages recorded for the eruption of a given 

tooth.  Age cohorts are defined by a set of erupting teeth that show considerable overlap in 

timing.  For instance, the eruption of the first permanent molar and the permanent incisors 

have substantial temporal overlap in H. sapiens.  Individuals with one or more of these teeth 
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erupted were grouped together in a single cohort.  The range of the age estimate for a cohort 

is bounded by the youngest age at which any of the teeth in the cohort had erupted in any 

individual observed and reported in published studies, and by the oldest age at which any of 

these teeth had erupted.  The median age for eruption of the teeth in a given cohort was 

calculated.  The median is used rather than the mean because multiple teeth, each with its 

own mean age at eruption, are included in many of the cohorts.  Some precision is lost by 

using this method:  in some cases the range of the age estimate for a given individual can span 

over a year.  However, this method ensures a high probability of an accurate estimate – that 

is, it is likely that the actual age of a given individual falls within the range of the cohort.   

Comparisons of the timing of eruption in captive versus wild animals demonstrate 

that eruption is more rapid in captive animals (Zihlman et al. 2004).  This problem could have 

significantly affected this study since only wild-collected specimens were included.  However, 

a comparison of dental eruption timing in wild versus captive animals shows a consistent 

interspecific relationship (r2 = 0.99).  The data and the regression equation that yielded a 

correction function are illustrated in Figure 3.4.  The correction function was applied to the 

mean and ranges of estimates in the cohorts.   

Two species examined in this study are not included on the dental aging chart.  

Published data on Ateles geoffroyi are limited, consisting only of eruption times for the 

deciduous dentition.  This species was assumed to have an eruption schedule like that of C. 

apella for four reasons: (1) both species have similar eruption schedules for the deciduous 

dentition (Miles 1967)see Miles 1967 for schedule of A. geoffroyi); (2) they have similar life 

histories – e.g., age at weaning and interbirth interval are similar (see Table 3.8); and (3) they 
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have similar diets (Chapman 1987; Godfrey et al. 2001; Spironello 2001; Terborgh 1983).  The 

dental eruption schedule for Alouatta palliata, the other species not included in Table 3.6, 

was determined through two sources.  First, eruption schedules were inferred from the dental 

wear data presented by Froehlich et al. (1981), which provided an approximate eruption time 

for the first permanent molar.  Second, a dental eruption schedule was created (Table 3.7), 

and then confirmed by Kenneth Glander (pers. comm.), who has extensive experience darting 

and capturing individuals of known age and observing their dentition. 

 

Life History 
 

 Using data from populations in the wild is potentially advantageous because 

conditions in the wild are most similar to the conditions in which a species’ life-history traits 

evolved.  Intraspecific comparisons between life history variables in captivity and the wild 

have demonstrated accelerated reproductive rates and earlier ages at first reproduction in 

captivity in some primate species (Anderson et al. 2008; Barrickman and Lin in prep; 

Bramblett 1980; Cheney et al. 1988a; De Lathouwers and Van Elsacker 2005; Knott 2001; 

Koyama et al. 2001; Tutin 1994).  Avoiding a mixture of wild and captive values within a given 

species increases the chances that reliable relationships between variables will be detected.  

Thus, the values (listed in Table 3.8) used in this study were compiled primarily from long-

term studies of wild, unprovisioned populations (references in Appendix 4).  However, some 

data on gestation length were taken from captive populations.  This variable is not easily 

collected in the wild, since the timing of conception is often unknown.  In species evincing 

distinct periods of receptivity, as indicated by such signs as sexual swellings, gestation length 
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in the wild can be estimated (Dixson 1998).  Fortunately, gestation length has been shown to 

be tightly conserved across a range of conditions (Martin and MacLarnon 1988).   

 Age at weaning is difficult to pinpoint in primates because weaning is a gradual 

process rather than a precise landmark (Gomendio 1989; Lee et al. 1991; Lee 1987, 1996; 

Nicholson 1982; Stewart 1988).  Therefore, lactational period was calculated by subtracting 

gestation length from interbirth interval.  This value provides a measure of the time during 

which an offspring is able to gain access to exclusive maternal energetic resources, assuming a 

single birth, before these resources are diverted to the subsequent offspring.  The 

juvenile/adolescent period in females was calculated by subtracting the lactational period 

from the age at first reproduction.  This variable represents the time period between initial 

independence from maternal resources and reproductive maturity.  Interbirth interval, the 

inverse of reproductive rate, is calculated as the average time period between births of 

successive surviving infants. 

 The reproductive period was calculated as the maximum lifespan in captivity minus 

the average age at first reproduction of females in the wild.  The artificial conditions in 

captivity do not replicate the mortality pressures faced in the wild.  However, this time period 

is probably set by natural selection to balance the energy invested in cellular maintenance 

with the long-term mortality rate (Kirkwood and Austad 2000).  Maximum lifespan represents 

the physiological limit of life-sustaining maintenance inherent in a given species. In contrast, 

life expectancy in the wild is an estimate of a variable heavily dependent on environmental 

conditions when the data were collected.  For many reasons, including human interference, 

these conditions may deviate from the long-term average.  Also, adequate data on life 
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expectancy in the wild are available for only five of the thirteen species included in this study.  

Fortunately, life expectancy in the wild and maximum lifespan in captivity are tightly 

correlated (r-square = 0.88, see Figure 2.8). 

 Data on the life history of Homo sapiens vary considerably depending on the 

population.  This study used data from the Ache, a hunter-gatherer population in eastern 

Paraguay (Hill and Hurtado 1996).  Because of their subsistence base, it is likely that their life 

histories closely resemble the Paleolithic pattern that prevailed before the relatively recent 

arrival of intense domestication and industrialization.  These factors could have substantially 

altered the average timing and rates of life history events (Eveleth and Tanner 1990).  Kaplan 

et al. (2003) compiled several life-history variables (including adult mortality rate, age at first 

reproduction, and interbirth interval) from four hunter-gather populations, including the Ache 

(see also Walker et al. 2006b).  The variables have coefficients of variation of 0.09 or less 

across these four populations, indicating that these data from studies of the Ache adequately 

represent the life-history pattern of hunter-gatherers. 

 

Analysis 

 This study investigates several propositions about the relationships between life-

history and growth parameters.  In some cases, only two or three variables are of interest.  

However, there are several other confounding variables that must be considered 

simultaneously.  Four types of statistical techniques were used to test the hypotheses in this 

study.  First, partial correlations, multiple regressions, and principal-components analyses 
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explore the relationships between the variables to discern any overarching patterns in the 

data.  Second, path analysis is used to test specific hypotheses and establish causal 

relationships between specific variables.   

 

Variables in Analyses 
 

Many of the variables included in the analyses have been described in the preceding 

sections.  The calculations of the remaining variables are described in the list below or the 

following section. All variables were log-transformed prior to these analyses.  Log-

transformation is necessary because the variance in the data increases with increasing 

magnitude, and all of the multivariate analyses included in this study assume equal variances 

amongst the variables.  In addition, bivariate analyses of raw data across large ranges of body 

size tend to have a non-linear distribution.  Log-transforming ameliorates these problems 

(Figure 3.5).   

 The list below provides a definition of each of the variables included in the analyses.  

In addition, the variables that are not independent, i.e., that depend on calculations from 

other variables included in the dataset, are italicized. 

Life History 

Length of Gestation 

Length of Infancy (Lactational Period, Interbirth Interval minus Length of Gestation) 

Length of Juvenile Period (Age at First Reproduction minus Lactational Period) 



95 
 

Age at First Reproduction in Females 

Adult Lifespan (Maximum Lifespan minus Age at First Reproduction) 

Interbirth Interval (Average time between surviving offspring) 

Total Period of Immaturity (Length of Gestation plus Age at First Reproduction) 

 

Brain Growth 

Adult Brain Size  

Neonatal Brain Size 

Average Prenatal Brain Growth Rate (Neonatal Brain Size divided by Length of Gestation) 

Age at Brain Growth Completion (see below) 

Average Postnatal Brain Growth Rate (Adult Brain Size divided by Age at Brain Growth 

Completion) 

Total Period of Brain Growth (Length of Gestation plus Age at Brain Growth Completion) 

Average Brain Growth Rate (Adult Brain Size divided by Total Period of Brain Growth) 

 

Body Growth 

Adult Female Body Size 

Neonatal Body Size 

Average Postnatal Body Growth Rate (Neonatal Body Size divided by Length of Gestation) 

Body Size at Brain Growth Completion (see below) 

Average Body Growth Rate During Brain Growth (Body Size at Brain Growth Completion 

divided by Age at Brain Growth Completion) 
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Average Body Growth Rate After Brain Growth (Adult Female Body Size minus Body Size at 

Brain Growth Completion, divided by Age at First Reproduction minus Age at Brain 

Growth Completion) 

Average Body Growth Rate During Brain Growth (Body Size at Brain Growth Completion 

divided by Total Period of Brain Growth) 

 

Determining Age at Brain Growth Completion and Body Size at Brain Growth Completion 
 

 An ANOVA was performed on each species, comparing the average (unlogged) brain 

sizes of each cohort.  Post-hoc tests were performed to determine which cohorts were 

significantly different from the adult mean.  A Levene statistic was calculated for each species 

to determine whether equal variances of the cohorts could be assumed.  If the Levene 

statistic was not significant, equal variances were assumed and Dunnett post-hoc t-tests were 

performed.  If the Levene statistic was significant, equal variances were not assumed and 

Dunnett C post-hoc tests were performed.  The oldest age cohort that showed a significant 

difference from adult brain size mean was designated as age at brain growth completion.  For 

most species, this age cohort has a mean that is close to 90% of the adult mean.  However, in 

some species, the mean of the cohort is below 90% of the adult mean.  Using the next age 

cohort as “age at brain growth completion” can be problematic if the temporal gap between 

dental cohorts is substantial (see Table 3.6).  Using the next age cohort runs the risk of 

overestimating the duration of brain growth by a large degree, while using the last stage 

showing a significant difference from adult size runs the risk of underestimating the duration 
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of brain growth.  For two species to which this issue was pertinent (Pan troglodytes, and 

Pongo pygmaeus), the median age between the two cohorts (the latest cohort to show a 

significant difference from the adult mean and the following cohort) was designated as the 

age at brain growth completion.  The accuracy of these estimates was confirmed by previous 

studies of brain growth in Pan troglodytes (Vrba 1998; Herndon et al. 1999; Leigh 2004). 

 Once age at brain growth was determined, the corresponding mean body size for that 

cohort was designated as the body size at brain growth completion.  For the two species in 

which the age at brain growth completion was between the mean ages of two cohorts (Pan 

troglodytes and Pongo pygmaeus), the body size at brain growth completion was 

interpolated. 

 

Exploratory Analyses:  Partial Correlations, Multiple Regression and Principal-Components 
Analysis 

 

The relationships between the variables were examined to determine whether any of 

the expected correlations were present.  For instance, previous studies have demonstrated 

that body size is correlated with life-history variables in primates (Western 1979; Economos 

1980; Eisenberg 1981; Western and Ssemakula 1982; Harvey and Bennett 1983; Millar and 

Zammuto 1983; Blueweiss et al. 1987; Harvey et al. 1987; Harvey and Pagel 1991; Purvis and 

Harvey 1995). This correlation, and others, were tested and confirmed using this study’s 

dataset.  Some of these variables are correlated by definition.  For instance, brain size is a 

direct function of growth duration and rate.  Thus, no more than two of these three variables 
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can be included in a given analysis.  Brain growth rate and duration, and the total period of 

somatic growth, can be entered into an analysis, but brain size must then be excluded.  

Likewise, brain growth duration, brain size, and total period of somatic growth can be 

included in a given analysis.  However, all three brain-related parameters (brain growth rate, 

duration, and size) cannot be analyzed simultaneously because any one variable is a function 

of the remaining two variables. 

Partial correlations and multiple regressions were also performed to test the 

relationships between three or four variables.  Because body size correlates with every 

variable in the analysis, it may obscure relationships between brain growth parameters and 

life history.  A gorilla may grow its brain for a long period of time and have a late age at first 

reproduction relative to a capuchin monkey because it is large, but the questions of interest in 

this study concern whether brain growth is extended relative to body size and whether it 

corresponds with a delayed reproduction relative to body size.  Partial correlations are able to 

reveal the effects of other variables in the matrix, such as body size, on a given correlation.  

Multiple regression is an advantageous technique for controlling for body size because it can 

detect the relative amount of influence of body size versus other independent variables (such 

as brain growth duration) on a given dependent variable (such as age at first reproduction). 

Principal-components analysis is an exploratory, multi-variate statistical technique 

that was used to examine relationships between a larger number of variables than possible 

with partial correlations and multiple regressions.  It is well-suited for this study (Everitt and 

Dunn 2001) because the dataset consists of many variables of interest relative to the number 

of observations (i.e. number of species, n = 13), and the variables are highly correlated with 
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each other (the correlation matrix for the variables included in this study is provided in Table 

4.28).  Principal-components analysis reduces the original number of variables to a smaller set 

of explanatory variables, referred to as principal components, each of which is a specified 

combination of the original variables.  If there are 10 variables in the original dataset, a 10-

dimensional distribution is created and axes with maximal goodness-of-fit (principal 

components) are calculated that intersect this 10-dimensional cloud of data points.  The 

principal components are ordered with decreasing degree of explanatory power.  The first 

principal component explains the largest amount of variation in the 10-dimensional 

distribution.  The second principal component explains the second largest amount of 

variation, and so forth.  The principal components are orthogonal to each other, such that the 

successive principal components are only summarizing the remaining variation left by the 

previous principal components.  Thus, the components are uncorrelated.  This technique 

begins with a set of highly correlated variables and reduces the variation to a small number of 

variables that are uncorrelated.  Each of the original variables has a weight, or eigenvector, for 

a given principal component that indicates how much that variable contributed to the vector 

of the axis for that component.  In addition, each species has a score for each principal 

component, which is a summation of the observed variables multiplied by the respective 

eigenvectors.  These scores were compared across the sample. 

 This study did not specifically address how body mass affects life history.  Rather, this 

study examined how brain growth affects life history, holding body size constant.  Do species 

that have a big brain for their body size have a long duration of brain growth for their body 

size?  If so, do they also have a long period of immaturity relative to their body size?  A 
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principal-components analysis including the growth parameters (all the durations and rates of 

body and brain growth listed above) produced the results shown in Table 3.9.  Sixty-four 

percent of the variation was explained by the first principal component, and the eigenvectors 

demonstrate that all of the variables included in the analysis had a similar level of 

contribution to this component.  Often, when a large range of body sizes are represented in a 

sample, the first principal component is regarded as representing overall body size, though 

this is not always the case (Everitt and Dunn 2001; Sokal and Rohlf 1995).  A plot of the 

species’ scores for the first principal component (PC1) on maternal body size (Figure 3.6) 

shows that these variables have a strong relationship, but there is some residual variation.  

Figure 3.6 also plots the residuals of PC1 on body size with the residuals of total immaturity on 

body size, demonstrating that species which have a high PC1 score for their body size also 

have a long period of immaturity for their body size.  PC1 expresses more than just the 

variation in overall body size – it includes variation in overall time.  Thus, the remaining 

principal components in this analysis do not show how time, growth rates, and brain size are 

related to each other to the exclusion of variation in body size. 

This study aimed to test the relationships between brain growth rate and duration, 

corresponding body growth rate and duration, and life history - relative to body size.  The 

variation due to differences in body size must be accounted for prior to the analyses.  

Residuals were calculated for each variable on maternal body mass using reduced-major-axis 

(RMA) regressions.  Unlike least-squares-regression, RMA does not assume that the 

independent variable (maternal body mass) is measured without error (Everitt and Dunn 
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2001; Sokal and Rohlf 1995).  The residuals are normally distributed, so they are well-suited 

for a multi-variate analysis such as principal components. 

 

Testing Causal Relationships:  Path Analysis 
 

 Path analysis is a technique that relies on the integration of regression equations to 

test predictive relationships (Cohen et al. 2003; Everitt and Dunn 2001; Sokal and Rohlf 1995).  

The researcher creates path models that draw causal inferences between variables as 

predicted by a given hypothesis.  Path analysis has the option of using maximum likelihood 

estimation (MLE) rather than ordinary least squares (OLS), and MLE was used for this project.  

OLS minimizes the deviations of the values predicted by the model and the observed values 

for the variables.  MLE is the preferred method (Everitt and Dunn 2001); it is an iterative 

procedure and it maximizes the probability that the coefficients generated by the model fit 

the covariance matrix of the observed data.  It is well-suited for small sample sizes. 

In path analysis, rather than the terms independent and dependent, variables are 

referred to as predictor and criterion variables (also sometimes referred to as exogenous or 

endogenous variables).  This distinction in terminology reflects an important difference 

between multiple regression and path analysis.  In multiple regression, the independent 

variables are assumed to be uncorrelated with each other, whereas in path analysis, the 

correlation between predictor variables is accounted for in the model.  Direct causal 

relationships are represented in the model by single-headed arrows from the predictor to the 

criterion.  Correlations between predictors are indicated by double-headed arrows.  Predictor 
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variables can have a direct effect on the criterion variable, as denoted by a single-headed 

arrow.   In addition, predictor variables can have indirect effects on a criterion variable via 

other predictor variables.  Figure 3.7 is a sample path analysis.  In this model, X1, X2, and X3 are 

predictor variables that are hypothesized to have a direct causal relationship to the criterion 

variable, Y.  The regression coefficient that estimates the relationship between the predictor 

and criterion variable is referred to as the path coefficient.  The path coefficients are 

standardized or beta coefficients; standardization expresses the unit of change in standard 

deviations rather than in original measurement units.  It is preferred when the units of 

measurement differ between the variables and the variances are unequal, as was the case in 

this study.  The path coefficients are partialed with respect to the other predictor variables 

that have a direct effect on the criterion variables.  The predictor variables are correlated with 

each other, so there are path coefficients between these variables.  The indirect effects are 

the product of the path coefficients leading from predictor variable to predictor variable to 

criterion variable.  The total effect (r) of X1 on Y is the sum of the direct and the indirect 

effects through the path coefficients (β).   

r1Y = βY1 + β12 (βY2) + β13 (βY3) 

Because there can be more than one criterion variable (e.g. X1 Y1 Y2), multiple levels of 

causation can be tested.  Each criterion variable must have an error term included in the 

model, allowing for a squared-multiple-correlation coefficient that indicates the proportion of 

variance in the criterion variable that is explained by the model. 



103 
 

 Path analysis includes several tests that assess the adequacy of a model.  When a path 

model is created, the researcher can remove paths.  Theoretically, there may be no reason to 

suspect that a direct causal relationship exists, so the path is not included.  Alternatively, 

there may be no significant correlation between two predictor variables, so the double-

headed arrow is removed.  The path analysis compares a saturated model that includes all 

possible paths between the variables, and a reduced model in which some paths have been 

eliminated by the researcher.  The Chi-square tests the null hypothesis that the reduced 

model fits the correlation matrix as well as the saturated model.  If the Chi-square is low and 

the p-value is greater than 0.05, the reduced model is not significantly worse than the 

saturated model at predicting the variance in the criterion variable.  The minimum 

discrepancy function divided by the degrees of freedom (CMIN/DF) is another Chi-square 

statistic that indicates, given the degrees of freedom, whether too many paths have been 

dropped from the model.   Ideally, the CMIN/DF index is 1 or less, but most statisticians 

accept values as high as 3 (Arbuckle 2007).  The goodness-of-fit index (GFI) indicates the 

proportion of variance in the matrix that is explained by the model; the saturated model has a 

value of 1, and the reduced model should have a value that exceeds 0.9.  The adjusted GFI 

(AGFI) is corrected to account for the number of parameters in the model.  The fewer 

parameters relative to the sample size, the closer the AGFI will be to the GFI. 

 Path analysis also compares the reduced model to an independence model in which 

there are no paths between any of the variables.  The comparative-fit index is the difference 

between the chi-squares for the two models, divided by the chi-square for the two models.  It 

is a better index than other similar statistics (e.g. the normed-fit index) to use with small 
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sample sizes (Arbuckle 2007; Bentler 1990).  A value of 0.9 or higher indicates that the 

reduced model, relative to the independence model, is a good fit. 

 The sample size in this study limits the number of parameters that can be included in 

a path model.  Because maternal body size is correlated with every other variable in the 

dataset (see Table 4.28), the residuals generated from RMA regressions (see above under 

Principal-Components Analysis) were used in the path analyses. 

 

Phylogenetic Non-Independence 
 

 Another potentially confounding factor is phylogenetic non-independence.  The 

correlations between variables could be the result of inheritance from a common ancestor 

rather than the result of a functional relationship (Felsenstein 1985).  Calculating independent 

contrasts is the method most commonly used to control for phylogenetic bias in continuous 

variables (Harvey and Pagel 1991; Nunn and Barton 2001; Purvis and Webster 1999).  In this 

study, the PDAP module of the Mesquite program is used (Garland and Ives 2000; Garland et 

al. 1999; Maddison and Maddison 2007; Midford et al. 2003) to calculate independent 

contrasts for each of the variables.  To ensure that the results represent a functional process 

and not an artifact of phylogeny, all of the analyses were performed using contrasted values.  

However, Martin et al. (2005) have raised some concerns about the methods that attempt to 

correct for phylogenetic inertia.  They argue that (1) these methods may obscure functionally 

relevant grade-shifts in the relationship between two variables; (2) most of the variation at 

higher taxonomic levels is accounted for by variation in body size, and so analyses that 
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account for body size (e.g. through residuals) have already accounted for most of the 

phylogenetic inertia; and (3) different types of phylogenetic inertia may be acting on the 

relationship between any two variables (e.g. inertia in the scaling relationship or inertia 

restricted to only one variable).  All of these problems are pertinent to this study, so all 

analyses were performed on both log-transformed species values and independent contrasts.  

Any disparities in the level of significance between these two sets of analyses are noted in the 

results provided in Chapter 4.  Otherwise, only the results of the analyses of species values are 

reported. 

The branch lengths on the phylogenetic tree used to generate the contrasts can be set 

to 1.0, or each branch can be set to a specific length representing the time since divergence 

(this study used branch lengths provided in Purvis 1995; Smith and Cheverud 2002).  The best 

method depends on the confidence that the distances, or divergence times, between species 

and nodes on the tree are correct.  To determine which set is most suitable for the data, the 

relationship between the absolute contrasts and the square root of the sum of the branch 

lengths was calculated.  A slope that is significantly different from zero indicates that the 

value for a given contrast is related to its divergence time, which would cause more weight to 

be given to contrasts that are either more distant (positive relationship) or more recent 

(negative relationship). In this study, branch lengths of 1.0 showed no significant 

relationships, while specific branch lengths had slopes that were significantly different from 

zero in several instances.  Therefore, branch lengths equal to 1.0 were used for the analyses.  

In addition, absolute contrasts were standardized by dividing them by the square root of the 

sum of the branch lengths.  This was done because the further back on the roots of a tree, 
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towards the most primitive character states, the contrasts are more and more removed from 

the observed values and are estimated through an averaging process.  Thus, the estimated 

primitive characters states were given less weight than the topmost ones (Garland et al. 

1999). 
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Table 3.1.  Sample included in the study 
 

Species 
Sample Compositiona

 

Infants Juveniles Subadults Adults Totals 
Cebus apella 
 

8 m
1 f
3 u

11 m
7 f
1 u

3 m
1 f

9 m 
7 f 

31 m
16 f
4 u

 Total 51
Ateles geoffroyi 
 2 f

6 u

11 m
13 f
1 u

9 m
10 f
1 u

9 m 
7 f 

29 m
32 f
8 u

 Total 69
Alouatta palliata 
 

2 m
5 f
7 u

7 m
23 f
10 u

3 m
4 f
1 u

19 m 
19 f 
3 u 

31 m
51 f
21 u

 Total 103
Macaca fascicularis 
 

8 m
1 f
1 u

15 m
5 f
2 u

4 m
8 f
3 u

11 m 
10 f 

38 m
24 f
7 u

 Total 69
Macaca mulatta 
 

2 m
2 f
3 u

9 m
12 f
5 u

3 m
1 f
1 u

4 m 
5 f 

18 m
20 f
9 u

 Total 47
Papio cynocephalus 
 1 f

1 u

7 m
7 f
2 u

5 m
9 f

10 m 
10 f 

22 m
27 f
3 u

 Total 52
Chlorocebus 

aethiops 
 

9 m
5 f
6 u

14 m
9 f

10 u

2 m
11 f
3 u

9 m 
10 f 

34 m
35 f
19 u

 Total 88
Hylobates lar 
 

1 m
3 f
2 u

3 m
8 f

4 m
3 f

12 m 
11 f 
1 u 

20 m
24 f
3 u

 Total 47
Pongo pygmaeus 
 

3 m
3 f
3 u

8 m
11 f
3 u

3 m
1 f

9 m 
7 f 

23 m
23 f
6 u

 Total 52
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Table 3.1. continued 

Species 
Sample Compositiona

 

Infants Juveniles Subadults Adults Totals 
Gorilla gorilla 
 

7 m
2 f

13 u

17 m
17 f
4 u

4 m
7 f

8 m 
15 f 

37 m
41 f
17 u

 Total 95
Pan paniscus 
 

7 m
4 f
9 u

9 m
9 f

18 u

3 m
4 f
3 u

11 m 
9 f 

30 m
26 f
31 u

 Total 87
Pan troglodytes 
 

10 m
8 f

15 u

14 m
19 f
29 u

7 m
1 f
3 u

10 m 
8 f 

41 m
36 f
47 u

 Total 124
Homo sapiens 
 

16 m
12 f
25 u

14 m
16 f
27 u

10 m
5 f
2 u

20 m 
16 f 
1 m 

60 m
49 f
55 u

 Total 164
aThese age categories are broader than those used for the analyses and are presented as such 
for heuristic purposes.  See text and Table 3.6 for a detailed presentation of the aging 
methodology used in this study, and Chapter 4 for plots that demonstrate the sample 
distribution using this aging scheme.  In this table, infant = only deciduous dentition present, 
juvenile = 1st molar erupted, subadult = 2nd molar and premolars erupted, adult = 3rd molar 
and canine erupted and all epiphyses fused.  m = males, f = female, and u = unknown sex. 
  



109 
 

Table 3.2.  Collections examined for this study 

Collection Location Species examined 
National Museum of Natural 

History 
Washington DC C. apella , A. geoffroyi,  A. palliata, M. 

mulatta, P. cynocephalus, C. 
aethiops, H. lar,  P. pygmaeus, G. 
gorilla, P. paniscus, P. troglodytes,  
H. sapiens 

American Museum of Natural 
History 

New York, NY C. apella , A. geoffroyi,  A. palliata, M. 
mulatta, P. cynocephalus, C. 
aethiops, H. lar,  P. pygmaeus, G. 
gorilla, P. paniscus, P. troglodytes,  
H. sapiens 

Field Museum Chicago, IL C. apella ,  A. palliata, M. fascicularis, C. 
aethiops, H. lar 

Cleveland Museum of Natural 
History 

Cleveland, OH H. sapiens 

Dart Collection, University of 
the Witwatersrand 

Johannesburg, 
South Africa 

H. sapiens 

Anthropologisches Institute, 
Universität Zürich 

Zürich, 
Switzerland 

C. apella , A. geoffroyi,  A. palliata,  M. 
fascicularis, M. mulatta, P. 
cynocephalus, C. aethiops, H. lar,  P. 
pygmaeus, G. gorilla,  P. troglodytes 

Royal Museum for Central 
Africa 

Tervuren, 
Belgium 

P. cynocephalus, C. aethiops, H. lar,  P. 
paniscus, G. gorilla,  P. troglodytes 

La Pacifica collection, Duke 
University 

Durham, NC A. palliata 
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Table 3.3.  Linear measurements of the crania and postcrania 

Element Measurement Descriptiona Correlation 
Known  
Body 
Weightb 

Skull 

Skull Length Distance between prosthion and 
opisthocranion 

0.96 

Basicranial Length Distance between basion and nasion 0.94 
Biorbital Breadth Distance between right and left 

frontomalare orbitale 
0.97 

Bitubercular Breadth Distance between the two lateral 
tubercles of the articular fossae 

0.98 

Palatal width Distance across the palate across the 
canines 

0.97 

Palatal Length Distance from alveolare to orale 0.89 
Mandibular Bicondylar 

Diameter 
Mediolateral distance from the left and 

right condylion laterale 
0.97 

Mandibular Length Distance from infradentale to the 
farthest posterior point of the ramus 
along the plane of the cementoenamel 
junction 

0.87 

Mandibular Height Distance from the farthest inferior point 
of the mandibular ramus to the most 
superior point of the mandibular 
condyle 

0.83 

Humerus 

Humeral Diaphyseal 
Length 

Maximum length of the diaphysis of the 
humerusa 

0.94 

Humeral Head 
Diameter 

Maximum anteroposterior diameter of 
epiphyseal surface of humeral head 

0.94 

Humeral Shaft ML Mediolateral diameter of the humerus at 
midshaft 

0.95 

Humeral Shaft AP  Anteroposterior diameter of the humerus 
at midshaft 

0.94 

Distal Humerus ML Mediolateral diameter of the distal end 
of the humeral diaphysis 

0.96 

Distal Humerus AP Anteroposterior diameter of the distal 
end of the humeral diaphysis 

0.99 
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Table 3.3. continued 

Element Measurement Descriptiona Correlation 
Known  
Body 
Weightb 

Femur 
 

Femoral Diaphyseal 
Length 

Maximum length of the diaphysisa 0.96 

Femoral Head 
Diameter 

Maximum superoinferior diameter of the 
epiphyseal surface femoral head 

0.99 

Femoral Shaft ML Mediolateral diameter at midshaft 0.97 
Femoral Shaft AP Anteroposterior diameter at midshaft 0.98 
Femoral Condyle ML Maximum mediolateral diameter of the 

femoral condyles 
0.94 

Femoral Condyle AP Maximum anteroposterior diameter of 
the femoral condyles 

0.98 

Radius 

Radial Diaphyseal 
Length 

Maximum length of the diaphysisa 0.87 

Radial Head Diameter Maximum diameter of the epiphyseal 
surface of the radial head 

0.93 

Radial Shaft ML Mediolateral diameter at midshaft 0.94 
Radial Shaft AP Anteroposterior diameter at midshaft 0.94 
Distal Radius ML Maximum width of epiphyseal surface of 

the distal radius 
0.96 

Distal Radius AP Length of epiphyseal surface of the distal 
radius perpendicular to Distal Radius 
ML 

0.98 

Tibia 

Tibial Diaphyseal 
Length 

Maximum length of the diaphysisa 0.94 

Tibial Shaft ML Mediolateral diameter at midshaft 0.98 
Tibial Shaft AP Anteroposterior diameter at midshaft 0.97 
Tibial Condyle ML Maximum mediolateral diameter of the 

ephipyseal surface of the tibial condyles 
0.97 

Tibial Condyle AP Maximum anteroposterior diameter of 
the epiphyseal surface of the tibial 
condyles 

0.97 

Distal Tibia AP Maximum anteroposterior diameter of 
the epiphyseal surface of the talar facet 

0.98 

Distal Tibia ML Maximum mediolateral diameter of the 
epiphyseal surface of the talar fact 

0.94 
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Table 3.3. continued 
 
Element Measurement Descriptiona Correlation 

Known  
Body 
Weightb 

Last 
Lumbar 

Vertebra 

Last Lumbar ML Mediolateral diameter of the vertebral 
body 

0.95 

Last Lumbar AP Anteroposterior diameter of the 
vertebral body 

0.98 

Last  Lumbar Height Maximum craniocaudal height of the 
vertebral body 

0.87 

aThese descriptions refer to immature individuals whose epiphyses have not fused.  To 
determine the landmarks that indicate the location of the former growth plates on adults, a 
series of immature, subadult, and adults were compared within each species.  The landmarks 
were used for measuring the diaphyseal and epiphyseal-surface dimensions on adults. 
bSee Table 3.4 for a list of specimens with known body mass 
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Table 3.4.  Specimens of known body mass  
Species Dental Stagea and Sexb 
A. palliata Stage 3: 1 u 

Stage 4: 1 m 
Stage 8: 6 m, 11 f  

M. fascicularis Stage 5: 1m 
Stage 6: 2m 
Stage 10: 2m 

M. mulatta Stage 2: 1 m 
Stage 4: 1 m 
Stage 5: 3 m 
Stage 6: 1 m, 3 f 

P. cynocephalus Stage 10: 3m, 1 f 
H. lar Stage 2: 2 f 

Stage 4: 1 m 
Stage 5: 1 f 
Stage 10: 1 m, 1 u 

P. pygmaeus Stage 3: 1 m, 2 f 
Stage 4: 1 f 
Stage 9: 1 f 
Stage 10: 2 m 

G. gorilla Stage 6: 1 m 
Stage 10: 1 f 

 

 

 

 

 

 

 

 

 
 
 
 
 

 

Species Dental Stagea and Sexb 
P. paniscus Stage 5:  1 m, 1 f 

Stage 6: 2 m 
Stage 8: 2 m, 1 f 
Stage 9: 1 m, 1 f 
Stage 10: 5 m, 5 f 

P. troglodytes Stage 3: 1 m 
Stage 4: 1 m 
Stage 5: 1 f 
Stage 6: 1 m 
Stage 7: 1 m 
Stage 8: 1 m 
Stage 10: 1m, 1f 

H. sapiens Stage 1: 1 m 
Stage 3: 2 m, 2 f 
Stage 4, 4 m, 5 f 
Stage 5: 2 m, 1 f 
Stage 6: 1 m, 5 f 
Stage 7: 1 m 
Stage 8: 1 m, 1 f  

Total 105 
aFor details regarding dental stage see 
Table 3.6. 
bm = male, f = female, and u = unknown 
sex.
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Table 3.5.  Variation in body mass during the lifetime of adult howling monkeys from La 
Pacifica, Costa Rica.  Data provided by Kenneth Glander. 

Individual Maximum 
recorded 
body mass 
(g) 

Minimum 
recorded 
body mass 
(g) 

Average 
body 
mass 
(g) 

Percentage 
variation a 

Value 
predicted 
by  loess 
model of 
Post I b 

Percentage 
prediction 
error of 
loess model 
on average 
body mass 

Cleo 4900 4000 4463 22.5 4675 -4.5 
Consuela 5400 4338 4882 24.5 4857 0.5 
Gable 6500 5600 5980 16 7975 -25 
Lemon 4824 3514 4198 37 4537 -7.5 
Lilac 5200 4000 4740 30 4693 1 
Nino 5600 5400 5500 3.7 5576 -1.4 
Peanuts 6600 5274 5895 25 na c  
R.C. 4700 4500 4600 4.4 4772 -3.6 
Rambo 6500 4900 5770 32.7 na c  
Roo 6700 6400 6500 4.7 6111 6.4 
Sherry 4500 3500 4080 28.6 4253 4.0 
Simone 5300 4750 5010 11.6 4632 8.2 
Topaz 5800 5400 5600 7.4 4677 19.7 
Average 5579 4736 5171 19  6.3 d 
aCalculated as follows:  ((Max body mass-Min body mass)/Min body mass) x 100. 
bSee Figure 3.3 for loess model. 
cInsufficient measurements to calculate Post I. 
dAverage of absolute values of percentage prediction error. 
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Table 3.6.   Age cohorts based on eruption schedules of the mandibular dentition.  Values in 
parentheses represent ranges of postnatal years.  The difference between alveolar and 
gingival eruption was accounted for when necessary.  For those studies that report gingival 
eruption times, 0.2 years was subtracted from the age ranges (Zuckerman 1928; Kelley and 
Smith 2003) to arrive at an alveolar-eruption estimate.  The sample derivations (captive versus 
wild) are noted below, and further details and references are provided in Appendix 3.   
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Stage 1 
Teeth 
erupted 

di1, 
di2 

di1, 
di2 
 

di1, 
di2 
 

di1, 
di2, 
dp3, 
dc 
 

di1, 
di2, 
dp3 
dc, 
dp4 

di1, 
di2,  
dc, 
dp3, 
dp4 

di1, 
di2, 
dp3 
 

di1, 
di2, 
dp3 
 

di1, 
di2, 
dp3 
 

di1, 
di2, 
dp3 
 

Age 
estimate 

0.05 
(0 – 
0.3) 

0 0 0.09  
(0 – 
0.31) 

0 0.25  
(0 – 
0.70) 

0.30  
(0 – 
0.63) 

0.21 
(0 – 
0.55)  

0.34 
(0 – 
0.65) 

0.8 
(0.1 
– 
1.4
7) 

Stage 2 
Teeth 
erupted 

dc, 
dp2, 
dp3, 
dp4 

dc, 
dp3, 
dp4 

dc, 
dp3, 
dp4 
 

dp4 
 

DDd DDd dc, 
dp4 
 

dc, 
dp4 
 

dc, 
dp4 
 

dc, 
dp4 
 

Age 
estimate 

0.21 
(0.08 
– 
0.34) 

0.10 
(0.2 – 
0.19) 

0.24 
(0 – 
0.56) 

0.51 
(0.45 
– 
0.57) 

0.59 
(0.04 
– 
1.14) 

0.98 
(0.5 – 
1.46) 

1.04 
(0.63 
– 
1.46) 

0.86 
(0.51 
– 
1.21) 

0.96 
(0.71 
– 
1.21) 

1.8 
(0.9
5 – 
2.7) 

Stage 3 
Teeth 
erupted 

DDd DDd DDd DDd M1 M1 DDd DDd DDd DDd 

Age 
estimate 

0.98 
(0.22 
– 
1.75) 

1.36 
(0.33 
– 
2.39) 

1.15 
(0.16 
– 
2.14) 

1.42 
(0.45 
– 
2.39) 

0.93 
(0.72 
– 
1.14) 

1.5 2.54 
(0.89 
– 4.2) 

2.54 
(0.89 
– 4.2) 

2.54 
(0.89 
– 4.2) 

4.3 
(1.8 
– 
6.8) 
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Table 3.6.  continued 
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Stage 4 
Teeth 
erupted 

M1 M1 M1 M1 M1 
occd 

M1 
occd 

M1 M1 M1 M1, 
I1, I2 

Age 
estimate 

1.30 
(0.86 
– 
1.75) 

1.77 
(1.14 
– 
2.39) 

1.61 
(1.08 
– 
2.14) 

1.88 1.17 
(0.89 
– 
1.46) 

 4.4 3.84 
(3.0 – 
4.68) 

3.59 
(2.51 
– 
4.68) 

6.5 
(4.4 – 
8.6) 

Stage 5 
Teeth 
erupted 

M1 
occd 

M1 
occd 

M1 
occd 

M1 
occd 

I1, I2, 
M2 

I1, I2, 
M2 

M1 
occd 

M1 
occd 

M1 
occd 

C, P3, 
P4 

Age 
estimate 

1.48 
(0.82 
– 
2.13) 

2.53 
(1.46 
– 3.6) 

2.34 
(1.08 
– 
3.43) 

3 
(1.88 
– 
4.13) 

1.77  
(1.14 
– 
2.39) 
 

 5.22 
(3.30 
– 
7.14) 

5.22 
(3.30 
– 
7.14) 

5.22 
(3.30 
– 
7.14) 

10.8 
(7.7 – 
14) 

Stage 6 
Teeth 
erupted 

I1, I2 I1, I2, 
M2 

I1, I2, 
M2 

I1, I2, 
M2 

P3, 
P4 

P3, 
P4 

I1, I2, 
M2 

I1, I2, 
M2 

I1, I2, 
M2 

M2 

Age 
estimate 

2.61 
(2.14 
– 
3.07) 

3.59 
(2.39 
– 
4.80) 

3.26 
(2.14 
– 
4.38) 

3.68 
(3.22 
– 
4.13) 

3.36 
(3.12 
– 3.6) 

 7.71 
(5.74 
– 
8.18) 

7.30 
(5.74 
– 
8.18) 

7.8 
(5.74 
– 
8.18) 

12.5 
(9.9 – 
15.1) 

Stage 7 
Teeth 
erupted 

M2 P3, 
P4 

P3, 
P4 

C C C, M3 P3, 
P4 

P3, 
P4 

P3, 
P4 

m3d 

Age 
estimate 

3.25 4.50 
(3.90 
– 
5.09) 

4.23 
(3.36 
– 
5.09) 

5.47 
(male
) 
4.48 
(fe-
male) 

3.80 
(3.6 – 
4.0) 

6 8.35 
(7.25 
– 
9.44) 

8.58 
(7.25 
– 
9.44) 

8.77 
(6.56 
– 
9.44) 

16.7 
(10.5 
– 
22.8) 
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Table 3.6.  continued 
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Stage 8 
Teeth 
erupted 

P2, 
P3, 
P4 

C C M3 M3  C C C M3 

Age 
estimate 

5 5.53 
(male) 
(4.8 – 
6.27) 
4.84 
(female) 
(3.9 – 
4.84) 

4.61 
(3.6 – 
5.562)
 

5.47 
(6.22 
– 
7.47) 
 
 

4.50 
(4.2 
– 
4.8) 
 

 9.15 
(7.72 
– 
10.58)
 

9.15 
(7.72 
– 
10.58) 
 

9.64 
(7.72 
– 
9.34) 
 

19.
8 
(16.
8 – 
22.
8) 

Stage 9 
Teeth 
erupted 

C, 
M3 

M3 M3    M3 M3 M3  

Age 
estimate 

6.6 6.56 
(5.97 – 
7.14) 
 

6.43 
(4.8 – 
8.06) 
 

   12.2 
(10.1 
– 
14.3) 
 

12.2 
(10.1 
– 
14.3) 

12.2 
(10.1 
– 
14.3) 

 

aThe data from these species derive from studies of captive animals; the values presented in 
this table have had the correction function shown in Figure 3.4 applied to correct for the 
differential timing between wild and captive individuals. 
bThe data from these species derive from studies of captive individuals for the deciduous 
dentition and wild individuals for the permanent dentition. 
cFor P. pygmaeus, the data are from studies of captive animals for all of the dentition except 
timing of eruption of the first permanent molar in which the data derive from a study of a wild 
individual.   
dDD= only deciduous teeth present and fully occluded; M1occ = 1st molar only permanent 
tooth present and fully occluded; m3 = all permanent teeth present and fully occluded except 
M3. 
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Table 3.7.  Dental eruption schedule for Alouatta palliata.  Eruption times are estimated from 
data presented in Froehlich et al. (1981) and confirmed by Kenneth Glander (pers comm). 
 
 Mandibular teeth 

Alveolar eruption 
Age estimate (years) 

Stage 1 i1, i2, dc, dm1 0 
Stage 2 i1, i2, dm1, dm2 0.04 
Stage 3 i1, i2, dc, dm1, dm2, dm3 0.25 
Stage 4 i1, i2, dc, dm1, dm2, dm3, M1 0.83 
Stage 5 I1, I2, dc, dm1, dm2, dm3, M1, 

M2 
1.3 

Stage 6 I1, I2, dc, P2, P3, P4, M1, M2 1.7 
Stage 7 I1, I2, C females, P2, P3, P4, M1, 

M2, M3 
3 

Stage 8 I1, I2, C males, P2, P3, P4, M1, 
M2, M3 

3.5 

Stage 9 All dentition erupted and showing 
wear 

> 3.5 
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Table 3.8.  Life-history data used in analyses; all data are from wild populations except those 
values that are in bold.  Age at weaning is calculated using gestation length (interbirth interval 
minus gestation length) so it is also affected by the data on gestation from captive animals.  
All data are given in months except life expectancy and maximum adult lifespan, which are 
given in years.  References are provided in Appendix 4. 
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Cebus apella  5 14.3 65.8 80.1 19.3  38.4 
Ateles geoffroyi 7.5 17.2 66.8 84 24.7  41 
Alouatta palliata 6.1 15.9 31.1 48 22  21 
Macaca fascicularis 5.5 14.6 48.1 62.7 20.1 16.1 32.8 
Macaca mulatta 5.5 12.5 47.5 60 18  31 
Papio cynocephalus 5.7 15.4 56.3 71.9 21.3 13.6 39 
Chlorocebus aethiops 5.4 11.7 49 60.7 17.1  26.5 
Hylobates lar 6.9 34.3 85.7 120 41.2  30 
Pongo pygmaeus abelii 8 76 86 162 84 24.9 45.5 
Gorilla gorilla beringei 8.4 38.6 81.4 120 47  44 
Pan paniscus 7.9 49.7 112.8 170.4 57.6  46.3 
Pan troglodytes 7.5 65 92.2 157.2 72.5 19 62.9 
Homo sapiens 8.9 29.5 204.5 234 38.4 41.3 85.5 
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Table 3.9.  Results of principal-components analysis of the brain and body growth parameters, 
and life-history variables. 

Principal 
Component 

Eigenvalue Percent of 
Variation 

Cumulative Percent of 
Variation 

1 5.770 64.112 64.112 
2 1.435 15.948 80.060 
3 0.819 9.102 89.162 
4 0.491 5.455 94.616 

 
Variable PC 1 PC 2 PC 3 PC 4 
Gestation Duration 0.373 -0.045 -0.099 -0.413 
Infancy Duration 0.341 -0.098 -0.121 -0.692 
Juvenility Duration 0.335 0.164 -0.594 0.084 
Prenatal Body Growth Rate 0.390 -0.077 0.072 0.355 
Prenatal Brain Growth Rate 0.390 -0.001 -0.153 0.409 
Age at Brain Growth Completion 0.256 0.642 -0.055 0.108 
Postnatal Body Growth Rate During Brain 
Growth 

0.300 0.263 0.575 -0.067 

Postnatal Brain Growth Rate 0.235 -0.665 -0.090 0.175 
Postnatal Body Growth Rate After Brain Growth 0.342 -0.178 0.503 0.044 
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Figure 3.1.  Least-squares regression of log-transformed body weight on log-transformed 
palatal length demonstrating that the skeletal measurement does not have a linear 
relationship to body weight (y = 3.336x - 3.060, r-square = 0.66).  At small sizes, consisting of 
young individuals and small species, the measurement overestimates body mass.  In the 
midrange, body mass is underestimated.   Finally, at the largest body sizes, palatal length 
again overestimates body size.  The individuals in this analysis are listed in Table 3.4; it is an 
interspecific sample comprised of individuals from all stages of ontogeny. 

  



 

 

6

7

8

9

10

11

12

2.5 3 3.5 4 4.5

Lo
g 

Bo
dy

 M
as

s

Log Geometric Mean Post I

Figure 3.2.  Least-squares regression of log-transformed body weight on log-transformed 
values of geometric mean Post I (see Appendix 1 for a description of geometric means), 
demonstrating that the geometric mean does not have a linear relationship to body weight (y 
= 3.12x – 1.31; r-square = 0.95).  At small sizes, consisting of both young individuals and small 
species, Post I overestimates body mass.  In the midrange, body mass is underestimated.   
Finally, at the largest body sizes, Post I overestimates body mass.  The individuals in this 
analysis are listed in Table 3.4, minus a few individuals that did not have all the measurements 
necessary to calculating Post I (see Appendix 1 for a detailed list of geometric means); it is an 
interspecific sample comprised of individuals from all stages of ontogeny. 
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Figure 3.3.  Example of the method for generating body mass estimates.  A loess curve was 
fitted to the bivariate distribution of the known body mass and a geometric mean (a).  This 
example uses the geometric mean entitled Post I.  The accuracy and suitability of the curve fit 
for predicting body mass is assessed by calculating the percentage prediction error for known 
body masses (b).  See text for details and discussion.  See also Appendix 1 for a complete list 
of geometric means, and Appendix 2 for a complete presentation of curve fits and prediction 
errors for each geometric mean used in this study.  The individuals in this analysis are listed in 
Table 3.4, minus a few individuals that did not have all the measurements necessary to 
calculating Post I; it is an interspecific sample comprised of individuals from all stages of 
ontogeny. 
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Figure 3.4.    Illustration of the relationship between dental eruption times in captive and wild 
animals.  Each data point represents the mean age of eruption for a particular tooth.  Results 
of least squares regression are:  y = 0.44 + 1.18x, r-square = 0.99.  Sources:  Data for Pan 
troglodytes in captivity are from Kuykendall et al. (1992), and in the wild from Zihlman et al. 
(2004).  Data for Papio cynocephalus in captivity are from Siegel and Sciulli (1973), and in the 
wild from Phillips-Conroy and Jolly (1988).  Data for Pongo pygmaeus in captivity are from 
Brandes (1939) and Fooden & Izor (1983), and in the wild from Jay Kelley, pers comm. 
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Figure 3.5.  These graphs illustrate the increase in variances with increasing body size.  (a) 
shows the bivariate distribution of body growth rate during brain growth (pre- and postnatal 
combined) against adult female body size.  The distribution widens with increasing body mass.  
The line is an exponential regression fit, demonstrating that the distribution is not linear.  (b) 
shows the bivariate distribution of log-transformed body growth rate against log-transformed 
adult female body size.  The log-log distribution has equal variances across magnitudes of 
body size.  Also, the least-squares-regression fit demonstrates the linearity of the data. 
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Figure 3.6.  (a) plots the first principal component (see text and Table 3.10) against log-
transformed maternal body size.  (b) plots total period of immaturity against maternal body 
size.  (c) plots the residuals from the preceding two regressions.  All line fits are least-squares 
regressions.   
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Figure 3.7.  Example of a path analysis.  X1, X2, and X3 are predictor variables, and Y is the 
criterion variable.  This model includes all possible correlations between the predictor 
variables and direct paths from each of the predictors to the criterion variable; it is a 
saturated model (see text). 
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CHAPTER 4: RESULTS 
 

 The results of this project demonstrate the links between brain and body growth, and 

life-history parameters.  The results will be presented in three parts, each section building on 

the variables reported in the previous section.  First, the individual species’ growth curves will 

be presented.  Second, correlations and regressions will compare growth parameters across 

species.  Finally, the results of multivariate analyses are reported. 

 

Brain and Body Growth Curves 

This section presents the body and brain trajectories for each species.  Also, the 

growth curves generated from this study are compared with those generated from previous 

studies.  For each species, t-tests were performed to determine whether there are sexually 

dimorphic differences between the brain size and body size at each age cohort.  In addition, 

ANOVAs and post-hoc tests were performed within each species, comparing the mean brain 

sizes of the age cohorts to determine the age at brain growth completion.  If the Levene test 

determined that the cohorts had equal variances, the Dunnett one-tailed t-test was used, 

using average adult brain size as the control.  If equality of variances was not found, the 

Dunnett C post-hoc test was performed.  The oldest age cohort in which the average brain 

size is significantly different from the average adult brain size, and the mean is within 10% of 

the adult mean, is considered the age of brain growth completion.  If the mean is less than 

10% of adult brain size, the following cohort is regarded as the age of brain growth cessation.   
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Average body size for the cohort at brain growth completion was also recorded to 

determine the rate of body growth during and after brain growth.  Adult female body size was 

used as the endpoint of growth.  Females are the limiting factor in future reproductive rates, 

so attaining this size is key to life history, demography, and investment in future offspring. 

 

Homo sapiens 
 

 The brain growth trajectory is provided in Figure 4.1, and descriptive statistics for 

each cohort are provided in Table 4.1.  There were no significant differences between male 

and female brain size at any age cohort, so the data were pooled for the subsequent analyses 

to determine the age at brain growth completion.  Compare this trajectory with the results of 

a brain growth study performed by Leigh 2004 (Figure 4.2), in which brain mass data were 

taken from a study of German autopsy records (Marchand 1902).  The brain growth 

trajectories are comparable, showing similar velocities of brain growth and age at brain 

growth completion. 

 The ANOVA and post-hoc t-tests were performed to determine brain growth 

cessation.  The Levene test determined that the cohorts had equal variances, so a Dunnett 

one-tailed t-test was used.  The analyses showed that brain growth is complete at the fourth 

age cohort, or 6.5 years old.  This age accords with the results of previous studies of brain 

growth (Blinkov and Glezer 1968; Count 1947; Giedd et al. 1996a; Leigh 2004; Marchand 

1902). 
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The body growth trajectory generated by this study is provided in Figure 4.3.  The 

descriptive statistics are provided in Table 4.2.  There were no significant differences between 

the sexes until the 7th cohort (average age of 16.7).  Only female averages are reported for the 

7th, 8th, and 9th cohorts.    

Growth curves from two human populations, an industrial population and a hunter-

gatherer group, are provided in Figure 4.4.  The US population represents individuals with 

high energy availability and low disease load, whereas the Ache are characterized by low 

energy availability and high disease load.  Data on growth in the US were taken from NHANES, 

a survey performed by the National Center for Health Statistics.  This study compiled health 

and dietary information from home interviews and health tests conducted by a mobile 

research unit.  The NHANES 1999-2000 database 4  includes body mass and age to the 

nearest month for a mixed-ethnic sample of 2,664 males and 2,627 females up to 20 years 

old.  The Ache were full-time hunter-gathers in eastern Paraguay through the second half of 

the 20th century (Hill and Hurtado 1996).  The data used in this study were collected in the 

communities of Arroyo Bandera, Chupa Pou, and Kuetuvy, which are all near the Mbaracayu 

Natural Reserve where the Ache forage.   

The individuals included in this study are smaller than the immatures in the U.S. 

throughout ontogeny.  However, their growth trajectory closely resembles the Ache curves.  

This pattern is not unexpected – the three populations that comprise the human sample used 

in this study were probably nutritionally-stressed. 

 

 
4 available online at: http://www.cdc.gov/nchs/about/major/nhanes/NHANES99-00.htm 



131 
 

Pan troglodytes 
 

The brain growth trajectory generated by this study is provided in Figure 4.5, and 

descriptive statistics for each cohort are provided in Table 4.3.  There were no significant 

differences between male and female brain size in any of the age cohorts, so the data were 

pooled.  Leigh compiled brain growth data on P. troglodytes from Vrba (1998) and Herndon et 

al. (1999), and plotted the trajectory shown in Figure 4.2, which corresponds closely with the 

trajectory generated from this study. 

The Levene  test for homogeneity in variances was significant, so equal variances 

among the cohorts could not be assumed.  Therefore, Dunnett C post-hoc tests were 

performed with the ANOVA to determine the age at brain growth completion.  The last stage 

to show a significant difference from the adult average brain size was the third cohort, 

estimated at 2.54 years old.  However, the average brain size at this stage is only 85% of the 

average adult brain size.  The following cohort, estimated at 3.59 years old, has an average 

that is 93% of the adult average.  Brain growth is probably not complete by 2.54 years, but is 

likely to be by 3.59 years old.  Therefore, the median age of 3.07 was used as age at brain 

growth completion for subsequent analyses.  This age corresponds with the findings of other 

studies of brain growth in Pan troglodytes (Vrba 1998; Herndon et al. 1999; Leigh 2004). 

The body growth trajectory is provided in Figure 4.6, and descriptive statistics for each 

cohort are provided in Table 4.4.  There were no significant differences between male and 

female body size in any of the cohorts, so the data were pooled.  Leigh and Shea (1995) also 

investigated growth in Pan troglodytes, and found an accelerated growth rate relative to the 
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findings in this study (Figure 4.7).  However, their data derive from zoo and primate center 

populations, so some degree of growth acceleration, and larger adult body size, is not 

unexpected.  Studies have shown smaller skeletal size and slower growth rates in wild 

chimpanzees relative to their captive conspecifics (Grether and Yerkes 1940; Hamada et al. 

2003; Kimura and Hamada 1996). 

 

Pan paniscus 
 

The brain growth trajectory for Pan paniscus is shown in Figure 4.8, and descriptive 

statistics for each cohort are provided in Table 4.5.  There were no significant differences in 

brain size between the sexes at any age cohort.  The data were pooled for subsequent 

analyses.  No other study has collected data on brain growth in this species, so no 

comparisons are possible.  However, a comparison with the growth trajectory of Pan 

troglodytes (Figure 4.5) reveals that these two species have very similar patterns of brain 

growth. 

The Levene test for homogeneity of variances was not significant, so the age cohorts 

were assumed to have equal variances.  The ANOVA and post-hoc Dunnett t-tests showed 

that there is no significant difference from average adult brain size after the 3rd cohort, or 

about 2.54 years old.  At this stage, the average brain size is 90% of the average adult brain 

size.  Therefore, this age is approximately the age of brain growth cessation. 

The body growth trajectory for this species is shown in Figure 4.9, and descriptive 

statistics are provided in Table 4.6.  There were no significant differences between the 
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average body sizes of males and females at any age cohort, so the data were pooled.  Leigh 

and Shea (1995) plotted growth curves for Pan paniscus, and as in the case of P. troglodytes, 

found an accelerated growth rate relative to the rates found in this study (Figure 4.10).  

However, Leigh and Shea (1995) compiled their data from zoo and primate center records, 

and growth in the wild is probably slower (Kimura and Hamada 1996; Hamada et al. 2003). 

 

Gorilla gorilla 
 

 The brain growth trajectory generated from this study is provided in Figure 4.11, and 

descriptive statistics are provided in Table 4.7.  There is a significant difference between the 

average brain sizes of adult males and adult females, but no other age cohort was found to 

have a significant difference between the sexes.  Because most life-history theory focuses on 

growth and reproduction in females, adult female brain size was used as the endpoint of brain 

growth in gorillas.  Also, there may be an extra brain growth spurt, or an increase in the size of 

other contents of the cranial cavity, during very late ontogeny in males.  The ranges of brain 

size overlap between males and females at every other stage except adulthood.  Alternatively, 

this jump in average cranial capacity in males could be a sampling artifact; only a larger 

sample size at each age cohort or a longitudinal study could confirm whether the late brain 

growth spurt is real. 

 The Levene statistic was significant, indicating that the age cohorts did not have equal 

variances.  Therefore, the Dunnett C post-hoc test was performed with the ANOVA comparing 

distributions of brain size across age cohorts.  The results show that the last stage that shows 
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a significant difference from the adult female average brain size is the second cohort, which 

has an average age of 0.86 years old.  The average brain size for this cohort is 87% of the 

average adult female size, so some additional growth is probable.  To account for the 

additional time that the brain grows in the average Gorilla gorilla, this study designated brain 

growth completion at one of age. 

 The body growth trajectory for this species is shown in Figure 4.12, and descriptive 

statistics are provided in Table 4.8.  There are significant differences between males and 

females in average body size by 12.2 years of age.  From this age cohort through adulthood, 

only female body mass is considered in subsequent analyses.  Thus, the endpoint of growth in 

Gorilla gorilla is the average adult female body size.  Note that brain growth completion 

occurs well before the sexually dimorphic split in body growth, so males can be included in 

analyses that consider the body growth rates during brain growth.  Previous studies of body 

growth in gorillas from zoos and primate centers confirm the late onset of rapid body growth 

in male gorillas (Figure 4.13).  However, both males and females exhibit accelerated growth in 

captivity, and the male growth spurt is earlier (Leigh and Shea 1995).  This result is not 

unexpected given the accelerated growth found in the other captive African apes (see above). 

Both males and females reach similar sizes in the wild and captivity, but growth in the wild is 

prolonged. 
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Pongo pygmaeus 
 

 The brain growth trajectory generated from this study is shown in Figure 4.14, and 

descriptive statistics are provided in Table 4.9.  There were no significant differences between 

the male and female averages for any of the age cohorts.  Therefore, the data were pooled. 

 The Levene statistic demonstrated that the age cohorts were of equal variance.  The 

ANOVA and Dunnett post-hoc t-tests showed that the third cohort is the oldest stage that is 

significantly different from the adult average.  The average age of this cohort is 2.54 years old, 

and the average brain size is 79% of the adult average.  It is likely that there is some additional 

brain growth after this age.  The next cohort has an average age of 4.4 years old, and brain 

growth is probably complete by this age – the cohort’s mean is 93% of the adult mean.  Since 

there is probably some brain growth after 2.54 years old, but it probably does not extend to 

4.4 years old, the age at brain growth cessation was designated as 3 years old.  This age 

coincides closely with that estimated for other apes of similar brain and body size (see above). 

 The body growth trajectory for this species is shown in Figure 4.15, and descriptive 

statistics are provided in Table 4.10.  There were no significant differences between the 

average body sizes of males and females until adulthood.  Only average adult female body size 

is used to determine the endpoint of body growth.  Note that brain growth completion occurs 

well before the sexually dimorphic split in body growth, so males can be included in analyses 

that consider the body growth rates during brain growth.  Relative to these findings of this 

study, previous research has shown a more accelerated body growth in Pongo pygmaeus 

(Leigh and Shea 1995), and both male and females have larger adult body size (Figure 4.16).  



136 
 

However, Leigh and Shea (1995) compiled data from zoo and primate center records, and 

apes have been shown to have accelerated growth and larger adult body size in captivity 

compared to the wild (see above).  Also, Leigh and Shea (1995) concluded that adult male 

body growth in captive Pongo is indeterminate or continuous – i.e. males increase in body size 

throughout adulthood (see also Dahl et al. 1993).  The data in this study do not have sufficient 

resolution to determine whether this continuous growth also occurs in the wild, but they do 

show a wide range of body sizes for adult males, suggesting that the larger adult males may 

be older than the smaller adult males. 

 

Hylobates lar 
 

 The brain growth trajectory generated by this study is provided in Figure 4.17, and 

descriptive statistics are provided in Table 4.11.  Previous studies of dental development are 

scarce for this species (see Appendix 3), so there is a large gap in the ontogenetic sequence.  

However, there are sufficient data to determine the age at brain growth completion and the 

average body growth rate during and after brain growth.  There were no significant 

differences between the sexes in any age cohort, so the data were pooled. 

  The Levene statistic was not significant, so equal variances among the cohorts was 

assumed.  The ANOVA and Dunnett post-hoc t-tests reveal a significant difference between 

the 1st cohort and the adult cohort.  However, it did not reveal a significant difference 

between the 2nd cohort and the adult cohort even though the average brain size for the 2nd 

cohort was slightly lower (86.4 grams) than that of the 1st cohort (88.2 grams).  The 1st cohort 
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has a sample size of 6 individuals, whereas the 2nd cohort has a sample size of 2 individuals, so 

this discrepancy probably explains the lack of significance in the case of the 2nd cohort and 

adult brain size.  The 1st cohort averages 0.98 years old, and the 2nd cohort averages 1.5 years 

old, and the averages of both cohorts are about 87% of the adult average.  Brain growth 

completion is estimated at 0.98 years old for subsequent analyses in this study because it is 

possible that a larger sample size of individuals at 1.5 years old would reveal a distribution 

similar to the adult distribution.  Both of the individuals currently included in the 2nd cohort 

fall within the adult range.  The 1st cohort has only one individual whose brain size falls 

outside the adult distribution (see Figure 4.17). 

The body growth trajectory for Hylobates lar is shown in Figure 4.18, and descriptive 

statistics are provided in Table 4.12.  There is a large gap in the ontogenetic trajectory 

because of a lack of information on dental development during the intervening growth stages.  

No significant differences were found between the sexes in any age cohort, so the data were 

pooled.  Previous studies of growth in Hylobates lar have produced similar growth trajectories 

(Figure 4.19).  Though the data in these studies derives from captive individuals, the growth 

rates do not appear overly accelerated and the adult body sizes are not appreciably different.  

However, this study does have considerable gaps in the ontogenetic series, so the comparison 

between wild and captive individuals is only tentative. 
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Papio cynocephalus 
 

 The brain growth trajectory generated from this study is shown in Figure 4.20, and 

descriptive statistics are provided in Table 4.13.  There were no significant differences 

between the sexes in any cohorts except adulthood.  The distributions of male and female 

brain size across ontogeny do show some separation by 5 years old.  The split may occur 

earlier in development, but there are insufficient data to determine the sex differences in 

growth curves.   Therefore, only the females were used to determine the age at brain growth 

completion. 

This study has a paucity of data points in early ontogeny, so determining brain growth 

completion requires the examination of previous work on closely-related taxa.  The taxonomy 

of Papio is complex.  Newman et al. (2004) conducted a genetic-distance analysis, and 

concluded that mtDNA phylogenies do not suggest an opposition between hamadryas 

baboons and the rest of the baboons.  Olive (Papio hamadryas anubis) and yellow baboons 

(Papio hamadryas cynocephalus) are most closely-related, and in turn, this clade is most 

closely related to the hamadryas baboons (Papio hamadryas hamadryas) to the exclusion of 

chacma (Papio hamadryas ursinus) and guinea baboons (Papio hamadryas papio).   It is 

possible that brain growth is similar between closely-related subspecies of Papio. 

Leigh (2004) examined brain growth in Papio hamadryas.  Presumably his data include 

specimens from Papio hamadryas hamadryas and may also include individuals from other 

subspecies.  The life history, brain size, and body size of hamadryas and yellow baboons are 

very similar (Barrickman et al. 2008), so it is not unreasonable to expect that these two 
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subspecies have similar growth trajectories.    Leigh (2004) collected some data from wild-

caught specimens, and compiled data from another study (Mahaney et al. 1993) of captive 

individuals.  The plots of his data are shown in Figure 4.21.  The plot of data points for the 

wild-caught specimens is nearly flat, and no age at brain growth completion can be estimated 

from these data.  In contrast, the data from captive animals shows a slow and steady increase 

in brain size until approximately four years old.  The data from captive animals was gathered 

from a single population (Mahaney et al. 1993), whereas the data from wild animals could 

have been collected from multiple subspecies and this factor may explain why the growth 

trajectory is obscured.  Leigh’s (2004) analysis of the data compiled from Mahaney et al. 

(1993) was used to confirm the designation of age at brain growth completion in this study. 

 The Levene statistic was not significant, so homogeneity of variances was assumed.  

The ANOVA and Dunnett post-hoc t-tests indicated that the mean of the 5th cohort is the last 

stage to show a significant difference from the adult mean.  At this stage, the brain averages 

87% of the adult average.  The individuals in this cohort have an average age estimate of three 

years old.  This age at brain growth completion is earlier than the asymptote seen in Leigh’s 

(2004) brain growth trajectory (Figure 4.21).  However, there is not a substantial amount of 

brain growth occurring after three years old, and this estimate is more conservative. 

 The body growth trajectory for Papio cynocephalus is shown in Figure 4.22, and 

descriptive statistics are provided in Table 4.14.  There are no significant differences between 

male and female body sizes until adulthood.  However, there is a clear separation between 

the distributions of the sexes by the 7th cohort (this cohort is defined by canine eruption, 

which occurs at an average age of 4.48 years in females and 5.47 years in males).  Previous 



140 
 

studies of growth in this species produced similar results.  Leigh (1992) generated growth 

curves by compiling data from zoo and primate centers (Figure 4.23).  Altman and Alberts 

(2005) compared the growth curves of wild-feeding and provisioned populations of Papio 

cynocephalus in Amboseli National Park (Figure 4.24).  The latter study found a distinct 

acceleration in growth rates of the provisioned population compared to the wild-feeding 

population.  The body growth curves generated by this study more closely resemble those of 

the wild-feeding populations than those of the provisioned populations at Amboseli.  Leigh’s 

growth curves were intermediate between the wild-foraging and provisioned populations, 

suggesting that the nutritional resources at the zoos and primate centers are less than that at 

tourist sites in Amboseli. 

 

Chlorocebus aethiops 
 

 The brain growth trajectory generated by this study is shown in Figure 4.25, and 

descriptive statistics are provided in Table 4.15.  There are no significant differences between 

males and females in any age cohort.  Therefore, the data were pooled. 

 The Levene statistic was not significant, so homogeneity of variances was assumed.  

The ANOVA and Dunnett post-hoc t-test showed no significant differences between the mean 

brain size of the cohort and adult brain size by the 2nd cohort.  However, the distribution of 

brain sizes in the 2nd cohort (estimated to average 0.93 years old) more closely resembles that 

of the 1st cohort (estimated to average 0.59 years of age) than adulthood.  In addition, there is 

one value in the 2nd cohort that is out of the range of adult brain sizes.  The small sample size 
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of three individuals in the 2nd cohort could reduce the power of the t-test.  It is likely that 

brain growth continues until at least 0.93 years old, coinciding with 1st molar eruption.  Bolter 

and Zihlman (2003) also concluded that brain growth is complete by 1st molar eruption, or 

about one year of age.  They did not provide a growth curve, so their data cannot be directly 

compared to the curve generated by this study. 

 The body growth trajectory generated by this study is shown in Figure 4.26, and 

descriptive statistics are provided in Table 4.16.  There are no significant differences between 

males and females for any age cohort except adulthood.  Only average adult female body size 

is used to determine the endpoint of body growth.  Bolter and Zihlman (2003) compiled data 

on growth and development in Chlorocebus aethiops, deriving their sample from a population 

that Sherwood Washburn collected in Uganda in 1947 (Figure 4.27).  This population grows 

faster and reaches a larger adult body size than the individuals included in this study’s sample.  

This study’s sample was drawn from several populations, and the species has shown to have a 

wide range of adult body masses.  Studies have reported female adult averages from 3.0 kg to 

4.1 kg, and male adult averages from 4.3 to 5.8 kilograms (Horrocks 1986; Napier 1981; 

Skinner and Smithers 1990; Smith and Jungers 1997; Turner et al. 1997).  This study found 

adult body sizes on the low end of the range compared with other studies (females average 

3.0kg, males average 4.8 kilograms).  It is likely that Washburn’s population from Uganda was 

on the higher end of the body-size distribution. 
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Macaca fascicularis 
 

 The brain growth trajectory is shown in Figure 4.28, and descriptive statistics are 

provided in Table 4.17.  There are no significant differences between average male and 

female brain sizes in any age cohort except adulthood.  Because of small sample sizes within 

age cohort, the data were pooled despite the significant differences between the sexes at 

adulthood.  It is not possible to analyze only females and arrive at the average age at brain 

growth completion with this sample. 

 The age at brain completion could not be determined using ANOVA and post-hoc t-

tests because there were insufficient individuals at the earliest ontogenetic stages.  One 

neonate was included in the sample, and one individual with an estimated age of 0.10 year.  

The averages of the following age cohort were not significantly different from the adult 

average.  The brain size of the neonate was below the range of the remainder of the sample.  

The individual with an estimated age of 0.10 year has a brain size that is in the lower range of 

the adult distribution, and is about 90% of the adult average.  By 0.1, the brain growth is very 

close to completion.  If it continued at a rapid rate, it would be finished within a couple of 

weeks.  This age, 0.10 year, was designated as the age at brain growth completion. 

 The body growth trajectory generated by this study is shown in Figure 4.29, and 

descriptive statistics are provided in Table 4.18.  There were no significant differences 

between the sexes until the 9th cohort, with an age estimate of 6.56 years, that continued 

through adulthood (>7 years old).  Only average adult female body size is used as the 

endpoint of body growth.   
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Schillaci et al. (2007) compared the growth of two populations of Macaca fascicularis, 

one group from Thailand and the other from Singapore.  Their results show a significantly 

reduced growth rate and adult body size in the macaques from Singapore compared with 

their Thai counterparts (Figure 4.30).  They conclude that this pattern is consistent with 

Bergmann’s rule, in which higher latitude results in larger body size.  The growth curve from 

this study more closely resembles the growth of the macaques from Singapore, though the 

estimated body size is smaller than the means for either of the populations studied by 

Schillaci et al. (2007) .  The specimens used to generate the curve in this study were collected 

from the wild over 50 years ago, and include localities in Thailand and Burma.  Access to 

nutritional resources could have increased since that time.  The Thai population measured by 

Schillaci et al. (2007) included monkeys from two Buddhist temples, so there may be some 

provisioning of this population.  The growth rate in the Thai population more closely 

resembles that of the captive population at Fiocruz Primate Center in Brazil (Andrade et al. 

2004) than the growth curve generated by this study. 

 

Macaca mulatta 
 

The brain growth trajectory is shown in Figure 4.31, and the descriptive statistics are 

provided in Table 4.19.  There are no significant differences between the sexes for any age 

cohort, so the data were pooled. 

The Levene statistic was insignificant, so the age cohorts were assumed to have equal 

variances.  The ANOVA and Dunnett post-hoc t-tests show that the 5th cohort is the latest 
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stage in ontogeny that is significantly different from the average adult brain size.  The 4th 

cohort is not significantly different from the adults, but this could be sampling error.  The 

average brain size of the 5th cohort is 84% of the average adult brain size, so there may be 

some brain growth subsequent to this age.  However, the average brain size of the 6th cohort 

is 97% of the average adult brain size.  Also, the age estimate for the 6th cohort is nearly a year 

later; the estimate for the 5th cohort averages 2.34 years old, and the 6th cohort averages 3.26 

years old.  The age of brain growth completion is set at 2.34 years old for subsequent 

analyses.  Leigh (2004), using data from Konigsberg et al. (1990), examined brain growth in 

Macaca mulatta and also found a slowly decreasing rate of postnatal growth (Figure 4.32). 

 The body growth trajectory is shown in Figure 4.33, and the descriptive statistics are 

provided in Table 4.20.  There are no significant differences between the average body sizes 

of males and females in any age cohort.  Therefore, the data were pooled.  However, a visual 

inspection of Figure 4.33 reveals a considerable difference in the size of adult males and 

females.  The small sample sizes, and one outlying male that lies within the cluster of females, 

may explain why the statistical tests did not detect a difference.  The divergence of males and 

females appears to take place in late ontogeny, probably characterized by an adolescent 

growth spurt in males. 

 Schultz (1933) performed a comprehensive study of the growth of M. mulatta, and his 

results are provided in Figure 4.34.  Schultz’s growth curve is very similar to that generated by 

this study, though growth is slightly accelerated in the latter.  Schultz (1993) did not provide 

details regarding the origin of his subjects, but presumably the animals were captive.  The 

extensive measurements he took would be difficult to obtain in wild.   
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Cebus apella 
 

 The brain growth trajectory is shown in Figure 4.35, and the descriptive statistics are 

provided in Table 4.21.  There are no significant differences between males and females in 

any age cohort.  Therefore, the data were pooled. 

 The Levene statistic was significant, indicating that the age cohorts exhibit unequal 

variances.  Therefore, a Dunnett C post-hoc test was performed with the ANOVA.  The tests 

showed that the last stage with an average that is significantly different from the adult 

average is the 4th cohort, which has an age estimate of 1.3 years old.  The average brain size in 

this cohort is 80% of the average adult brain size, whereas the average brain size of the 

following cohort is 90% of the adult average (5th cohort, estimated age of 1.48 years old).  

Given that the brain growth is not likely to be complete by the 4th cohort, and the age gap 

between the 4th and 5th cohort is small, brain growth completion was designated as 1.48 

years. 

 The body growth trajectory is shown in Figure 4.36, and the descriptive statistics are 

provided in Table 4.22.  There are significant differences between the average body sizes of 

males and females by the 6th cohort, estimated at 2.6 years old.  Only average adult female 

body size is used to determine the endpoint of body growth.  Fragaszy and Adams-Curtis 

(1998) examined growth in a captive population of Cebus apella (Figure 4.37).  The captive 

individuals grow at a faster rate than the wild individuals included in this study, though they 

reach similar sizes in adulthood.  In the present study, few data were collected from 3.25 
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years old until adulthood, so the exact length of the growth period is unknown.  However, it is 

likely that the growth period is extended in wild populations relative to captive populations. 

 

Alouatta palliata 
 

 The brain growth trajectory is shown in Figure 4.38, and the descriptive statistics are 

provided in Table 4.23.  There are no significant differences between the sexes in any age 

cohort except adulthood.  Because of small sample sizes within age cohorts preceding 

adulthood, the data were pooled despite the significant differences between the sexes at 

adulthood.  It is not possible to analyze only females and arrive at the average age at brain 

growth completion with this sample. 

 The Levene statistic was not significant, so equal variances among the cohorts was 

assumed.  The ANOVA and Dunnett post-hoc t-tests showed that the 3rd cohort was the latest 

cohort with a significant difference from the adult average.  The average of the 3rd cohort, 

with an age estimate of 0.25 years old, is 86% of the adult average.  Age at brain growth 

completion was thus set at 0.25 years old for subsequent analyses. 

 The body growth trajectory generated by this study is shown in Figure 4.39, and the 

descriptive statistics are provided in Table 4.24.  There are no significant differences between 

the sexes in any age cohort except adulthood.  Only average adult female body size is used to 

determine the endpoint of body growth.  Ken Glander provided data on growth in Alouatta 

palliata from the La Pacifica site in Costa Rica, which were obtained by darting and weighing 

animals of known age (Figure 4.40).  The growth curves from this wild population are 
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comparable to the estimated growth curves generated by this study of skeletal material.  

Similarity is expected, given that some skeletons from La Pacifica, along with their respective 

weights, were used to generate the body-mass prediction equations.  There were several 

individuals of unknown weight in this study’s sample, including several infants and juveniles, 

and the accuracy of the body size estimates of these young animals is demonstrated by the 

close correspondence of the growth curves in this study and the La Pacifica site.  The males 

from La Pacifica do grow at a faster rate by 18 months of age, but the current study was 

unable to detect a significant difference until adulthood.     

 

Ateles geoffroyi 
 

 The brain growth trajectory is shown in Figure 4.41, and the descriptive statistics are 

provided in Table 4.25.  No significant differences were found between male and female brain 

in any age cohort.  Therefore, the data were pooled. 

 The Levene statistic was not significant, so equal variances among the age cohorts 

was assumed.  The ANOVA and Dunnett post-hoc t-tests show that the last stage that is 

significantly different from adult brain size is the 5th cohort, with an age estimate of 2.61 years 

old.  The average brain size of the 5th cohort is 88% of the average adult brain size.  The 

average brain sizes of the preceding two cohorts are 90% of the adult average, indicating that 

this species experiences a very slow brain-growth rate for over one year (from 1.3 years old 

until 2.61 years old).  The decrease in average brain size from the 3rd and 4th cohorts to the 5th 
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cohort is probably an effect of sampling.  The estimated age of the 5th cohort, 2.61 years old, 

was designated as the age at brain growth completion. 

 The body growth trajectory is shown in Figure 4.42, and the descriptive statistics are 

provided in Table 4.26.  No significant differences were found between male and female body 

size in any age cohort.  Leigh (1992) found significant differences between adult male and 

adult female body size across ontogeny, so the current study may not have had a large 

enough sample size to detect a significant difference.  Leigh (1992) examined body growth in 

Ateles geoffroyi, and found a higher rate and shorter duration of growth as compared to this 

study (Figure 4.43).  Leigh’s data derived from zoo and primate center populations, and 

growth in captivity has been shown to be accelerated and truncated relative to that in wild 

populations (Kimura and Hamada 1996; Hamada et al. 2003; see also Grether and Yerkes 

1940), so the disparity is not unexpected. 

 

Correlation Matrices:  Exploring Life History and Brain Growth 

 This section reports the results of the first set of exploratory analyses.  These analyses 

identified the patterns of correlations in the data, and this process facilitated the hypothesis-

testing reported in the following section.  The total period of life history, measured from 

conception to death, is related to adult brain size in primates (r = 0.90, partialed with respect 

to maternal body size; summarized in Table 4.27).  However, it is not clear whether brain size 

is related to all the stages of life history, and whether these stages are correlated with 

durations and rates of brain growth.  Thus, this section does not establish causality, but 
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instead teases out the confounding variables that are pertinent to explaining life history and 

its relationship to growth.  For instance, maternal body size is significantly correlated with all 

of the life-history and growth parameters (Table 4.28).  Because this study is not directly 

interested in the evolution of body size, this variable must be controlled in subsequent 

analyses.  Also, each analysis was performed on contrasts to account for phylogenetic non-

independence.  The differences in levels on significance between species’ values and contrasts 

are noted when the results are presented. 

 The central concern of this study is the relationship between life history and brain 

growth.  A correlation between life history and brain size has been demonstrated in previous 

studies of other samples of primate species (Sacher 1975, 1978; Harvey and Clutton-Brock 

1985; Harvey et al., 1987; Austad and Fischer 1992; Allman et al. 1993; Allman 1995; Hakeem 

et al. 1996; Allman and Hasenstaub 1999; Barton 1999; Ross and Jones 1999; Judge and Carey 

2000; Deaner et al. 2003; Ross 2003, 2004; Barrickman et al. 2008), and it was important to 

replicate these results with the sample included in this study.  Also, previous studies have 

shown that different species divide up their life-history stages in different ways (Leigh 2001), 

and some of these stages may be related to brain growth and others may not.  Among the 

species sampled in this study, there is some variation in the proportion of total lifespan 

devoted to growth periods relative to reproductive periods (Figure 4.44).  Also, the 

correlations between these life-history stages show that they are not perfectly correlated 

(partial correlation r = 0.58; see Table 4.29).  There is also variation among these species in 

their relative allocation of time to the various developmental life-history stages (Figure 4.45).  

The lengths of the developmental stages are not highly correlated with each other, especially 
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when maternal body mass and phylogeny are controlled (Table 4.30).  Thus, the variation in 

relative allocation of time to life-history stages may correlate with the variation in duration 

and rate of brain growth.   

 Growth duration, growth rate, and size were never examined in the same analysis.  

Because any one of these variables is a function of the remaining two variables, the three 

variables correlated with each other by definition.  However, the relationship between any 

two of the three variables may show no correlation with each other, so only these analyses 

were performed. 

 

Costs of Brain Size:  Brain Growth and the Developmental Period of Life History 
 

 Adult brain size is correlated with the total period of immaturity (conception to age at 

first reproduction) among the species included in this sample, and this relationship holds even 

when maternal body size is controlled (r = 0.90; summarized in Table 4.31).  This result 

confirms previous studies that demonstrate a relationship between brain size and total period 

of immaturity, relative to maternal body size, in a larger sample of primates (Allman and 

Hasenstaub 1999; Ross and Jones 1999; Barrickman et al. 2008). 

 Given that adult brain size is correlated with the length of the immature period, it 

would be reasonable to expect that the time spent growing the brain is correlated with the 

time spent as an immature individual – i.e., brain growth delays maturity.  The correlation 

between brain growth duration and total period of immaturity, accounting for each variable’s 

correlation with maternal body size, is weak and non-significant (r = 0.48; Table 4.32).  Also, in 



151 
 

a multiple regression with total period of immaturity as a dependent variable, and maternal 

body size and brain growth duration as independent variables, brain growth duration has no 

significant effect on the length of the immature period.  These results correspond with Leigh’s 

(2004) finding that duration of brain growth is not correlated with the age at first 

reproduction.  Variation in brain growth rates must also be considered.  A correlation matrix 

that includes total period of immaturity, brain growth duration, and brain growth rate results 

in much higher partial correlations between length of immaturity and the two brain growth 

parameters (Table 4.33).  In addition, a multiple regression with total period of immaturity as 

the dependent variable and maternal body size and the brain growth parameters as 

dependent variables results in significant effects for only the brain growth variables (Table 

4.34).  However, these results simply demonstrate that, given the relationship between larger 

brain size and longer period of immaturity, the brain must grow longer or faster or both to 

yield a relatively larger brain size in the adult. 

 If growing a large brain is costly, then some sort of compensation for fast brain 

growth rates would be expected, and this compensation may take the form of a reduction in 

body growth rates.  A correlation matrix that adds body growth rates during and after brain 

growth shows that body growth rates is positively correlated with high brain growth rates, the 

opposite of what was predicted (Table 4.35).  However, body growth rate during brain growth 

and total period of immaturity are negatively correlated.  In addition, a multiple regression 

with total period of immaturity as the dependent variable, and brain growth duration, brain 

growth rate, body growth rate during brain growth, and maternal body size as independent 

variables reveals that body growth rate has a negative effect on total period of immaturity 
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(Table 4.36).  Relative to maternal body size, brain growth duration and rate have a significant 

positive effect on total period of immaturity.  These results are also significant when the 

effects of phylogeny are controlled.   

 The total period of immaturity positively correlates with brain growth parameters, 

especially when corresponding body growth rates are considered.  However, as noted above, 

species vary in how they parcel out their life-history stages (Figures 4.44 and 4.45).  Brain 

growth may have a more significant effect on the length of some life-history stages, and no 

effect on others.  Gestation is the earliest life-history stage, and we would expect its length to 

be affected by the size of the mother and the size of the neonate, and perhaps the size of the 

neonate’s brain.  However, an examination of the partial correlations shows that none of 

these variables are significantly correlated with the length of gestation (Table 4.37).  Partial 

correlations of gestation length, prenatal brain and body growth rates, and maternal body size 

show that gestation length is significantly correlated with only maternal body size (Table 

4.38).  A multiple regression with gestation length as the dependent variable, and prenatal 

brain growth rate, prenatal body growth rate, and maternal body size as the independent 

variables shows that only maternal body size has a significant effect (Table 4.39).  These 

results suggest that the length of gestation is affected by the size of the mother rather than by 

the amount of neonatal brain growth.  Also, there is a significant correlation between 

maternal body size and neonatal body size, even when the other variables are partialed out.  

Larger mothers have larger neonates and a longer gestation. 

 The lack of a significant effect of neonatal brain size or prenatal brain growth rate on 

the length of gestation suggests that the postnatal period may be the critical period that 



153 
 

determines adult brain size.  Partial correlations show that age at first reproduction (the time 

from birth until maturity) is correlated with brain growth duration and brain growth rate, and 

not correlated with maternal body size (Table 4.40).  When body growth rates during brain 

growth are also considered, age at first reproduction is significantly correlated only with the 

age at brain growth completion (Table 4.41).  A multiple regression with age at first 

reproduction as the dependent variable and postnatal brain growth parameters, body growth 

rates, and maternal body size as independent variables reveals that only age at brain growth 

completion has a significant effect on age at first reproduction (Table 4.42). 

 The postnatal period can be divided into two stages:  infancy, from birth to weaning, 

and the juvenile period, from weaning to maturity.  Postnatal brain growth may be related to 

one or both of these stages.  Partial correlations between the length of infancy, postnatal 

brain growth parameters, and maternal body size reveal that brain growth is not correlated 

with the duration of this stage (Table 4.43).  The cessation of brain growth does not 

determine when these anthropoids are weaned. 

 There is a strong correlation between brain growth parameters and the length of the 

juvenile period, controlling for maternal body size (Table 4.44).  This result is perplexing given 

that most brain growth is complete by the beginning of this stage.  There are four species for 

which brain growth is not complete at weaning (H. sapiens, P. cynocephalus, M. mulatta, A. 

geoffroyi; Figure 4.46).  However, in all of those species, brain size has reached at least 75% of 

the adult size.  Thus, the majority of brain growth has occurred prior to the juvenile period.  

The body growth rate after brain growth is negatively correlated with encephalization (results 

of multiple regression are provided in Table 4.45).  This result could explain why the juvenile 
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period is extended in species with a long duration of brain growth and/or a rapid brain growth 

rate relative to maternal body size.  Species with large degrees of encephalization, attained 

from either growing their brains longer or faster, have slow body growth rates during later 

periods of ontogeny.  Partial correlations, controlling for maternal body size, confirm that 

large adult brain size and slow body growth are correlated with a long juvenile period (Table 

4.46).  However, the partial correlation between slow body growth and long juvenile period 

are not significant when the effects of phylogeny are controlled.  Only the partial correlation 

between large brain size and long juvenile period remains significant. 

 

Benefits of Brain Size:  Brain Size and the Reproductive Period of Life History 
 

 In the sample included in this study, adult brain size, relative to maternal body size, is 

correlated with the adult lifespan (Table 4.47).  This result supports the findings of previous 

studies (Allman et al. 1993; Hakeem et al. 1996; Judge and Carey 2000; Deaner et al. 2003; 

Kaplan et al. 2003; Barrickman et al. 2008) demonstrating that greater degrees of 

encephalization confer the advantage of longer adult lifespan, and thus a longer period of 

reproduction.  However, this fitness advantage could be negated by differences in 

reproductive rate; an individual that lives longer does not necessarily have more offspring.  

There is no significant correlation between interbirth interval (inverse of reproductive rate) 

and adult brain size relative to body size (Table 4.48), so big brains do not relate to increased 

or decreased reproductive rates.  The partial correlations among these variables (interbirth 

interval, adult lifespan, and encephalization) reveal that, even with reproductive rate held 
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constant, increases in brain size are correlated with increases in adult lifespan (Table 4.49).  

These results are also found when independent contrasts are analyzed. 

 Reproductive rates could depend on the growth rate of the offspring.  Slow growing 

offspring can be costly, and delay the birth of the next offspring.  It is possible that 

reproductive rate is correlated with brain growth parameters rather than adult brain size.  

However, it does not appear that the mother reduces her reproductive rate to compensate 

for her offspring’s brain growth.  Partial correlations show that maternal body size, rather 

than the brain growth parameters (pre- and postnatal duration of brain growth and average 

rate of brain growth), has the highest correlation with interbirth interval, albeit a weak and 

non-significant correlation (Table 4.50).  Humans are known to have an exceptionally short 

interbirth interval relative to their degree of encephalization, and the inclusion of this species 

may affect the results (Barrickman et al. 2008).  Yet, even if humans are excluded from the 

sample, the partial correlations remain non-significant.  Brain growth parameters have no 

correlation with interbirth interval (Table 4.51). 

 

Principal Components:  Multivariate Exploration of Life History And Brain Growth 

 This section reports on the second set of exploratory analyses.  Principal-components 

analyses (PCA) were performed, addressing the same questions posed in the previous section 

– how is brain growth related to life history?  Are there particular stages that are more 

critical?  PCA is a statistical technique that allows for the analysis of multiple variables 

simultaneously, so there is a less of a concern that a relevant variable has been excluded from 
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the analysis.  In addition, principal-component scores were generated for each species, and 

the distribution of these scores revealed that the degree of encephalization accounts for most 

of the variation in length of life-history stages. 

 Residuals of the variables against maternal body size were analyzed.  This technique 

accounted for the variation due to body size prior to the analysis of brain growth parameters 

and life-history. 

 

Costs of Brain Size:  Slow Growth and Long Life History 
 

 The results of the PCA of brain and body growth patterns, and the developmental life-

history stages, are presented in Table 4.52.  The first principal component accounts for slightly 

more than 35% of the variation.  The eigenvectors for this component show that several 

variables contribute to this component, and the pattern suggests that extensive brain growth 

results in slow body growth and a long developmental period.  A species with a high score for 

this principal component has, relative to its body size, the following characteristics:  1) a high 

rate of prenatal brain growth, 2) a late age at brain growth cessation, 3) a slow body growth 

rate after brain growth is complete, and 4) a long juvenile period.  Overall, this pattern 

demonstrates that extensive brain growth, sometimes through increased rate and sometimes 

through increased duration, results in slow body growth and a slow developmental pace. 

 The second principal component explains an additional 21% of the variation in the 

dataset.  The eigenvectors show that the length of gestation and infancy, and the prenatal 

rates of brain and body growth, contribute the most to this component.  A high score for this 
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component indicates that a species has, for its body size, a long gestation and infancy, and a 

slow rate of brain and body growth. 

 A plot of the species’ scores for the first two principal components is provided in 

Figure 4.47, along with the encephalization quotient for each species.  The scores for the first 

principal component correlate with the encephalization quotients – species with higher PC1 

scores are more encephalized (r = 0.93).  This finding suggests that the encephalization results 

from fast prenatal brain growth, long brain growth duration in the postnatal period, and slow 

body growth in late ontogeny, ultimately resulting in a long juvenile period.  The scores for 

the second principal component do not have any relationship to encephalization – nor do 

they appear to have any association with phylogeny.  Some other variable, such as diet, 

ecology, or social system, may explain why some species have prolonged gestation and 

infancy, and slow growth rates during those stages. 

A principal-components analysis of the same variables using independent contrasts 

instead of species’ values reveals similar patterns (Table 4.53).  The first two principal 

components show that extensive brain growth explains most of the variation in the sample 

(63.3%).  The variables that load heavily on the first principal component are:  long gestation 

and rapid prenatal body and brain growth; late age at brain growth completion; long juvenile 

period with a slow body growth.  The second principal component is explained by slow 

postnatal brain growth and late age at brain growth completion, and rapid body growth rates 

during brain growth.  Thus, most of the variation in life history and growth can be explained 

by extensive brain growth, slow body growth, and lengthy life-history stages even when the 

effects of phylogeny are considered. 
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 The third principal component accounts for 20% of the variation in the dataset.  The 

eigenvectors indicate that long postnatal brain growth duration, slow postnatal brain growth, 

and fast body growth rate during brain growth contribute the most to this component.  

Conversely, the fourth principal component, which accounts for 9% of the variation, is 

characterized by fast postnatal body growth and fast brain growth.  A plot of the scores of 

these two principal components is provided in Figure 4.48.  The clustering of the points 

suggests phylogeny may have some effect on the relationship between growth parameters 

and life history.  Hominoids have lower scores along both axes, indicating that they have 

slower growth than platyrrhines or cercopithecoids.  The one exception is Macaca fascicularis, 

which has a particularly low score on the third principal component.  This species has the 

shortest postnatal brain growth duration (about 0.1 of a year), and the brain is nearly full-

sized at birth.  Hence, the brain growth duration and rate are minimal, and the body does not 

grow much during that time. 

 The PCA analyzing independent contrasts of the same variables reveals slightly 

different patterns for the third and fourth principal components (Table 4.53).  The third 

principal component is characterized by a long period of infancy and slow prenatal brain and 

body growth.  The fourth principal component is characterized by short gestation and long 

infancy, couple with fast postnatal brain and body growth.  These components have slightly 

different eigenvectors than the analysis of species’ values, suggesting that phylogeny does 

contribute to some of the variation in life histories and growth patterns but only after the 

effects of encephalization have been considered. 
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 The results of the PCA of the life-history costs of brain growth suggest that growing a 

large brain relative to body size slows body growth and delays reproduction.  Encephalization 

is not the only factor that contributes to the length of life-history stages and the rate of 

growth.  Other factors not examined by this study are influencing the variation.  However, 

brain growth explains the largest proportion of the variation.  In particular, longer duration of 

brain growth is related to slower somatic growth and delayed reproduction.  Interestingly, the 

last period of ontogeny, between weaning and maturity, is when growth is extended.  Brain 

growth is often complete, or near completion, by the beginning of this period of time. 

 

Benefits of Brain Size:  Long Lifespan 
 

 The PCA examining the potential benefits of encephalization included adult lifespan 

and interbirth interval, along with the body and brain growth parameters and developmental 

life-history stages.  All the developmental life-history stages were summed to arrive at total 

period of immaturity, and likewise the brain growth parameters were summed to arrive at 

total brain growth duration (prenatal plus postnatal) and overall rate.  Body growth rates 

were partitioned into before and after brain growth.  All of the variables were residuals of 

RMA regressions on maternal body mass. 

 The results of the analysis are provided in Table 4.54.  The first principal component 

accounts for 44.7% of the variation in the dataset.  The eigenvectors for this component show 

that almost all the variables contribute to this component.  In species with high scores, total 

period of immaturity and brain growth duration are extended, body growth rates are 
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decreased, and interbirth intervals and adult lifespan are prolonged.  The second principal 

component accounts for 21.2% of the remaining variation in the dataset, and the eigenvectors 

show that species with high scores have short and fast brain growth, and a long interbirth 

interval. 

 A plot of the first two principal components is provided in Figure 4.49, along with the 

degree of encephalization for each species.  More-encephalized species tend to have higher 

scores for the first principal component, indicating that they have longer adult lifespans than 

less-encephalized species.  However, they do pay the cost of slower reproductive rates (i.e. 

longer interbirth intervals).  Homo sapiens does not have as high a score as other, less-

encephalized species, such as Cebus apella and Hylobates lar, but this score could be affected 

by the particularly short interbirth in humans relative to their brain and body size (Barrickman 

et al. 2008).  The scores for the second principal component do not show any pattern relative 

to encephalization.   A principal-components analysis of the same variables using independent 

contrasts instead of species’ values reveals a nearly identical pattern (Table 4.55).  

 The third principal component accounts for 19.1% of the variation in the dataset, and 

the eigenvectors indicate that species with high scores have a high brain growth rate, a high 

body growth rate during brain growth, a short interbirth interval, and a long lifespan.  The 

fourth principal component accounts for 8.1% of the variation in the dataset, and the 

eigenvectors indicate that species with high scores have a long duration of brain growth, high 

body growth rates throughout ontogeny, and long interbirth intervals.  A plot of the scores for 

these principal components is provided in Figure 4.50.  The third principal component shows 

no clear pattern related to degree of encephalization.  The fourth principal component may 
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have some relationship to phylogeny, given that the hominoids, with the exception of 

Hylobates lar, have lower scores than the platyrrhines and cercopithecoids.  The PCA of the 

same variables using independent contrasts instead of species values (Table 4.55) shows very 

different variables loading on the third and fourth principal components, suggesting that 

phylogeny does explain some of the variation in life history and growth parameters but only 

after the effects of encephalization have been considered. 

 The findings of the principal-components analysis of the life-history benefits of 

encephalization show that increased brain size relative to body size results in a longer adult 

lifespan.  There is a trade-off – the reproductive rate is reduced.  However, the partial 

correlations in Table 4.49 show that encephalization is correlated with adult lifespan even 

when variation in reproductive rates is held constant.  The costs of growing costly offspring 

are offset by the benefits of increased reproductive period in encephalized species.  The other 

principal components in this analysis do not show any relationship to encephalization.  Some 

other variable or variables, such as diet, ecology, or social system, may explain the remaining 

variation in life-history and growth parameters.  Regardless, encephalization and the balance 

of costs and benefits explain the most of the variation in adult lifespan and interbirth interval. 
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Path Analysis:  Exploring Causal Pathways between Brain Growth and Life History 

 This section presents the results of path analyses that test a series of hypotheses 

concerning the causal links between brain growth parameters and the length of life-history 

stages.  The lengths of the pre-reproductive periods are the costs of growing and developing a 

brain:  the larger the brain, the greater the temporal cost of delaying reproduction.  The 

length of the reproductive period is the benefit of growing a brain:  the larger the brain, the 

greater the benefit through increased longevity.  The larger the brain, the more the 

reproductive period is lengthened.  Even if differences in reproductive rate are considered, 

the benefit of growing a larger brain is present.   

 The structures of the path models used to test these hypotheses were limited by 

sample size.  At most, only four parameters, or variables, could be included in a given model 

(Cohen et al. 2003).  Every variable included in these analyses is correlated with maternal 

body size (Table 4.28), but this was not a variable of interest for the objectives of this study.  

All of the hypothesized causal links are relative to body size, e.g. a species may have a long 

pre-reproductive period for its body size because it has a rapid rate of brain growth for its 

body size.  To eliminate the confounding variable of body size, and reduce the number of 

parameters in a given path model, the residuals from an RMA regression of each variable on 

maternal body size were analyzed.  Also, independent contrasts of the residuals were 

analyzed to determine whether there were any effects of phylogenetic non-independence. 
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Life-History Costs of Growing a Brain 
 

 This study hypothesized that larger brain size results in a longer pre-reproductive 

period.  Brain growth is prolonged and/or brain growth rate is increased, and the 

corresponding body growth rates are decreased.  The first two predictor variables, brain 

growth duration and brain growth rate, are not expected to be correlated – i.e. a species can 

increase or decrease one without affecting the other.  The brain and body growth rates are 

expected to be correlated, such that an increase in one results in an energetic shift away from 

investment in the other.  The path model that tested this hypothesis is shown in Figure 4.51.  

Note that the direct effects leading from predictor variables to a given criterion are weighted 

in the same way that coefficients are weighted in a multiple regression.  That is, the path 

coefficients are relative effects, given the effects of the other predictor variables.  In the 

model shown in Figure 4.51, brain growth duration, relative to brain growth rate and body 

growth rate, has the greatest positive direct effect on total period of immaturity.  Brain 

growth rate, relative to the other two predictor variables, also has a positive direct effect, 

whereas body growth rate during brain growth is negative.  The indirect effects were 

computed by multiplying the path coefficients through other predictor variables to the 

criterion variable.  In this model, brain growth rate and body growth rate during brain growth 

are correlated, so the indirect effect is the correlation coefficient between the predictor 

variables multiplied by the direct path coefficient.  The total effects are sums of the direct and 

indirect pathways.  The model showed that the brain growth duration has the highest total 

effect on the total period of immaturity.  Brain growth rate also has a positive effect, and 

body growth rate during brain growth has a negative effect.  However, there was no tradeoff, 
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or negative correlation, between brain growth rate and body growth rate.  Nevertheless, the 

coefficients that resulted from the analysis of independent contrasts, also provided in Figure 

4.51, are much lower and suggest that the phylogenetic factors explain the relationship 

between brain growth and the total period of immaturity. 

 The statistics demonstrate that this path model provides an adequate explanation for 

the total period of immaturity.  The model accounts for 84% percent of the variation in total 

immaturity, as shown by the squared-multiple correlation in Figure 4.51.  The remaining 

statistics are provided in Table 4.57.  The Chi-square is 2.97 with 2 degrees of freedom, 

resulting in a non-significant probability level.  This statistic indicates that the model is not 

significantly worse than a saturated model that includes all possible paths.  The CMIN/DF is 

another chi-square statistic that indicates whether too many paths have been dropped from 

the model.  The value should be close to one, but values as high as three are acceptable.  This 

model has a CMIN/DF of 1.486, indicating that model does not have too many dropped paths.  

The goodness-of-fit index (GFI) and the adjusted goodness-of-fit index (AGFI) denote the 

proportion of variance in the matrix that is accounted for by the model.  The GFI for this 

model is high (0.90), suggesting that the model was able to explain a high proportion of the 

variance.  The AGI is considerably lower (0.51), indicating that there was a high number of 

parameters in the model relative to the sample size.  Finally, the comparative-fit index (CFI) 

compares the chi-squares of the path model with the independence model in which no paths 

are drawn between the variables.  The value for this model is 0.94, indicating that the path 

model was a much better fit than the independence model.  However, the tests of this model 



165 
 

are not acceptable if independent contrasts are analyzed, suggesting that relationship 

between these variables is an effect of common ancestry. 

 The life history stages, and their corresponding growth parameters, were further sub-

divided and more path models were tested.  The length of gestation is a function of prenatal 

brain growth rate and prenatal body growth rate.  These two predictor variables are 

presumably related to each other since energy invested in one may result in less energy 

invested in the other.  Therefore, the path model shown in Figure 4.52 is a saturated model – 

all possible paths are included – so indices such as the Chi-square are not available.  However, 

the model still provides an assessment of the relative weights of these two predictor 

variables.  Prenatal brain growth has a positive direct effect while prenatal body growth rate 

has a negative direct effect.  When the total effects are summed, prenatal brain growth rate 

has a very small effect (0.05) while prenatal body growth rate retains a considerable negative 

effect (-0.32).  Overall, the prenatal brain and body growth rates explain only 21% of the total 

variance in length of gestation.  While prenatal brain and body growth rates have some effect 

on the length of gestation, their effects are not substantial.  This model suggests that if an 

infant’s body grows slowly, but its brain growth stays at a moderate rate, the gestation period 

is lengthened; but this scenario does not explain much of the overall variation in gestational 

length.  Also, there is no evidence of a trade-off between brain growth rate and body growth 

rate in the prenatal stage. 

 This study hypothesized that the length of infancy is determined by the rate and 

duration of brain growth.  Body growth during brain growth may be decreased in species that 

are devoting energy to rapid brain growth.  The path model that tested this hypothesis is 
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presented in Figure 4.53.  The results show that the duration and postnatal rate of brain 

growth have a positive effect on the length of infancy, while postnatal body growth rate 

during brain growth has a negative effect.  The positive and negative effects of brain and body 

growth rates, respectively, are compounded in the total effects.  In other words, because 

brain and body growth rates are negatively correlated, the sums of the indirect and direct 

effects are amplified in each case.  However, this model explains only 16% of the variation in 

the length of infancy.  Other factors such as social system or seasonality may explain why an 

infant is weaned at a particular time.  However, it is interesting to note that there is a trade-

off between brain growth rate and body growth rate during the postnatal period – these 

growth parameters have a negative correlation which suggests that energy is shifted to either 

one or the other.   

 The statistics for the path model testing the effects of brain and body growth on the 

period of infancy are provided in Table 4.58.  The Chi-square is not significant (p = 0.053), but 

this value trends towards significance, suggesting that the model does not adequately explain 

the data 5 .  The other indices support this contention.  The CMIN/DF is 2.94, and this value is 

very close to the highest acceptable value for a model (Arbuckle 2007).  The GFI is 0.84, and a 

good model should be at least 0.90.  The AGFI (0.19) indicates that the low degrees of 

freedom considerably decrease the goodness of fit.  Finally, the CFI (0.26) indicates that the 

model is no better than an independence model with no paths between variables.   

 Figure 4.54 presents the path model designed to establish causality between brain 

growth parameters and the length of the juvenile stage.  Age at brain growth completion is 

 
5 A saturated model produced a significant Chi-square of 0.046. 
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hypothesized to cause a longer juvenile period because prolonged growth leads to prolonged 

cellular development.  In addition, larger-brained species tend to prolong their brain growth 

duration, so the body size at brain growth completion is expected to be relatively large.  

However, the body growth rate after brain growth completion is expected to be slow in large-

brained species in order to extend the period of brain and behavioral development.  The 

results of the path model support this hypothesis.  The direct effects show that age at brain 

growth completion has a positive effect on length of the juvenile period, whereas body size at 

brain growth completion and body growth rate have negative effects.  However, the total 

effects of the model show a different pattern.  Age at brain growth completion and body size 

at brain growth completion are highly positively correlated – that is, species with extended 

brain growth reach a larger body size at brain growth completion.  When the indirect effects 

of these predictor variables are factored into the model, the strength of the positive effect of 

age at brain growth completion on length of juvenile period is diminished, while the effect of 

body size at brain growth completion results in a positive effect.  The total effects of the 

model show that long juvenile periods result from extended brain growth, large body size at 

brain growth completion, and slow body growth after brain growth is complete.  Even when 

body size is relatively large when the brain ceases to grow, higher body growth rates slow 

down and delay reproductive maturity.  The squared-multiple correlation shows that 80% of 

the variation in juvenile period is explained by the model.  The analysis performed on 

independent contrasts produced slightly different values for the coefficients, but the overall 

pattern of relationships remains. 
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 The statistics generated from the path model testing the effects on the length of the 

juvenile period are provided in Table 4.59.  The Chi-square is low and non-significant, 

demonstrating that the model tested is not significantly worse than a saturated model that 

includes all possible paths.  The CMIN/DF is below 1.0, also indicating that there were not too 

many paths dropped from the model.  The goodness-of-fit is high (0.98), and remains high 

after adjusting for the number of parameters relative to the sample size.  Thus, a high 

proportion of the variance matrix is explained by the model.  The CFI is 1.0, denoting a much 

better fit of the tested model relative to the independence model that includes no pathways 

between the variables.  The statistical tests of the analysis performed on independent 

contrasts also indicate that the model provided a good fit. 

 A final path model testing the life-history costs of brain growth was performed to 

determine whether the postnatal pre-reproductive period is affected by brain growth 

parameters.  Species may vary in the ways they parcel out this period – e.g. weaning and brain 

growth cessation do not coincide, but that does not mean that brain growth does not set the 

timing of the entire postnatal period.  The path model is shown in Figure 4.55.  It was 

predicted that prolonged brain growth and high brain growth rates would have a positive 

effect on age at first reproduction, and body growth rates during brain growth would be 

reduced.  This prediction was confirmed:  the direct effects show that increased brain growth 

rate and duration result in delayed age at first reproduction.  Additionally, it was expected 

that there would be a trade-off between brain growth rates and body growth rates.  This 

prediction was also confirmed:  the direct effects show that body growth rates are slowed 

during brain growth.  There is a negative correlation between brain growth rate and body 
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growth rate, demonstrating a trade-off in energetic resources during the post-natal period.  

The indirect paths to age at first reproduction through this correlation increase the total 

effects of both predictor variables.  The positive effect of brain growth rate is increased, and 

the negative effect of body growth rate is increased.  The squared multiple correlation model 

explains 72% of variation in age at first reproduction.  The results of the analysis of 

independent contrasts produced similar results. 

 The statistics that accompanied the path model are provided in Table 4.60.  Overall, 

the statistics show that the model is weak and is not sufficient to explain the variance matrix.  

The Chi-square is trending towards significance (p = 0.053), suggesting that too many paths 

have been deleted from the matrix.  The high value of the CMIN/DF, almost reaching a value 

of 3, suggests a similar conclusion.  The goodness-of-fit index is high, but when adjusted for 

the number of parameters and size of the dataset, the proportion of the variance matrix 

explained by the model drops considerably.  Finally, the CFI is low, suggesting that the model 

is not significantly better than an independence model that includes no paths.  The statistical 

tests of the analysis on independent contrasts do not support the model.  These negative 

results might, in part, be affected by the small sample size.  The sample size in this project (n = 

13) is small, and pushing the limits of acceptability for path analysis.  The use of independent 

contrasts result in a sample that is reduced by one, and this factor might explain why the 

statistical tests produced negative results, especially given the high coefficients in the model. 

 The path analyses testing the life-history costs of brain growth demonstrated that the 

total period of immaturity, and particularly the postnatal period, is determined by brain 

growth parameters.  When the immaturity is divided into stages, the periods of gestation and 
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infancy are not affected by brain growth.  Instead, it is the length of the juvenile period that is 

determined by brain growth duration – the longer the brain growth duration, the longer the 

juvenile period. 

 

Life-History Benefits of Brain Growth 
 

 The brain is costly to grow and develop, and it delays the age at first reproduction by 

prolonging the juvenile period of life history.  Charnov (1993) argued that a long lifespan 

allows for an extended period of growth.  In particular, Charnov claimed that the period of 

immature independence, i.e. from weaning to maturity, is prolonged in mammalian species 

with long lifespans.  This study argues the opposite – the prolonged period of immaturity 

arises from the costs of growing a large brain, and this large brain reduces mortality rates and 

extends the adult lifespan.  Longer adult lifespan results in more reproductive cycles and a 

higher overall reproductive output. 

 The path model used to test the hypothesis that large brain size and extended 

juvenility result in a long adult lifespan is presented in Figure 4.56.  Interbirth interval is 

included in the model because fast reproductive rates may compensate for a short lifespan.  

In other words, if interbirth interval is short, the lifetime reproductive output may remain high 

even if adult lifespan is truncated.  Reproductive rates must be controlled in order to test 

whether large brain size and long juvenile period have a reproductive benefit.  Also, there is a 

slight positive correlation between interbirth interval and juvenile period, so this path must be 

included in the model.  The direct effects of the model show that interbirth interval has a very 
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small negative effect, whereas the length of the juvenile period and adult brain size have 

positive effects on adult lifespan.  The total effects, including the indirect effects through 

correlated predictor variables, show that interbirth interval has no effect on adult lifespan, 

whereas there is an increase in the positive effects of the length of the juvenile period and 

adult brain size on adult lifespan.  Overall, the path model explains 73% of the variation in 

adult lifespan.  The analysis of independent contrasts produced similar results (Figure 4.56). 

 The statistics accompanying the adult lifespan path model are provided in Table 4.61.  

The Chi-square is not significant, indicating that model does not exclude too many paths.  This 

conclusion is supported by the CMIN/DF, which is close to zero.  The goodness-of-fit index is 

very high, and remains the same after it is adjusted for the number of parameters and data 

points in the model.  Thus, the model explains a high proportion of the variance matrix.  The 

CFI is also high, indicating that the model is better than an independence model in which all 

paths have been dropped.  The statistical tests of the analysis of independent contrasts also 

confirm the effectiveness of the model (Table 4.61). 

 

Testing Charnov’s Model:  Does Mortality Determine Life History? 
 

 Charnov (1993) proposed a framework to explain the variation in mammalian life 

histories.  He argued that mortality rates set the age at maturity, and in turn the age at 

maturity determines the end of the growth period.  All mammals were assumed to have 

similar growth rates, so the growth period determined the body size of the individual at 

adulthood.  This explanatory framework is illustrated in Figure 2.3.  Mortality rates are set by 
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external factors – i.e. the average lifespan of the species is dependent on factors such as 

predation pressure and access to food resources.  This theory was tested using path analysis, 

and the explanatory power of this model was compared to a model in which encephalization 

determines lifespan.  Initially, residuals were not used in the model in accordance with 

Charnov’s theoretical predictions. 

 The first model is provided in Figure 4.57, showing the causal chain from lifespan to 

juvenile period (following Charnov, the time from weaning until age at first reproduction), and 

finally to body size.  The results show that lifespan does have a considerable positive effect on 

the length of the juvenile period, accounting for 71% of the variation.  Also, lifespan has an 

indirect effect on body size via the juvenile period, and it has a positive effect.  The length of 

the juvenile period also has a positive effect on body size.  However, the combination of the 

two life-history stages explains only 46% of the variation in body size.  The explanatory 

strength of lifespan and juvenile period on body size disappeared entirely when the same 

analysis was performed on independent contrasts instead of species values (Figure 4.57).  The 

statistics that accompany this model demonstrate that the model fits the model well.  The 

Chi-square is not significant and the CMIN/DF is under 3, indicating that there were not too 

many paths dropped from the model.  The GFI and AGFI are high, indicating that the model 

adequately fits the covariance matrix.  Finally, the CFI is high, so the model is considerably 

better than an independence model.  However, the statistical tests of the analysis using 

independent contrasts show that this model does not fit the covariance matrix of the data 

when phylogeny is controlled. 



173 
 

 Charnov’s model does not adequately explain variation in body size – there is 

considerable variation in length of life-history stages that is not correlated with size, indicating 

that growth rates are not equivalent across species.  In later work, Charnov (2004) 

acknowledged that slow growth rates, and hence small body size for the length of the growing 

period, may result from large brain size.  Residuals of the variables were used for the 

following model in order to hold body size constant.  The model presented in Figure 4.58 tests 

Charnov’s theory that long adult lifespan (relative to body size) results in long juvenile period 

(relative to body size), and that this life-history pattern results in large brains (relative to body 

size).  The path coefficients in the model support the theory – lifespan has positive effects on 

the length of the juvenile period and brain size, and likewise the length of the juvenile period 

has a positive effect on adult brain size.  The statistics for this model are provided in Table 

4.62.  The Chi-square is significant and the CMIN/DF is over three, suggesting that this model 

is significantly worse than a saturated model in which no paths have been dropped.  The GFI is 

acceptable (0.81), but the adjusted GFI is very low (-0.12), indicating that the goodness-of-fit 

is severely diminished when the sample size is taken into account.  However, the CFI indicates 

that this model is better than an independence model.  Overall, this model does not have 

much explanatory power and does not fit the co-variance matrix of the data.  Also, the 

analysis performed on independent contrasts indicates that Charnov’s model does not 

adequately fit the co-variance matrix when the effects of phylogeny are controlled (Figure 

4.58 and Table 4.62).  

 The alternative model to Charnov’s hypothesis is presented in Figure 4.59, and shows 

adult brain size (relative to body size) as the predictor variable determining the length 
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(relative to body size) of the two life-history stages.  There is a sizeable positive effect of brain 

size on both stages, and the model explains a high proportion of the variability in both stages:  

brain size explains 73% of the variation in lifespan and 76% of the variation in the length of 

the juvenile period.  If an additional path is added leading from lifespan to the length of the 

juvenile period, the path coefficient is very low (0.09), indicating that variability in lifespan 

does not affect variability in the length of the juvenile period when brain size is also 

considered.  The statistics accompanying this model are provided in Table 4.62.  The Chi-

square is not significant, and the CMIN/DF is below one, indicating that there were not too 

many dropped from the model.  The GFI is high, and remains high when adjusted for sample 

size (AGFI = 0.96).  Hence, a high proportion of the covariance matrix is explained by the 

model.  The CFI is also high, so the model is considerably better than an independence model.  

Also, the analysis performed on independent contrasts produces similar results (Table 4.62 

and Figure 4.59).  The model in which brain size is the determining factor is setting the pace of 

developmental and reproductive stages of life history is much more suited to the data than 

Charnov’s model. 

 

Summary 

 The results of the analyses presented in this chapter demonstrate that brain growth 

has a cost and a benefit.  Brain growth requires an extended period of development, delaying 

maturity and risking mortality before reproduction.  The periods of gestation and infancy 

were not affected by brain growth.  This study showed that the juvenile period, in particular, 

was related to the duration of brain growth and the slowing of postnatal body growth rates.  
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These results contrast with Leigh’s (2004) findings that the duration of brain growth has no 

effect on the age at maturity.    

Large brain size allows for an extended lifespan, increasing the number of 

reproductive cycles.  This relationship holds even when the variation in reproductive rates is 

considered.  This finding contrasts with Charnov’s (1993) contentions that low mortality rates 

set the age at maturity, and that brain growth has no effect on this demographic relationship. 
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Table 4.1.  Descriptive statistics of brain size in Homo sapiens across ontogeny.  No significant 
differences were found between the sexes in any age cohort.  Differences between cohort 
means and adult mean are given, along with results of Dunnett’s post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 5 397.7 117.6 -927.0(*)
1 0.8 14 828.7 117.8 -496.0(*)
2 1.8 7 998.5 159.1 -326.2(*)
3 4.3 24 1112.5 148.3 -212.2(*)
4 6.5 27 1205.6 145.5 -119.0(*)
5 10.8 9 1316.0 195.9 -8.6
6 12.5 16 1294.1 124.3 -30.6
7 16.7 5 1280.7 139.7 -44.0
8 19.8 2 1326.2 362.0 1.5
9 (adult) >23 31 1324.7 133.0 -
(*) denotes significant difference at p < 0.05 level. 

 

Table 4.2.  Descriptive statistics of body size in Homo sapiens across ontogeny.  No significant 
differences were found between sexes until the 7th cohort, so data for the preceding cohorts 
are pooled.  Female averages for cohorts 7, 8, and 9 are reported.   

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 5 2906.1 677.3 
1 0.8 14 6209.3 1920.0 
2 1.8 7 8533.8 1118.1 
3 4.3 26 13936.5 4496.9 
4 6.5 29 23237.6 5765.1 
5 10.8 10 31641.3 7076.5 
6 12.5 18 39599.0 6271.6 
7 16.7 12 47008.7 8262.2 
8 19.8 5 n/a* n/a* 
9 (adult) >23 33 46288.5 8151.2 
*No females in the sample 
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Table 4.3.  Descriptive statistics of brain size in Pan troglodytes across ontogeny.  No 
significant differences were found between the sexes in any age cohort.  Differences between 
cohort means and adult mean are given, along with results of Dunnett’s C post-hoc test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 1 142.2 - -241.9 (n/a)
1 0.34 4 220.8 39.1 -116.7 (*)
2 0.96 4 263.6 43.6 -73.9 (*)
3 2.54 23 327.2 26.2 -30.3 (*)
4 3.59 13 358.5 29.3 5.2
5 5.22 22 348.3 29.1 -9.0
6 7.8 9 371.2 36.8 21.6
7 8.77 18 375.5 36.6 19.6
8 9.64 6 398.9 57.0 54.6
9  12.2 5 376.2 11.9 34.8
10 (adult) >14 18 384.1 37.2 -
(*) denotes significant difference at p < 0.05 level. 

 

Table 4.4.  Descriptive statistics of body size in Pan troglodytes across ontogeny.  No 
significant differences were found between sexes in any age cohort. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 1845.5 n/a 
1 0.34 4 3196.8 970.9 
2 0.96 5 4230.2 749.8 
3 2.54 23 6361.7 2146.9 
4 3.59 12 10374.0 2960.4 
5 5.22 22 19255.3 7266.2 
6 7.8 9 28508.8 4597.6 
7 8.77 17 30912.5 5081.1 
8 9.64 6 32962.3 3958.1 
9  12.2 5 36755.6 6216.3 
10 (adult) >14 18 42906.4 5020.5 
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Table 4.5.  Descriptive statistics of brain size in Pan paniscus across ontogeny.  No significant 
differences were found between the sexes in any age cohort.  Differences between cohort 
means and adult mean are given, along with results of Dunnett’s post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 1 131.4 - -228.3 (n/a)
2 0.34 3 232.50 46.19 -127.2 (*)
3 0.96 16 322.91 41.29 -36.8 (*)
4 2.54 5 359.40 23.24 -0.3
5 3.59 18 348.81 32.37 -10.9
6 5.22 6 336.86 30.61 -22.8
7 7.8 7 358.90 31.75 -0.8
8 8.77 5 378.14 31.08 18.4
9  9.64 1 331.52 - -28.2
10 (adult) >14 17 359.7 33.9 -
(*) denotes significant difference at p < 0.05 level. 

 

Table 4.6.  Descriptive statistics of body size in Pan paniscus across ontogeny.  No significant 
differences were found between sexes in any age cohort. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 963.0 n/a 
1 0.34 0 - - 
2 0.96 3 4100.6 881.6 
3 2.54 16 4548.7 990.9 
4 3.59 4 7250.8 2639.6 
5 5.22 19 9581.7 4016.6 
6 7.8 6 16771.6 1864.0 
7 8.77 7 18810.7 4390.3 
8 9.64 7 26823.0 6241.8 
9  12.2 2 32511.5 709.4 
10 (adult) >14 18 35049.3 6317.1 
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Table 4.7.  Descriptive statistics of brain size in Gorilla gorilla across ontogeny.  No significant 
differences were found between the sexes in any age cohort except the last (adulthood).  
Both male and female averages are provided for this cohort.  Difference between cohort 
means and female adult mean are given, along with results of Dunnett’s C post-hoc test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 1 260.5 - -214.8 (n/a) 
1 0.21 0 - - -
2 0.86 4 412.3 9.4 -63.0 (*)
3 2.54 16 457.4 38.9 -17.8
4 3.84 4 463.9 54.1 -11.4
5 5.22 19 479.0 63.9 3.8
6 7.3 6 467.0 63.8 -8.3
7 8.58 9 490.8 46.6 15.5
8  9.15 7 452.4 34.8 -22.9
9 12.2 4 492.7 58.5 17.4
10 (adult 
female) 

>14 13 475.3 28.4 -

10 (adult 
male) 

>14 8 547.7 54.3 -

(*) denotes significant difference at p < 0.05 level. 

Table 4.8.  Descriptive statistics of body size in Gorilla gorilla across ontogeny.  No significant 
differences were found between sexes in any age cohort prior to the 9th cohort 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 2123.5 n/a 
1 0.21 0 - - 
2 0.86 6 14787.7 9785.2 
3 2.54 15 19877.3 8207.2 
4 3.84 4 33311.3 4290.5 
5 5.22 19 28801.1 8563.5 
6 7.3 6 46586.6 6517.0 
7 8.58 9 51700.0 5320.3 
8 9.15 7 49250.4 4827.8 
9 (female) 12.2 2 73772.8 6410.4 
9 (male) 12.2 2 129945.4 16115.0 
10 (adult female) >14 13 86720.7 14186.8 
10 (adult male) >14 8 150381.1 44739.6 
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Table 4.9.  Descriptive statistics of brain size in Pongo pygmaeus across ontogeny.  No 
significant differences were found between the sexes in any age cohort.  Differences between 
cohort means and the adult mean are given, along with results of Dunnett’s post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 4 171.0 37.6 -214.8 (*)
1 0.30 1 207.3 - -186.4 (n/a)
2 1.04 0 - - -
3 2.54 5 311.0 38.8 -82.7 (*)
4 4.4 3 408.5 13.1 14.8
5 5.22 10 356.7 47.8 -36.9
6 7.71 4 320.6 18.6 -73.1
7 8.35 5 339.3 48.4 -54.4
8 9.15 0 - - -
9  12.2 3 385.1 38.4 -8.6
10 (adult) >14 9 393.7 40.2 -
(*) denotes significant difference at p < 0.05 level. 

Table 4.10.  Descriptive statistics of body size in Pongo pygmaeus across ontogeny.  No 
significant differences were found between sexes in any age cohort prior to the 9th cohort.  
Both male and female values are provided for the 9th and 10th cohorts. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 4 1772.5 612.5 
1 0.30 0 - - 
2 1.04 0 - - 
3 2.54 5 7516.9 2637.3 
4 4.4 3 21149.9 3699.4 
5 5.22 10 18097.0 8645.8 
6 7.71 4 18822.1 6063.7 
7 8.35 5 36998.3 3121.1 
8 9.15 0 - - 
9  12.2 2 73772.8 6410.4 
10 (adult 
female) >14 5 38128.1 8490.4 
10 (adult 
males) >14 9 59084.3 23877.6 
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Table 4.11.  Descriptive statistics of brain size in Hylobates lar across ontogeny.  No significant 
differences were found between the sexes in any age cohort.  Differences between cohort 
means and the adult mean are given, along with results of Dunnett’s post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 1 63.4 - -36.2 (n/a)
1 0.25 - - - -
2 0.98 6 88.2 9.3 -11.3837 (*)
3 1.5 2 86.4 2.5 -13.1814
4 6 7 96.3 8.1 -3.26045
5 (adult) 7 17 99.6 11.8 
(*) denotes significant difference at p < 0.05 level. 

 

Table 4.12.  Descriptive statistics of body size in Hylobates lar across ontogeny.  No significant 
differences were found between the sexes in any age cohort. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 407 - 
1 0.25 0 - - 
2 0.98 6 871.7 136.4 
3 1.5 2 2513.3 179.9 
4 6 7 4277.8 790.5 
5 (adult) 7 25 5500.0 1162.1 
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Table 4.13.  Descriptive statistics of brain size in Papio cynocephalus across ontogeny.  No 
significant differences were found between the sexes in any age cohort except adulthood.  
Differences between cohort means and the adult mean are given, along with results of 
Dunnett’s post-hoc t-test for significant differences between cohort mean and female adult 
mean. 

Cohort Average 
Age of 
Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean 
Brain Size 
(g) 

Standard 
Deviation 
(g) 

Difference of Female 
Immatures from 
Female Adult Mean 
(g) 

0 (neonate) 0 1 77.3 - -76.3 (n/a)
1 0.09 0 - - -
2 0.51 0 - - -
3 1.42 0 - - -
4 1.88 1 128.2 - -25.3 (n/a)
5 3 6 149.3 15.2 -20.0 (*)
6 3.68 5 148.3 16.8 -4.3
8 (females) 4.48 5 143.1 3.3 -10.4
8 (males) 5.47 4 169.1 6.1 -
9 (females) 5.47 3 151.3 18.4 -2.3
10 (adult 
females) >7.5 8 153.6 8.6 -
10 (adult 
males) >7.5  8 174.3 7.6 -
(*) denotes significant difference at p < 0.05 level. 

Table 4.14.  Descriptive statistics of body size in Papio cynocephalus across ontogeny.  No 
significant differences were found between sexes in any age cohort except adulthood. 

Cohort Average Age of 
Cohort (years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 770 -
1 0.09 0 - -
2 0.51 0 - -
3 1.42 0 - -
4 1.88 2 5121.7 362.9
5 3 6 6303.2 1569.6
6 3.68 5 9038.8 2628.3
8 (females canine erupted) 4.48 6 9552.7 1881.8
8 (males canine and M3 
erupted) 5.47 6 15862.8 5337.2
9 (females – M3 erupted) 5.47 3 10593.5 465.0
10 (adult females) >7.5 7 13273.2 1446.9
10 (adult males) >7.5 8 22018.5 1350.6
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Table 4.15.  Descriptive statistics of brain size in Chlorocebus aethiops across ontogeny.  No 
significant differences were found between the sexes in any age cohort.  Differences between 
cohort means and adult mean are given, along with results of Dunnett’s post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 3 45.9 4.7 -21.6 (*)
1 0.59 16 58.5 7.8 -9.0 (*)
2 0.93 3 61.4 13.6 -6.1
3 1.17 18 66.6 7.2 -0.9
4 1.77 8 71.2 11.4 3.6
5 3.36 3 67.9 5.0 0.3
6 3.8 11 69.0 9.8 1.5
7 4.5 5 66.7 6.4 -0.8
8 (adult) >5.5 18 67.5 7.1 
(*) denotes significant difference at p < 0.05 level. 

 

Table 4.16.  Descriptive statistics of body size in Chlorocebus aethiops across ontogeny.  No 
significant differences were found between sexes in any age cohort. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 4 311.0 103.6 
1 0.59 16 561.6 167.8 
2 0.93 3 810.9 328.4 
3 1.17 19 1173.4 301.9 
4 1.77 8 1545.3 476.1 
5 3.36 3 1901.7 507.1 
6 3.8 11 2405.5 870.6 
7 4.5 5 2383.0 503.9 
8 (adult 
females) >5.5 10 3033.9 485.3 
8 (adult 
males) >5.5 9 4857.5 1054.8 
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Table 4.17.  Descriptive statistics of brain size in Macaca fascicularis across ontogeny.  No 
significant differences were found between the sexes in any age cohort except adulthood.  
Differences between cohort means and the adult mean are given, along with results of 
Dunnett’s post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 1 44.7 . -18.5
1 0.1 1 56.8 . -6.4
2 1.36 6 62.0 7.3 -1.2
3 2.53 8 59.6 7.1 -3.6
4 3.59 9 63.2 6.7 0.0
5 4.5 4 65.7 5.4 2.5
6 4.84 3 62.5 3.9 -0.7
7 5.53 3 65.5 4.7 2.3
8 6.56 7 67.1 6.8 3.9
9 (adult ) >7 21 63.2 7.3 
 

Table 4.18.  Descriptive statistics of body size in Macaca fascicularis across ontogeny.  No 
significant differences were found between the sexes in any age cohort except adulthood. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 391.5 . 
1 0.1 1 324.4 . 
2 1.36 7 722.2 167.7 
3 2.53 8 1361.0 427.2 
4 3.59 9 2062.5 729.1 
5 4.5 4 2329.4 691.3 
6 4.84 2 3271.8 733.4 
7 5.53 3 3886.3 502.2 
8  6.56 7 3338.8 1011.3 
9 (adult 
females) 7 10 3853.1 787.2 
9 (adult 
males) 7 8 5099.7 350.7 
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Table 4.19.  Descriptive statistics of brain size in Macaca mulatta across ontogeny.  No 
significant differences were found between the sexes in any age cohort.  Differences between 
cohort means and the adult mean are given, along with results of Dunnett’s post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 2 44.6 14.4 -18.5 (*)
1 0.24 1 54.6 - -6.4 (n/a)
2 1.15 4 75.3 13.7 -20.0 (*)
3 1.61 5 88.5 16.5 -6.8
4 2.34 11 80.1 13.4 -15.2 (*)
5 3.26 7 84.0 9.3 -11.4
6 4.23 3 89.6 15.7 -5.7
7 4.61 4 88.1 5.6 -7.2
8 (adult) >7 9 95.3 12.7 
(*) denotes significant difference at p < 0.05 level. 

 

Table 4.20.  Descriptive statistics of body size in Macaca mulatta across ontogeny.  No 
significant differences were found between the sexes in any age cohort. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 478 - 
1 0.24 1 327.9 - 
2 1.15 4 827.5 132.9 
3 1.61 5 2004.6 395.0 
4 2.34 11 2595.8 976.6 
5 3.26 7 4122.3 880.7 
6 4.23 3 4202.4 644.3 
7 4.61 4 4056.1 203.4 
8 (adult) >7 9 6612.7 2731.4 
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Table 4.21.  Descriptive statistics of brain size in Cebus apella across ontogeny.  No significant 
differences were found between the sexes in any age cohort.  Differences between cohort 
means and the adult mean are given, along with results of Dunnett’s C post-hoc test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 1 42.1 - -28.7 (n/a)
1 0.05 0 - - -
2 0.21 0 - - -
3 0.98 6 61.6 2.9 -9.2 (*)
4 1.3 7 56.5 8.0 -14.3 (*)
5 1.48 2 64.4 18.2 -6.4
6 2.6 5 62.3 9.0 -8.5
7 2.61 5 67.9 6.2 -2.9
8 5 4 69.7 6.1 -1.1
9 (adult) >6.6 16 70.8 7.3 
(*) denotes significant difference at p < 0.05 level. 

 

Table 4.22.  Descriptive statistics of body size in Cebus apella across ontogeny.  No significant 
differences were found between sexes in any age cohort prior to the 6th cohort. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body Size 
(g) 

Standard 
Deviation (g) 

0 (neonate) 0 2 217.6 18.3
1 0.05 0 - -
2 0.21 1 295.1 -
3 0.98 9 564.3 162.1
4 1.3 7 743.4 271.0
5 1.48 2 832.0 238.3
6 (females) 2.6 3 852.1 170.0
6 (males) 2.6 2 1385.3 77.2
7 (females) 3.25 1 940 -
7 (males) 3.25 3 1321.6 107.6
8 (females) 5 3 1194.6 137.3
8 (males) 5 1 1261.6 -
9 (adult females) >6.6 7 2076.5 459.9
9 (adult males) >6.6 9 2991.6 976.0
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Table 4.23.  Descriptive statistics of brain size in Alouatta palliata across ontogeny.  No 
significant differences were found between the sexes in any age cohort except adulthood.  
Differences between cohort means and adult mean are given, along with results of Dunnett’s 
post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 2 30.8 0.0 -19.4 (*)
1 0.04 2 32.6 2.1 -17.6 (*)
2 0.25 10 43.4 4.0 -6.7 (*)
3 0.83 18 47.7 3.4 -2.5
4 1.3 11 50.1 5.0 -0.1
5 1.7 9 51.0 3.6 0.9
6 3 6 51.3 4.1 1.1
7 3.5 2 50.4 1.6 0.3
8 (adult 
females) >4.5 19 48.7 3.3 -
8 (adult 
males) >4.5 17 51.8 2.9 -
(*) denotes significant difference at p < 0.05 level. 

Table 4.24.  Descriptive statistics of body size in Alouatta palliata across ontogeny.  No 
significant differences were found between the sexes in any age cohort except adulthood. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 302.5  
1 0.04 1 257.6  
2 0.25 10 685.2 305.3 
3 0.83 19 1209.1 604.7 
4 1.3 12 1946.8 875.2 
5 1.7 9 2867.9 756.9 
6 3 6 3211.8 272.8 
7 3.5 2 3751.4 322.0 
8 (adult 
females) >4.5 19 4528.5 378.4 
8 (adult 
males) >4.5 17 5628.5 657.2 
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Table 4.25.  Descriptive statistics of brain size in Ateles geoffroyi across ontogeny.  No 
significant differences were found between sexes in any age cohort.  Differences between 
cohort means and the adult mean are given, along with results of Dunnett’s post-hoc t-test. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Brain 
Size (g) 

Standard 
Deviation (g) 

Difference 
from Adult 
Mean (g) 

0 (neonate) 0 1 62.6 - -45.9 (n/a)
1 0.98 8 81.9 13.1 -26.7 (*)
2 1.3 3 97.1 6.0 -11.4 (*)
3 1.48 7 97.7 3.6 -10.8 (*)
4 2.61 8 95.1 8.1 -13.5 (*)
5 3.25 8 105.5 11.7 -3.0
6 5 13 105.5 8.8 -3.1
7 5.5 4 108.5 5.4 -0.1
8 6 2 101.6 11.7 -6.9
9 (adult) >6.5 3 103.4 8.9 -
(*) denotes significant difference at p < 0.05 level. 

 

Table 4.26.  Descriptive statistics of body size in Ateles geoffroyi across ontogeny.  No 
significant differences were found between the sexes in any age cohort. 

Cohort Average Age 
of Cohort 
(years) 

Sample Size 
(number of 
individuals) 

Mean Body 
Size (g) 

Standard 
Deviation (g) 

0 (neonate) 0 1 442.6 - 
1 0.98 8 612.8 265.0 
2 1.3 3 980.3 130.6 
3 1.48 7 1435.6 208.9 
4 2.61 8 1507.2 345.0 
5 3.25 8 2320.6 657.6 
6 5 13 3469.8 750.6 
7 5.5 4 4389.8 147.2 
8 6 2 4374.2 43.1 
9 (adult) >6.5 3 5050.7 1172.1 
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Table 4.27.  Correlation coefficients between brain, body, and life history.  Partial correlation 
coefficients, in which the correlations are calculated relative to the other correlations in the 
matrix, are provided in parentheses.  All boldface coefficients are significant at the p<0.05 
level.  All italicized coefficients are significant using independent contrasts. 
 Total Period of Life 

History 
Adult Brain Size Maternal Body Size 

Total Period of Life 
History 

- 0.90 (0.85) 0.74 (-0.56) 

Adult Brain Size - - 0.92 (0.88) 
Maternal Body Size - - - 
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Table 4.29.  Correlation coefficients between developmental and reproductive periods of life 
history, and body size.  Partial correlation coefficients, in which the correlations are calculated 
relative to the other correlations in the matrix, are provided in parentheses.   
 Total Period of 

Immaturity 
Adult Lifespan Maternal Body Size 

Total Period of 
Immaturity 

- 0.80*† (0.57) 0.79* (0.56*) 

Adult Lifespan - - 0.68* (0.15) 
Maternal Body Size - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 

Table 4.30.  Correlation coefficients between developmental stages of life history and 
maternal body size.  Partial correlation coefficients, in which the correlations are calculated 
relative to the other correlations in the matrix, are provided in parentheses.  
 Length of 

Gestation 
Length of 
Infancy 

Length of 
Juvenility 

Maternal Body 
Size 

Length of Gestation - 0.81* (0.36) 0.75* (0.37†) 0.86*† (0.52) 
Length of Infancy - - 0.65* (0.08) 0.80* (0.32) 
Length of Juvenility - - - 0.68* (0.09) 
Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 

Table 4.31.  Correlation coefficients between the developmental period of life history, brain 
size, and body size.  Partial correlation coefficients, in which the correlations are calculated 
relative to the other correlations in the matrix, are provided in parentheses.   
 Total Period of 

Immaturity 
Adult Brain Size Maternal Body Size 

Total Period of 
Immaturity 

- 0.91*†  (0.75*†) 0.79* (-0.28) 

Adult Brain Size - - 0.92*†  (0.80*†) 
Maternal Body Size - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
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Table 4.32.  Correlation coefficients between the developmental stage of life history, the 
duration of brain growth, and maternal body size.  Partial correlation coefficients, in which the 
correlations are calculated relative to the other correlations in the matrix, are provided in 
parentheses.  
 Total Period of 

Immaturity 
Brain Growth 
Duration 

Maternal Body Size 

Total Period of 
Immaturity 

- 0.70*† (0.48) 0.79* (0.66*) 

Brain Growth Duration - - 0.58* (0.07) 
Maternal Body Size - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 

Table 4.33.  Correlation coefficients between the developmental stage of life history, brain 
growth parameters, and maternal body size.  Partial correlation coefficients, in which the 
correlations are calculated relative to the other correlations in the matrix, are provided in 
parentheses.   
 Total Period of 

Immaturity 
Brain Growth 
Duration 

Average Brain 
Growth Rate 

Maternal 
Body Size 

Total Period of 
Immaturity 

- 0.70*† 
(0.75*†) 

0.63* (0.65*†) 0.79*† (-0.28) 

Brain Growth Duration - - 0.08 (-0.86*†) 0.58*† (0.74*) 
Average Brain Growth 

Rate 
- - - 0.78*† (0.84*) 

Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 

 

Table 4.34.  Results of a multiple regression that tests the effects of brain growth parameters 
on total period of immaturity relative to maternal body size.   

Dependent Variable:  Total Period of Immaturity 
r-square = 0.83 

Independent Variables Coefficient p-value 

Brain Growth Duration 0.56 0.008† 
Brain Growth Rate 0.59 0.029† 
Maternal Body Size -0.13 0.412 
* significant at the p<0.05 level 
† significant using independent contrasts 
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Table 4.35.  Correlation coefficients between the developmental stage of life history, brain 
growth parameters, corresponding body growth rates, and maternal body size.  Partial 
correlation coefficients, in which the correlations are calculated relative to the other 
correlations in the matrix, are provided in parentheses.   
 Total 

Period of 
Immaturity 

Brain 
Growth 
Duration 

Average 
Brain Growth 
Rate 

Body 
Growth Rate 
during Brain 
Growth 

Maternal 
Body Size 

Total Period of 
Immaturity 

- 0.70*† 
(0.82*†) 

0.63* 
(0.81*†) 

0.59*  
(-0.76*†) 

0.79* 
(0.43) 

Brain Growth 
Duration 

- - 0.08a (-0.90*) 0.43 (0.54*) 0.58* 
(0.02) 

Average Brain 
Growth Rate 

- - - 0.79* 
(0.63*†) 

0.78*  
(-0.02) 

Body Growth Rate  
during Brain 
Growth 

- - - - 0.93*† 
(0.74*†) 

Maternal Body Size - - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
aThis coefficient was negative and significant when independent contrasts were used. 

 
Table 4.36.  Results of a multiple regression that tests the effects of brain growth parameters, 
and body growth rates during brain growth, on total period of immaturity.  Maternal body size 
is controlled. 

Dependent Variable:  Total Period of Immaturity 
r-square = 0.93 

Independent Variables Coefficient p-value 
Brain Growth Duration 0.48 0.004† 
Brain Growth Rate 0.61 0.005† 
Body Growth Rate During Brain Growth -0.45 0.014† 
Maternal Body Size 0.19 0.211 
* significant at the p<0.05 level 
† significant using independent contrasts 
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Table 4.37.  Correlation coefficients between length of gestation, neonatal brain and body 
size, and maternal body size.  Partial correlation coefficients, in which the correlations are 
calculated relative to the other correlations in the matrix, are provided in parentheses.   
 Length of 

Gestation 
Neonatal Brain 
Size 

Neonatal Body 
Size 

Maternal Body 
Size 

Length of Gestation - 0.86*† (0.40) 0.84*† (-0.22) 0.86*† (0.38) 
Neonatal Brain Size - - 0.96*† 

(0.66*†) 
0.93*† (-0.14) 

Neonatal Body Size - - - 0.97*† (0.75*) 
Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
 

Table 4.38.  Correlation coefficients between length of gestation, prenatal growth rates, and 
maternal body size.  Partial correlation coefficients, in which the correlations are calculated 
relative to the other correlations in the matrix, are provided in parentheses.   
 Length of 

Gestation 
Prenatal Brain 
Growth Rate 

Prenatal Body 
Growth Rate 

Maternal 
Body Size 

Length of Gestation - 0.77*† (0.31) 0.74* (-0.48) 0.86*† 
(0.71*†) 

Prenatal Brain Growth 
Rate 

- - 0.93*† 
(0.66*†) 

0.89*† (-0.15) 

Prenatal Body Growth 
Rate 

- - - 0.94*† 
(0.75*†) 

Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
 

Table 4.39.  Results of a multiple regression testing the effects of prenatal brain and body 
growth rates, and maternal body size on the length of gestation.  None of the coefficients 
were significant using independent contrasts. 

Dependent Variable:  Length of Gestation 
r-square = 0.80 

Independent Variables Coefficient p-value 
Prenatal Brain Growth Rate 0.13 0.35 
Prenatal Body Growth Rate -0.26 0.13 
Maternal Body Size 0.22 0.01 
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Table 4.40.  Correlation coefficients between the length of the postnatal period, brain growth 
parameters, and maternal body size.  Partial correlation coefficients, in which the correlations 
are calculated relative to the other correlations in the matrix, are provided in parentheses.   
 Age at First 

Reproduction 
Age at Brain 
Growth 
Completion 

Postnatal Brain 
Growth Rate 

Maternal Body 
Size 

Age at First 
Reproduction 

- 0.63* (0.70*†) 0.44 (0.61*†) 0.78* (-0.21) 

Age at Brain Growth 
Completion 

- - -0.26 (-0.92*) 0.51* (0.77*†) 

Postnatal Brain 
Growth Rate 

- - - 0.63* (0.84*†) 

Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
 

Table 4.41.  Correlation coefficients between variables that characterize growth during the 
postnatal period.  Partial correlation coefficients, in which the correlations are calculated 
relative to the other correlations in the matrix, are provided in parentheses.   
 Age at First 

Reproduction 
Age at 
Brain 
Growth 
Completion 

Postnatal 
Brain 
Growth 
Rate 

Postnatal 
Body 
Growth 
Rate 
During 
Brain 
Growth 

Maternal 
Body Size 

Age at First  
Reproduction 

- 0.63* 
(0.70*†) 

0.47  
(-0.32) 

0.47  
(-0.32) 

0.78* 
(0.01) 

Age at Brain 
Growth 
Completion 

- - -0.26  
(-0.87*†) 

0.62* 
(0.13) 

0.50* 
(0.56*) 

Postnatal Brain 
Growth Rate 

- - - 0.15 
 (-0.17) 

0.63* 
(0.78*†) 

Postnatal Body 
Growth Rate 
During Brain 
Growth 

- - - - 0.71* 
(0.56†) 

Maternal Body Size - - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
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Table 4.42.  Results of a multiple regression testing the effects of postnatal brain growth 
parameters, corresponding body growth rates, and maternal body size on the age at maturity.   

Dependent Variable:  Age at First Reproduction 
r-square = 0.82 

Independent Variables Coefficient p-value 
Age at Brain Growth Completion 0.42 0.03† 
Postnatal Brain Growth Rate 0.40 0.13 
Postnatal Body Growth Rate During 

Brain Growth 
-0.07 0.37† 

Maternal Body Size 0.007 0.97 
† significant using independent contrasts 
 
Table 4.43.  Correlation coefficients between the length of infancy, brain growth parameters, 
and maternal body size.  Partial correlation coefficients, in which the correlations are 
calculated relative to the other correlations in the matrix, are provided in parentheses.   
 Length of 

Infancy 
Age at Brain 
Growth 
Completion 

Postnatal 
Brain Growth 
Rate 

Maternal 
Body Size 

Length of Infancy - 0.39 (-0.06) 0.50*† (-0.05) 0.80* 
(0.45) 

Age at Brain Growth 
Completion 

- - -0.25 (-0.87*) 0.51* 
(0.82*†) 

Postnatal Brain Growth 
Rate 

- - - 0.63* 
(0.84*†) 

Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
 
Table 4.44.  Correlation coefficients between the length of the juvenile period, brain growth 
parameters, and maternal body size.  Partial correlation coefficients, in which the correlations 
are calculated relative to the other correlations in the matrix, are provided in parentheses.  
 Length of 

Juvenility 
Age at Brain 
Growth 
Completion 

Postnatal 
Brain Growth 
Rate 

Maternal 
Body Size 

Length of Juvenility - 0.66* (0.81*†) 0.36 (0.74*†) 0.68* 
 (-0.54*†) 

Age at Brain Growth 
Completion 

- - -0.26 
 (-0.94*†) 

0.50* 
(0.88*†) 

Prenatal Brain Growth Rate - - - 0.63* 
(0.92*†) 

Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 



198 
 

 
Table 4.45.  Results of a multiple regression testing the effects adult brain size and maternal 
body size on body growth rates after brain growth is complete; i.e. body growth rates during 
the juvenile period.   

Dependent Variable:  Body Growth Rate after Brain Growth is Complete 
r-square = 0.95 

Independent Variables Coefficient p-value 
Adult Brain Size -0.77 0.001† 
Maternal Body Size 1.28 <0.001† 
† significant using independent contrasts 
 
Table 4.46.  Correlation coefficients between the length of the juvenile period, adult brain 
size, body growth in late ontogeny, and maternal body size.  Partial correlation coefficients, in 
which the correlations are calculated relative to the other correlations in the matrix, are 
provided in parentheses.   
 Length of 

Juvenility 
Adult Brain 
Size 

Body Growth 
Rate After 
Brain Growth 
Completion 

Maternal 
Body Size 

Length of Juvenility - 0.87*† 
(0.57*†) 

0.36 (-0.67*) 0.68* (-0.41) 

Adult Brain Size - - 0.72* (-0.10) 0.92*† (0.48) 
Body Growth Rate After 
Brain Growth Completion 

- - - 0.92*† 
(0.91*) 

Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
 
 
Table 4.47.  Correlation coefficients between adult brain size, maternal body size, and adult 
lifespan (total lifespan minus age at first reproduction).  Partial correlation coefficients, in 
which the correlations are calculated relative to the other correlations in the matrix, are 
provided in parentheses.   
 Adult Lifespan Adult Brain Size Maternal Body Size 

Adult Lifespan - 0.86*† (0.79*†) 0.69* (-0.52*†) 
Adult Brain Size - - 0.92*† (0.89*†) 
Maternal Body Size - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
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Table 4.48.  Correlation coefficients between adult brain size, maternal body size, and 
interbirth interval (inverse of reproductive rate).  Partial correlation coefficients, in which the 
correlations are calculated relative to the other correlations in the matrix, are provided in 
parentheses.   
 Interbirth Interval Adult Brain Size Maternal Body Size 
Interbirth Interval - 0.73* (-0.06) 0.81* (0.50) 
Adult Brain Size - - 0.92*† (0.82*†) 
Maternal Body Size - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
 
Table 4.49.  Correlation coefficients between measures of reproductive success (adult lifespan 
and reproductive rate), adult brain size, and maternal body size.  Partial correlation 
coefficients, in which the correlations are calculated relative to the other correlations in the 
matrix, are provided in parentheses.   
 Adult 

Lifespan 
Interbirth 
Interval 

Adult Brain 
Size 

Maternal 
Body Size 

Adult Lifespan - 0.53* (-0.02) 0.86*† 
(0.79*†) 

0.66* (-
0.57*†) 

Interbirth Interval - - 0.73* (-0.02) 0.81* (0.44) 
Adult Brain Size - - - 0.92*† 

(0.81*†) 
Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
 
Table 4.50.  Correlation coefficients between interbirth interval and brain growth parameters.  
Partial correlation coefficients, in which the correlations are calculated relative to the other 
correlations in the matrix, are provided in parentheses.   
 Interbirth 

Interval 
Brain Growth 
Duration 

Average 
Brain Growth 
Rate 

Maternal 
Body Size 

Interbirth Interval - 0.46 (-0.06) 0.63* (-0.05) 0.80* (0.47) 
Brain Growth Duration - - 0.08a  

(-0.73*†) 
0.58* (0.76*) 

Average Brain Growth Rate - - - 0.78* (0.82*) 
Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
aThis coefficient is negative and significant if independent contrasts are used. 
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Table 4.51.  Correlation coefficients between interbirth interval and brain growth parameters, 
excluding humans from the sample.  Partial correlation coefficients, in which the correlations 
are calculated relative to the other correlations in the matrix, are provided in parentheses.   
 Interbirth 

Interval 
Brain Growth 
Duration 

Average 
Brain Growth 
Rate 

Maternal 
Body Size 

Interbirth Interval - 0.47 (-0.46) 0.64* (-0.45) 0.80*† (-
0.14) 

Brain Growth Duration - - -0.15 (-
0.94*†) 

0.51* 
(0.90*†) 

Average Brain Growth Rate - - - 0.75*† 
(0.92*†) 

Maternal Body Size - - - - 
* significant at the p<0.05 level 
† significant using independent contrasts 
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Table 4.52.  Results of principal-components analysis of the brain and body growth 
parameters.  All variables in analysis are residuals from an RMA regression on maternal body 
size.  A plot of the scores for each species is provided in Figure 4.47 and 4.48. 

Principal 
Component 

Eigenvalue Percent of 
Variation 

Cumulative Percent of 
Variation 

1 3.091 34.3 34.3 
2 1.889 21.0 55.3 
3 1.793 20.0 75.3 
4 0.818 9.1 84.4 

Variable PC 1 PC 2 PC 3 PC 4 
Gestation Duration 0.26 0.51 -0.09 0.13 
Infancy Duration 0.19 0.51 -0.17 0.12 
Juvenility Duration 0.54 0.06 -0.09 0.03 
Prenatal Body Growth Rate 0.22 -0.57 -0.04 0.15 
Prenatal Brain Growth Rate 0.46 -0.37 -0.07 0.06 
Age at Brain Growth Completion 0.38 0.01 0.49 0.11 
Postnatal Body Growth Rate During Brain Growth 0.06 0.10 0.59 0.50 
Postnatal Brain Growth Rate -0.03 -0.07 -0.56 0.71 
Postnatal Body Growth Rate After Brain Growth -0.45 -0.06 0.22 0.42 
 

Table 4.53.  Results of principal-components analysis of the brain and body growth 
parameters.  All variables in analysis are independent contrasts of residuals from an RMA 
regression on maternal body size.   

Principal 
Component 

Eigenvalue Percent of 
Variation 

Cumulative Percent of 
Variation 

1 3.626 40.3 40.3 
2 2.071 23.0 63.3 
3 1.512 16.8 80.1 
4 0.765 8.5 88.6 

Variable PC 1 PC 2 PC 3 PC 4 
Gestation Duration 0.32 -0.05 0.32 -0.65 
Infancy Duration 0.17 -0.17 0.61 0.53 
Juvenility Duration 0.50 0.06 0.09 0.01 
Prenatal Body Growth Rate 0.25 -0.01 -0.62 0.26 
Prenatal Brain Growth Rate 0.44 -0.01 -0.34 0.00 
Age at Brain Growth Completion 0.27 0.58 0.05 0.08 
Postnatal Body Growth Rate During Brain Growth -0.15 0.49 0.09 0.38 
Postnatal Brain Growth Rate 0.05 -0.62 -0.06 0.25 
Postnatal Body Growth Rate After Brain Growth -0.50 0.07 -0.12 -0.15 
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Table 4.54.  Results of principal-components analysis of the brain and body growth 
parameters.  All variables in analysis are residuals from an RMA regression on maternal body 
size.  A plot of the scores for each species is provided in Figure 4.49 and 4.50. 

Principal 
Component 

Eigenvalue Percent of 
Variation 

Cumulative Percent of 
Variation 

1 3.129 45.1 45.1 
2 1.490 21.3 66.4 
3 1.337 17.5 83.9 
4 0.570 8.2 92.1 

Variable PC 1 PC 2 PC 3 PC 4 
Total Period of Immaturity 0.54 0.18 0.05 0.03 
Brain Growth Duration (pre- and postnatal) 0.38 -0.52 0.22 0.31 
Brain Growth Rate (pre- and postnatal) -0.04 0.70 0.39 0.07 
Body Growth Rate During Brain Growth -0.33 0.08 0.59 0.37 
Body Growth Rate After Brain Growth -0.44 -0.26 -0.08 0.55 
Interbirth Interval 0.33 0.33 -0.42 0.68 
Adult Lifespan 0.40 -0.17 0.52 0.03 
 

Table 4.55.  Results of principal-components analysis of the brain and body growth 
parameters.  All variables in analysis are independent contrasts of residuals from an RMA 
regression on maternal body size.   

Principal 
Component 

Eigenvalue Percent of 
Variation 

Cumulative Percent of 
Variation 

1 2.537 36.2 36.2 
2 1.983 28.3 64.6 
3 1.262 18.0 82.6 
4 0.773 11.0 93.7 

Variable PC 1 PC 2 PC 3 PC 4 
Total Period of Immaturity -0.16 -0.16 0.59 0.75 
Brain Growth Duration (pre- and postnatal) 0.36 0.55 0.08 0.12 
Brain Growth Rate (pre- and postnatal) 0.09 -0.66 0.03 -0.01 
Body Growth Rate During Brain Growth -0.35 0.44 -0.16 0.32 
Body Growth Rate After Brain Growth -0.60 0.05 0.05 -0.22 
Interbirth Interval 0.24 -0.15 -0.69 0.50 
Adult Lifespan 0.54 0.11 0.38 -0.12 
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Table 4.56.  Statistics for path model presented in Figure 4.51, drawing causal links from brain 
growth parameters to total period of immaturity.  The statistics for the analysis performed on 
independent contrasts are italicized.  See text for details. 

Chi-square 2.97   
6.66 

Probability level 0.23   
0.04 

Chi-square minimum 
discrepancy function (CMIN/DF) 
 

1.49   
3.33 

Goodness-of-fit (GFI) 0.90 
0.82 

Adjusted 
goodness-of-
fit (AGFI) 
 

0.51 
0.08 

Comparative fit index 
(CFI) 

0.94 
0.10 

 

 

Table 4.57.  Statistics for path model presented in Figure 4.53, drawing causal links from brain 
growth parameters to length of infancy.    See text for details. 

Chi-square 5.87 Probability level 0.053 

Chi-square minimum 
discrepancy function (CMIN/DF) 
 

2.94 

Goodness-of-fit (GFI) 0.84 Adjusted 
goodness-of-
fit (AGFI) 
 

0.19 

Comparative fit index 
(CFI) 

.00  
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Table 4.58.  Statistics for path model presented in Figure 4.54, drawing causal links from brain 
growth duration and body growth rates to length of the juvenile period. The statistics for the 
analysis performed on independent contrasts are italicized.  See text for details. 

Chi-square 0.52 
3.84 

Probability level 0.77 
0.15 

Chi-square minimum 
discrepancy function (CMIN/DF) 
 

0.26 
1.92 

Goodness-of-fit (GFI) 0.98 
0.87 

Adjusted 
goodness-of-
fit (AGFI) 
 

0.90 
0.36 

Comparative fit index 
(CFI) 

1.0 
0.95 

 

 

 

Table 4.59.  Statistics for path model presented in Figure 4.55, drawing causal links from brain 
growth duration and body growth rates to the age at first reproduction. The statistics for the 
analysis performed on independent contrasts are italicized.  See text for details. 

Chi-square 5.87 
8.05 

Probability level 0.053 
0.02 

Chi-square minimum 
discrepancy function (CMIN/DF) 
 

2.94 
4.02 

Goodness-of-fit (GFI) 0.84 
0.79 

Adjusted 
goodness-of-
fit (AGFI) 
 

0.19 
-0.03 

Comparative fit index 
(CFI) 

0.60 
0.77 
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Table 4.60.  Statistics for path model presented in Figure 4.56, drawing causal links from adult 
brain size and length of juvenile period to adult lifespan.  The statistics for the analysis 
performed on independent contrasts are italicized.  See text for details. 

Chi-square 0.001 
0.09 

Probability level 0.976 
0.77 

Chi-square minimum 
discrepancy function (CMIN/DF) 
 

0.001 
0.09 

Goodness-of-fit (GFI) 0.99 
0.99 

Adjusted 
goodness-of-
fit (AGFI) 
 

0.99 
0.96 

Comparative fit index 
(CFI) 

0.99 
0.99 

 

 

 

Table 4.61.  Statistics for path model presented in Figure 4.57, modeling Charnov’s hypothesis 
of drawing causal links from adult lifespan to the length of juvenile period and body size.  The 
statistics for the analysis performed on independent contrasts are italicized.  See text for 
details. 

Chi-square 0.534 
3.96 

Probability level 0.465 
0.05 

Chi-square minimum 
discrepancy function (CMIN/DF) 
 

0.534 
3.96 

Goodness-of-fit (GFI) 0.97 
0.83 

Adjusted 
goodness-of-
fit (AGFI) 
 

0.83 
-0.01 

Comparative fit index 
(CFI) 

0.99 
0.77 
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Table 4.62.  Statistics for path model presented in Figure 4.58, a modified version of Charnov’s 
model that draws causal links from adult lifespan (relative to body size) to the length of 
juvenile period (relative to body size) and encephalization.  The statistics for the analysis 
performed on independent contrasts are italicized.  See text for details. 

Chi-square 5.05 
8.08 

Probability level 0.03 
0.04 

Chi-square minimum 
discrepancy function (CMIN/DF) 
 

5.05 
8.08 

Goodness-of-fit (GFI) 0.81 
0.74 

Adjusted 
goodness-of-
fit (AGFI) 
 

-0.12 
-0.55 

Comparative fit index 
(CFI) 

0.86 
0.80 

 

 

 

Table 4.63.  Statistics for path model presented in Figure 4.59, an alternative to Charnov’s 
model that draws causal links from encephalization to the length of juvenile period (relative 
to body size) and adult lifespan (relative to body size).  The statistics for the analysis 
performed on independent contrasts are italicized.  See text for details. 

Chi-square 0.12 
0.45 

Probability level 0.73 
0.50 

Chi-square minimum 
discrepancy function (CMIN/DF) 
 

0.12 
0.45 

Goodness-of-fit (GFI) 0.99 
0.97 

Adjusted 
goodness-of-
fit (AGFI) 
 

0.96 
0.84 

Comparative fit index 
(CFI) 

0.99 
0.99 
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Figure 4.1.  Brain growth in Homo sapiens.  There are no significant differences between the 
average brain sizes of males and females within any of the cohorts.  The line connects the 
average values of each successive age cohort. 

 

Figure 4.2.  Brain growth trajectories for Homo sapiens and Pan troglodytes.  M = males, F = 
females, and U = unknown.  Lines represent loess regressions; there is a line for each sex in 
Homo.  Inset shows the brain growth during the first postnatal year.  Source: Leigh 2004:152, 
Figure 6. 
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Figure 4.3.  Body growth in Homo sapiens.  There are no significant differences between the 
average body sizes of males and females within any of the cohorts except the 7th, 8th and 9th 
cohorts (ages 16.7, 19.8 and >21 years old).  The line connects the average values of each 
successive age cohort. 
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Figure 4.4.  Body growth in two populations of Homo sapiens.  All curves fits are loess 
regressions.  See text for details regarding sample composition.  Sources:  US data, National 
Center for Health Statistics; Ache data provided by R. Walker.   
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Figure 4.5.  Brain growth in Pan troglodytes.  There are no significant differences between the 
average brain sizes of males and females within any of the cohorts.  The line connects the 
average values of each successive age cohort. 
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Figure 4.6.  Body growth in Pan troglodytes.  There are no significant differences between the 
average body sizes of males and females within any of the cohorts.  The line connects the 
average values of each successive age cohort. 

 

Figure 4.7.  Body growth trajectory in Pan troglodytes.  The circles are males, and the triangles 
are females.  The curve fit is a loess regression.  The values derive from zoo and primate 
center records.  Source:  Leigh and Shea 1995:47, Figure 7a. 
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Figure 4.8.  Brain growth in Pan paniscus.  There are no significant differences between the 
average brain sizes of males and females within any of the cohorts.  The line connects the 
average values of each successive age cohort. 
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Figure 4.9.  Body growth in Pan paniscus.  There are no significant differences between the 
average body sizes of males and females within any of the cohorts.  The line connects the 
average values of each successive age cohort. 

 

Figure 4.10.  Body growth trajectory for Pan paniscus.  The circles are males, and the triangles 
are females.  The curve fit is a loess regression.  The values derive from zoo and primate 
center records.  Source:  Leigh and Shea 1995:46, Figure 6a. 
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Figure 4.11.  Brain growth trajectory for Gorilla gorilla.  There are no significant differences 
between the average brain sizes of males and females within any of the age cohorts except 
adulthood.  The line connects the average values of each successive age cohort, and leads to 
the average brain size in adult females.  The dashed line indicates the trajectory towards 
average brain size in adult males. 
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Figure 4.12.  Body growth in Gorilla gorilla.  There are no significant differences between the 
average body sizes of males and females within any of the cohorts prior to 12.2 years old.  The 
line connects the average values of each successive age cohort.  The dashed line indicates the 
average male body size for the last two cohorts. 
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Figure 4.13.  Body growth trajectory for Gorilla gorilla.  The circles are males, and the triangles 
are females.  The curve fit is a loess regression.  The values derive from zoo and primate 
center records.  Source:  Leigh and Shea 1995:45, Figure 5a. 
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Figure 4.14.  Brain growth trajectory for Pongo pygmaeus.  There are no significant differences 
between the average brain sizes of males and females within any of the age cohorts.  The line 
connects the average values of each successive age cohort. 
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Figure 4.15.  Body growth in Pongo pygmaeus.  There are no significant differences between 
the average body sizes of males and females within any of the cohorts except adulthood.  The 
line connects the average values of each successive age cohort.  The dashed line indicates the 
average body size for adult males. 

 

Figure 4.16.  Body growth trajectory for Pongo pygmaeus.  The circles are males, and the 
triangles are females.  The curve fit is a loess regression.  The values derive from zoo and 
primate center records.  Source:  Leigh and Shea 1995:44, Figure 3a. 
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Figure 4.17.  Brain growth trajectory for Hylobates lar.  There are no significant differences 
between the average brain sizes of males and females within any of the age cohorts.  The line 
connects the average values of each successive age cohort. 
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Figure 4.18.  Body growth in Hylobates lar.  There are no significant differences between the 
average body sizes of males and females within any of the cohorts.  The line connects the 
average values of each successive age cohort.  The dashed line indicates the average body size 
for adult males. 

 

Figure 4.19.  Body growth trajectory for Hylobates lar.  The circles are males, and the triangles 
are females.  The curve fit is a loess regression.  The values derive from zoo and primate 
center records.  Source:  Leigh and Shea 1995:43, Figure 1a. 
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Figure 4.20.  Brain growth trajectory for Papio cynocephalus.  There are no significant 
differences between the average brain sizes of males and females within any of the age 
cohorts except adulthood.  The line connects the average values of each successive age 
cohort, and leads to the average brain size in adult females.  The dashed line indicates the 
trajectory of average brain sizes in males from 5 years old to adulthood. 
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(a) 

 

(b) 

Figure 4.21.  Brain growth trajectories for Papio hamadryas.  M = males, F = females, and U = 
unknown.  (A) shows the cranial capacity data from wild individuals, and (B) shows the brain 
mass data collected from captive individuals.  Lines represent loess regressions.  Source:   
Leigh 2004:150-151, Figures 4 and 5. 
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Figure 4.22.  Body growth in Papio cynocephalus.  There are no significant differences 
between the average body sizes of males and females within any of the cohorts except 
adulthood.  The line connects the average values of each successive age cohort, leading to the 
average body size of adult females.  The dashed line indicates the average body size for males. 

 

Figure 4.23.  Body growth trajectory for Papio cynocephalus.  The circles indicate males, and 
the triangles indicate females.  The curve fit is a loess regression.  The values derive from zoo 
and primate center records.  Source:  Leigh 1992:44, Figure 7. 
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Figure 4.24.  Body growth in two populations of Papio cynocephalus – wild-feeding and 
provisioned – in males (a) and females (b).  The curve fits are loess regression.  The values 
derive from Amboseli National Park in Kenya; the wild-feeding group forages exclusively on 
the savannah, whereas the provisioned group scavenges for human foodstuffs at the tourist 
lodge.  Source:  Altmann and Alberts 2005:493, Figure 1. 
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Figure 4.25.  Brain growth trajectory for Chlorocebus aethiops.  There are no significant 
differences between the average brain sizes of males and females within any of the age 
cohorts.  The line connects the average values of each successive age cohort. 

  

223 
 



 

0

1000

2000

3000

4000

5000

6000

7000

0 1 2 3 4 5 6

Bo
dy

 W
ei

gh
t E

st
im

at
e 

(g
ra

m
s)

Age Estimate (years)

Males

Females

Unknown

Figure 4.26.  Body growth in Chlorocebus aethiops.  There are no significant differences 
between the average body sizes of males and females in any of the cohorts except adulthood.  
The line connects the average values of each successive age cohort.  The dashed line indicates 
the average body size for adult males. 
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Figure 4.27.  Body growth data on Chlorocebus aethiops.  The data are organized by successive 
age classes.  The approximate age is indicated on the left, and the mean body mass for each 
age class is provided to the right of the bar.  Source:  adapted from Bolter and Zihlman 
2003:102, Figure 2. 
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Figure 4.28.  Brain growth trajectory for Macaca fascicularis.  There are no significant 
differences between the average brain sizes of males and females in any of the age cohorts 
except adulthood.  The line connects the average values of each successive age cohort.  
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Figure 4.29.  Body growth in Macaca fascicularis.  There are no significant differences 
between the average body sizes of males and females in any of the cohorts except the last 
two stages.  The line connects the average values of each successive age cohort, leading to the 
average female body size for the last two cohorts.  The dashed line indicates the average body 
size for males in the last two cohorts. 

 

 

Figure 4.30.  Body growth in two populations of Macaca fascicularis.  The population from 
Singapore is denoted by the filled circles, and the population from Thailand is denoted by the 
open circles.  The shaded area indicates the period of migration by subadult males, and the 
dotted line indicates the age at sexual maturity in males.  Source:  adapted from Schillaci et al. 
2007:685, Figure 5. 
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Figure 4.31.  Brain growth trajectory for Macaca mulatta.  There are no significant differences 
between the average brain sizes of males and females within any of the age cohorts.  The line 
connects the average values of each successive age cohort.  

 

Figure 4.32  Brain growth in Macaca mulatta.  M = males, F = females.  Lines represent loess 
regressions for each sex.  Source:  Leigh 2004:148, Figure 2. 
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Figure 4.33.  Body growth in Macaca mulatta.  There are no significant differences between 
the average body sizes of males and females in any of the cohorts.  The line connects the 
average values of each successive age cohort. 

 

Figure 4.34.  Body growth in Macaca mulatta.  The lines connect averages compiled from a 
longitudinal sample.  Source:  Schultz 1933: 12, Figure 2. 

228 
 



 

 

0

10

20

30

40

50

60

70

80

90

0 2 4 6 8

Br
ai

n 
W

ei
gh

t (
gr

am
s)

Age Estimate (years)

Males

Females

Unknown

Figure 4.35.  Brain growth trajectory for Cebus apella.  There are no significant differences 
between the average brain sizes of males and females in any of the age cohorts.  The line 
connects the average values of each successive age cohort.  
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Figure 4.36.  Body growth in Cebus apella.  There are no significant differences between the 
average body sizes of males and females until the 6th cohort, estimated age of 2.6 years.  The 
line connects the average values of each successive age cohort until the 6th age cohort, at 
which point the solid line indicates the average body size of females.  The dashed line 
indicates the average body size for males subsequent to the 6th cohort. 

 

Figure 4.37.  Body growth in captive individuals of Cebus apella.  Averages are indicated by the 
bars, and standard deviations are indicated by the lines extending from the bar.  Source:  
Fragaszy and Adams-Curtis 1998:201, Figure 2. 
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Figure 4.38.  Brain growth trajectory for Alouatta palliata .  There are no significant 
differences between the average brain sizes of males and females in any of the age cohorts 
except adulthood.  The line connects the average values of each successive age cohort, 
leading to the average adult female brain size.  The dash line leads to the average adult male 
brain size. 
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Figure 4.39.  Body growth in Alouatta palliata.  There are no significant differences between 
the average body sizes of males and females in any of the cohorts except adulthood.  The line 
connects the average values of each successive age cohort, leading to the average body size in 
adult females.  The dashed line leads to the average body size for adult males. 
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Figure 4.40.  Body growth in Alouatta palliata from the La Pacifica site in Costa Rica.  The solid 
line indicates the loess fit for females, and the dashed line indicated the loess fit for males.  
Data were provided by K. Glander. 
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Figure 4.41.  Brain growth trajectory for Ateles geoffroyi.  There are no significant differences 
between the sexes in any of the age cohorts.  The line connects the average values of each 
successive age cohort.  
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Figure 4.42.  Body growth trajectory for Ateles geoffroyi.  There are no significant differences 
between the average body sizes of males and females in any of the age cohorts.  The line 
connects the average values of each successive age cohort. 

 

Figure 4.43.  Body growth in Ateles geoffroyi.  The circles indicate males, and the triangles 
indicate females.  The curves are loess fits.  Data are from captive animals held in zoos and 
primate centers.  Source:   Leigh 1992:42, Figure 5. 
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Figure 4.44.  Graphs illustrating the length of time of each of the life-history stages.  (A) shows 
the length in absolute time – i.e. the x-axis is in months.  (B) shows the length in relative time 
– i.e. percentage of time spent in each life history stage. 
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Figure 4.45.  Graphs illustrating the length of time of each of the developmental life-history 
stages.  (A) shows the length in absolute time – i.e. the x-axis is in months.  (B) shows the 
length in relative time – i.e. percentage of time spent in each developmental life history stage. 
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Figure 4.46.  Postnatal developmental life-history stages relative to the age at brain growth 
completion.  The x-axis indicates age in months, the bars indicate the time spent in the 
postnatal developmental stages, and the black stars indicate the age at brain growth 
completion in each species.  
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Body Growth Rate 
During Brain 
Growth 

Brain Growth 
Duration 

Brain Growth Rate Total Period of 
Immaturity 
0.84    0.03 

-0.32 (-0.50 + -0.18) 
0.04 (0.13 – 0.09)

0.43 (0.59 + -0.16) 
0.10 (.0.17 + -0.07) 

0.65 (0.65 + 0.0) 
0.01 (0.01 +0.0) 

0.32 
0.55 

 

Figure 4.51.  Path analysis testing the causal link between brain and body growth rates and 
the total period of immaturity.  All variables are residuals from RMA regressions against 
maternal body size.  The italicized values are the results from an analysis on independent 
contrasts.  The value provided with the double-headed arrow denotes the correlation 
coefficient between the two predictor variables.  The first value given with each causal path, 
or one headed arrow, is the total effect – the sum of the direct and indirect effects. Negative 
effects are indicated by a dashed line.  The second and third values are the direct and indirect 
effects, respectively.  All effects are standardized.  The value given with the criterion variable 
is the squared-multiple correlation, which indicates the percent of variation in the criterion 
variable that is explained by the model.  See text for details. 
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Growth Rate 
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Gestation 
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Figure 4.52.  Path analysis testing the causal link between prenatal brain and body growth 
rates and the length of gestation.  All variables are residuals from RMA regressions against 
maternal body size.  The value provided with the double-headed arrow denotes the 
correlation coefficient between the two predictor variables.  The first value given with each 
causal path, or one headed arrow, is the total effect – the sum of the direct and indirect 
effects.  Negative effects are indicated by a dashed line.  The second and third values are the 
direct and indirect effects, respectively.  All effects are standardized.  The value given with the 
criterion variable is the squared-multiple correlation, which indicates the percent of variation 
in the criterion variable that is explained by the model.  See text for details. 
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Figure 4.53.  Path analysis testing the causal link between postnatal brain growth rate and 
duration, body growth rate during brain growth, and the length of infancy.  All variables are 
residuals from RMA regressions against maternal body size.  The value provided with the 
double-headed arrow denotes the correlation coefficient between the two predictor 
variables.  The first value given with each causal path, or one headed arrow, is the total effect 
– the sum of the direct and indirect effects.  Negative effects are indicated by a dashed line.  
The second and third values are the direct and indirect effects, respectively.  All effects are 
standardized.  The value given with the criterion variable is the squared-multiple correlation, 
which indicates the percent of variation in the criterion variable that is explained by the 
model.  See text for details. 
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Body Size at Brain 
Growth 
Completion 

Body Growth Rate 
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Age at Brain 
Growth 
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Figure 4.54.  Path analysis testing the causal link between brain growth completion, body size 
at brain growth completion, and body growth rate on the length of the juvenile period.  All 
variables are residuals from RMA regressions against maternal body size.  The italicized values 
are the results from an analysis on independent contrasts.  The value provided with the 
double-headed arrow denotes the correlation coefficient between the two predictor 
variables.  The first value given with each causal path, or one headed arrow, is the total effect 
– the sum of the direct and indirect effects.  Negative effects are indicated by a dashed line.  
The second and third values are the direct and indirect effects, respectively.  All effects are 
standardized.  The value given with the criterion variable is the squared-multiple correlation, 
which indicates the percent of variation in the criterion variable that is explained by the 
model.  See text for details. 
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Figure 4.55.  Path analysis testing the causal link between brain growth rate and duration, and 
body growth rate on the age at first reproduction.  All variables are residuals from RMA 
regressions against maternal body size.  The italicized values are the results from an analysis 
on independent contrasts.  The value provided with the double-headed arrow denotes the 
correlation coefficient between the two predictor variables.  The first value given with each 
causal path, or one headed arrow, is the total effect – the sum of the direct and indirect 
effects.  Negative effects are indicated by a dashed line.  The second and third values are the 
direct and indirect effects, respectively.  All effects are standardized.  The value given with the 
criterion variable is the squared-multiple correlation, which indicates the percent of variation 
in the criterion variable that is explained by the model.  See text for details. 
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Figure 4.56.  Path analysis testing the causal link between adult brain size, juvenile period, and 
interbirth interval on the adult lifespan.  All variables are residuals from RMA regressions 
against maternal body size.  The italicized values are the results from an analysis on 
independent contrasts.  The values provided with the double-headed arrows denote the 
correlation coefficient between the two predictor variables.  The first value given with each 
causal path, or one headed arrow, is the total effect – the sum of the direct and indirect 
effects.  Negative effects are indicated by a dashed line.  The second and third values are the 
direct and indirect effects, respectively.  All effects are standardized.  The value given with the 
criterion variable is the squared-multiple correlation, which indicates the percent of variation 
in the criterion variable that is explained by the model.  See text for details. 
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Figure 4.57.  Path analysis testing the causal links between adult lifespan, length of the 
juvenile period, and body size.   All variables are logged.    The italicized values are the results 
from an analysis on independent contrasts.  The first value given with each causal path, or one 
headed arrow, is the total effect – the sum of the direct and indirect effects.  The second and 
third values are the direct and indirect effects, respectively.  The dotted gray line indicates 
that a direct effect was not included in the model; only the indirect effect through the 
intervening variable is calculated.  All effects are standardized.  The value given with the 
criterion variable is the squared-multiple correlation, which indicates the percent of variation 
in the criterion variable that is explained by the model.  See text for details. 
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Figure 4.58.  Path analysis testing the causal links between adult lifespan, length of the 
juvenile period, and brain size.   All variables are residuals from RMA regressions against 
maternal body size.  The italicized values are the results from an analysis on independent 
contrasts.  The first value given with each causal path, or one headed arrow, is the total effect 
– the sum of the direct and indirect effects.  The second and third values are the direct and 
indirect effects, respectively.  The dotted gray line indicates that a direct effect was not 
included in the model; only the indirect effect through the intervening variable is calculated.  
All effects are standardized.  The value given with the criterion variable is the squared-
multiple correlation, which indicates the percent of variation in the criterion variable that is 
explained by the model.  See text for details. 
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Figure 4.59.  Path analysis testing the causal links between adult brain size, length of the 
juvenile period, and adult lifespan.   All variables are residuals from RMA regressions against 
maternal body size.  The italicized values are the results from an analysis on independent 
contrasts.  The first value given with each causal path, or one headed arrow, is the total effect.  
There were no indirect effects in this model, to the total and direct effects are the same.  All 
effects are standardized.  The value given with the criterion variable is the squared-multiple 
correlation, which indicates the percent of variation in the criterion variable that is explained 
by the model.  See text for details. 
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CHAPTER 5:  THE EVOLUTIONARY LINK BETWEEN ENCEPHALIZATION AND LIFE HISTORY 
 

 The results of this project demonstrate that there is a connection between 

encephalization and life history in anthropoid primates.  The correlations between adult brain 

size and life history have been shown in previous studies (Harvey and Clutton-Brock 1985; 

Harvey et al., 1987; Austad and Fischer 1992; Allman et al. 1993; Allman 1995; Hakeem et al. 

1996; Allman and Hasenstaub 1999; Barton 1999; Ross and Jones 1999; Deaner et al. 2003; 

Ross 2003, 2004; Barrickman et al. 2008), but the relationship between life history and brain-

growth parameters had not been thoroughly investigated.  Leigh (2004) performed a 

preliminary study which suggested that there is no connection between the ontogeny of the 

brain and life history, suggesting that brain size may not affect developmental timing and 

lifespan.  Leigh (2004) and Leigh and Blomquist (2007) found no significant correlation 

between age at brain growth cessation, adult brain size, and age at maturity in anthropoids.   

Our [study] tests the hypothesis that the age at brain growth cessation, adult 
brain size, and age at first reproduction are tightly intercorrelated.  Rejection 
of this hypothesis implies that modularity plays a role in primate life history 
evolution, while failure to reject it supports models that see the brain as a 
pace-setter in life histories (Leigh and Blomquist 2007:403). 

 

Thus, they concluded that body and brain growth are disassociated, and the correlation 

between life history and brain size is an artifact of some other factor such as mortality rate.  

However, they considered only the length of the postnatal period and the duration of brain 

growth.  This project re-examined the link between the ontogeny of the brain and life history 

with a more complete dataset, including an examination of the prenatal period, data on 

corresponding body-growth parameters, and a larger sample of anthropoid species.  The 
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results of this study confirm the link between life history and encephalization.  Furthermore, 

they show that particular life-history stages are more affected by brain growth than others – 

demonstrating that there are factors in addition to encephalization that explain some of 

variation in life history across anthropoid primates. 

 

Summary of Results and Their Implications 

 This project tested a set of hypotheses designed to investigate the proposition that 

encephalization has costs and benefits, and these trade-offs are directly reflected in life 

history.  The results confirmed that there are life-history costs, but not during every stage of 

pre-reproductive life history.  The results also confirmed that there are life-history benefits to 

encephalization, but only in terms of increases in longevity. 

 

Life-History Costs of Encephalization in Anthropoids 
 

 The life-history costs of brain growth come from two parameters:  the time spent in a 

given life-history stage and the constraint on body growth rate.  Some pre-reproductive stages 

are prolonged in larger-brained species, and this prolongation reflects a temporal cost; the 

duration of time before reproductive maturity is time that is not spent directly increasing 

reproductive fitness.  During some stages, body-growth rate is low, and this low rate could 

reflect an energetic constraint.  These two parameters are related; the prolongation of a pre-

reproductive life-history stage reflects a slow body-growth rate.  However, they are not 
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perfectly correlated.  Body-growth rates are averaged over the duration of the stage, and 

some species experience rapid growth spurts that are interspersed with periods of very slow 

growth.  This pattern reflects a temporal cost, but suggests that there may not be energetic 

constraints in these species – i.e. the immature has sufficient energy to grow faster, but for 

other reasons, does not increase its growth rate. 

 The results of this study showed that increased encephalization extends the total 

period of immaturity, from conception to the age at first reproduction in females.  This 

extension is apparent whether the larger-brained species have prolonged brain growth, 

increased brain-growth rate, or both.   

 The length of gestation is not affected by the degree of encephalization of the 

neonate.  The only factor included in this study that has a significant effect on the length of 

gestation is the size of the mother.  Larger maternal body size results in longer gestation.  

Prenatal brain and body growth rates, relative to maternal body size, do not affect the length 

of gestation.  The length of infancy was also not affected by the degree of adult 

encephalization, nor the duration and rate of brain growth.   However, there was one 

interesting finding that may elucidate the relationship between the lengths of gestation and 

infancy, and growth rates.  The second principal component, which explained 21% of the 

variation in the life-history variables and growth parameters, showed that long periods of 

gestation and infancy are related to slow prenatal brain and body growth rates.  This result 

suggests that weanlings need to be of a certain size, and long periods of gestation and infancy 

may compensate for relatively slow growth rates.  The species distribution for this principal 

component does not show any discernible pattern related to the degree of encephalization:  
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Homo and Papio have negative scores (indicating that they have relatively short gestation and 

infancy, and fast growth rates), and Hylobates, Ateles, Pan paniscus, and Alouatta have 

positive scores.  This relationship between slow prenatal growth rates and the length of these 

two life-history stages remains unexplained.   

 The developmental period that is most clearly affected by brain growth is the juvenile 

period, from weaning until age at first reproduction.  In species that have extensive brain 

growth relative to body size (whether through a long duration of brain growth, fast brain 

growth rate or both), body-growth rate is slow during the juvenile period.  This study also 

revealed that more encephalized species tend to have a larger body size at brain-growth 

completion relative to adult body size.  Thus, even though a larger percentage of body growth 

is complete when the brain is finished growing, the body growth rates are so slow in 

encephalized species compared to smaller-brained species that the juvenile period is 

exceedingly prolonged.  The juvenile period is the crucial life-history stage that explains the 

link between the delay in the length of the pre-reproductive period and the degree of 

encephalization. 

 

Life-History Benefits of Encephalization in Anthropoids 
 

 This study demonstrated that, in anthropoids, encephalization provides a benefit in 

terms of reproductive success – which are the only terms that matter in an evolutionary 

context.  Even when reproductive rates are controlled, more-encephalized species have a 

longer maximum lifespan than less-encephalized species.  As shown in Chapter 2, there is a 
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tight correlation between maximum lifespan in captivity and the mortality rates in the wild, so 

these results suggest that encephalized species have lower mortality rates.  The fitness 

benefits of longevity are straightforward.  A female anthropoid that lives longer has more 

reproductive cycles than a shorter-lived one, and thus more offspring over her lifetime.  This 

relationship holds even when the variation in reproductive rates is considered. 

  

Charnov’s Theory of Mortality-Driven Life History 

 This project demonstrated that some of the variation in life history across anthropoids 

can be explained by the positive association between the length of the life-history stages and 

the degree of encephalization.  Charnov (1993) also attempted to explain the patterns of 

variation in the life histories of mammals, though he did not view brain size or body size as 

causal factors.  Charnov (1993) postulated that mortality rate determines the pace of life 

history in mammals.  Mortality rate was viewed as external to the organism; it is a function 

solely of food resources and predator pressure.  If mortality rate is low, a mammal can afford 

to delay reproduction until it reaches a large body size.  Thus, it is expected that mortality rate 

and age at maturity are highly correlated.  This study found that this relationship holds among 

anthropoids.  However, the results of this study also suggest that the relationship may not be 

direct; there may be intervening factors.  In particular, the results of this project provide an 

explanation for the variation in growth rates – an issue that Charnov (1993; see also Charnov 

and Berrigan 1993; Charnov 2004) was unable to account for in his models.  Moreover, the 

results of this project suggest that mortality rates, and the consequent patterns of life history, 
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are not determined solely by factors external to the organism.  Some of the intrinsic 

characteristics of the anthropoids affect their mortality rate. 

 In Charnov’s model, body size is determined by the production-growth function, 

which assumes that growth rates have little or no variation across mammalian taxa.  Adult 

body size is predicted by the age at maturity, given a constant growth rate.  This assumption 

could not be empirically verified; on average, anthropoid primates grow slower than other 

mammals (Charnov 1993).  This study further demonstrated that body growth rates are highly 

variable within anthropoids.  Body growth rates are crucial to Charnov’s model because they 

reflect the energy available for growth and reproduction, and thus determine the pace of life 

history.  Charnov (1993) claims that from conception until weaning, mammalian offspring 

depend on their mother for energy.  According to Kleiber’s Law, metabolic rates are 

proportional to adult body size, so according to Charnov (1993), the energy available for 

growth and production is a fixed percentage of the total energy budget.   

Because mammalian total metabolic rates are roughly proportional to W 
[body size], this is analogous to saying that the energy used for growth is a 
fixed fraction of an animal’s total metabolic budget at any given size. 
(Charnov and Berrigan 1993:191). 

Thus, larger mothers have an absolutely larger amount of energy available for their offspring.  

After the offspring is weaned, it also has a fixed percentage of its energetic budget available 

for growth.  When growth ceases, at the age determined by adult mortality rates, the excess 

energy is shifted from growth to reproduction. 

 There are several problems with the production-growth function.  First, there is 

residual variation in the correlation between metabolic rate and adult body size (Isler and van 
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Schaik 2006; Martin 1981), so it cannot be assumed that a fixed percentage of the metabolic 

budget is available for growth and reproduction.  Most anthropoids have a higher metabolic 

rate than would be expected for their body size.  By Charnov’s reasoning, a higher 

reproductive rate and/or larger offspring would be expected in anthropoids if an absolutely 

larger amount of energy is available.  In fact, the opposite pattern is found; compared to other 

mammals, anthropoids have a low reproductive rate and smaller offspring relative to their 

metabolic rate (Martin 1981).  Second, gestating females have a nearly two-fold higher 

metabolic rate compared to females in a non-reproductive state, and growing offspring have a 

nearly double the metabolic rate of adults of a similar body size.  The exact magnitude of the 

increase varies from species to species (Lin and Barrickman, in prep).  This finding suggests 

that the metabolic energy funneled to growth and reproduction may not be a fixed 

percentage of the total energetic budget.   Third, in primates, weaning is not a sudden 

transition from milk to solid foods (Gomendio 1989; Lee 1987; Lee et al. 1991; Lee 1996; 

Nicolson 1982; Stewart 1988).  Infants consume solid foods well before their weaning age, 

and their milk consumption slowly diminishes over several months.  Thus, there is no single 

point in time when independence occurs, i.e. no marker that definitely signals the beginning 

of one of the crucial phases to Charnov’s model – the juvenile period. 

 Charnov (1993) designates the “growth period” as the time from weaning until first 

reproduction.  It is the length of this phase, not the total period of immaturity, which is 

determined by mortality rates in his model.  Charnov assumed that weaning weight was 

consistently one-third of adult body weight (cf. Purvis and Harvey 1995) and that growth rates 

were constant, so the length of this period determined the adult body size.  However, he 



256 
 

admitted that growth rates were particularly slow in primates, and acknowledged that the key 

to understanding slow primate life histories lies in explaining the prolongation of this phase 

and its characteristic slow growth rates.  Charnov and Berrigan (1993) dismiss this awkward 

anomaly by outsourcing it to primate biologists:  “we suspect that primate biologists can 

easily propose alternative explanations for the cause of low values of A (193).  We are left to 

discover the intricacies of growth rates and energetic budgets in order to complete the model 

of life history in primates.  Charnov and Berrigan (1993) seem here to be questioning whether 

larger brains require a greater amount of energy than smaller brains.  However, this study and 

many others have demonstrated that this cost is real.  The logic of Darwinian theory requires 

that it be offset by a corresponding benefit. 

 

Encephalization, Slow Growth, and Prolonged Life History:  Understanding the Links 

 Leigh and Blomquist (2007) note that trade-offs are fundamental to life history.  The 

fitness components that comprise an individual’s life history, including the time it spends in 

various stages and its reproductive rate, cannot be simultaneously maximized.  Roff (2002) 

further noted that the trade-offs may not be manifested directly through reproductive fitness, 

but may be effected through other intervening variables such as body size or brain size.  This 

study documented a trade-off between the phases of life history and reproductive rate 

through encephalization.  This trade-off maintains the balance between the costs and benefits 

of brain and body growth demanded by evolutionary theory. 
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The Developmental Period and Its Costs 
 

 The preceding analyses showed that increased encephalization slows body-growth 

rate among the anthropoids sampled in this project.  However, the relationship is not a 

straightforward negative association.  A model based on energetic budgets could show that 

the energy directed towards brain growth would siphon energy away from body growth.  Such 

a model leads us to expect that the periods of considerable brain growth (gestation and 

lactation) would be prolonged in larger-brained species.  A weanling must attain a viable body 

size sufficient to allow independent foraging, and an excess of brain growth exerts a heavy 

cost on body-growth rates.  However, the pattern of slow body growth during brain growth 

was not confirmed by this study.  The slow body growth rates are evident only after brain 

growth is complete. 

 In an adult human, the brain accounts for 20-25% of the resting metabolic rate, about 

sixteen times more than muscle tissue (Holliday 1986; Kety and Schmidt 1948; Leonard and 

Robertson 1994).  During the first 15 years of postnatal life, the human brain undergoes a 

cycle of increasing and decreasing metabolic consumption.  Per unit of mass, the energetic 

demands of the cerebral cortex at birth constitute about 84% of the adult level; they increase 

to 113% at 1-2 years of age, peak at 198% between 3 and 8 years of age, then decrease to 

162% during the 9th through the 15th years, and finally taper off to adult levels of consumption 

by the 19th year (Chugani and Phelps 1986; Chugani et al. 1987; Kennedy and Sokoloff 1957).  

Assuming that the energetic requirements for growing a unit of brain mass are conserved 

across mammals, then the larger-brained species must shoulder a greater energetic cost than 

the smaller-brained species.  Hence, Martin (1981, 1996; 2007) proposed the maternal-energy 
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hypothesis, arguing that the size of the adult brain is determined by the energetic 

contribution of the mother during gestation and lactation (see also Hofman 1983a; Sacher and 

Staffeldt 1974). 

 This study proposed that the mothers of larger-brained offspring would increase the 

length of the stages of gestation and lactation in order to meet the energetic demands of 

their offspring’s growing brain.  The results did not support this hypothesis.  Neither of these 

stages lasts longer in more encephalized species, nor is body growth suppressed during these 

time periods.  However, Martin (1981, 1996, 2007) argued that there is substantial evidence 

for a link between brain growth, the lengths of gestation and lactation periods, and maternal 

metabolism.  Without including metabolic rates in the analyses, the maternal-energy 

hypothesis cannot be adequately tested.  Martin found that resting metabolic rate (RMR) and 

the length of the gestation period are positively correlated with adult brain size in mammals, 

holding body size constant (Martin 1996, 1998).  Examining a larger sample of mammals, Isler 

and van Schaik (2006) also found a significant correlation between RMR and brain size after 

controlling for body size.  Currently, the RMR is not known for each of the species included in 

this project, so this analysis awaits further data collection.  Moreover, the data on RMR from 

the published literature come from adults that are not gestating or lactating.  The results of a 

study investigating RMR during growth and reproduction in lemurs show a two-fold increase 

in the RMR, relative to body size, in gestating females and growing offspring through the 10 

months of age (Lin and Barrickman in prep).  In addition, the results of the lemur study 

suggest that larger-brained species have a greater increase in RMR during gestation and 
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growth than smaller-brained species.  More data must be collected to determine whether this 

difference is significant.   

There is sufficient evidence that growing the brain is a considerable energetic 

investment, and it is manifested in different ways across species.   As this study has 

demonstrated, there is no extension of the life-history stages of gestation and lactation that 

correlates with the degree of encephalization.  Those results do not indicate that the 

maternal-energy hypothesis is refuted – only that the metabolic rates must also be 

considered.   

The malnutrition-risks hypothesis is very similar to the maternal-energy hypothesis.  

They both refer to the high metabolic cost of brain growth, but the proponents of the 

malnutrition-risks hypothesis also consider the energetic resources that the immature can 

acquire itself and, potentially, from other members of the social group (Aiello and Wheeler 

1995; Armstrong 1985; Kaplan et al. 2000; Leigh 2004; Leonard and Robertson 1992, 1994; 

Ross and Jones 1999).  Because mammalian brains are sensitive to energetic shortages and 

may suffer permanent damage as a result of malnutrition (Levitsky and Strupp 1995; 

Shoemaker and Bloom 1977; Smart 1991), body growth rate must be kept at low levels during 

brain growth to ensure that the brain has sufficient nutrition.  Consequently, developmental 

life-history phases are prolonged in large-brained mammals.  This hypothesis provides an 

explanation for the growth spurts that occur during late ontogeny in several anthropoid 

species (Bogin 1999; Leigh 1996).   

The results of this study do not meet some of the predictions of the malnutrition-risks 

hypothesis.  Increasing brain growth duration rather than brain growth rate would seem the 
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less risky strategy because it would reduce the chance of brain damage should any 

fluctuations in nutritional resources occur during brain growth.  This study demonstrated that 

larger brain size is achieved by increasing brain growth rate, increasing brain growth duration, 

or both.  Increases in duration are not more common.  In addition, this study showed that 

body growth rates are not inversely correlated with brain growth rates.  Some species are 

able to take the risk of having rapid brain growth and rapid body growth simultaneously.  

However, this study showed that large-brained species have lower body-growth rates after 

brain growth is complete compared to smaller-brained species.  These results suggest that 

there are factors other than energetic requirements that explain the relationship between 

brain size and life history. 

 The slowest body-growth rate in encephalized anthropoids occurs primarily during 

the juvenile period.  Some researchers have hypothesized that long periods of immaturity 

afford more time to learn – the needing-to-learn hypothesis (Lancaster and Lancaster 1983; 

Mann 1972; Poirier and Smith 1974).  However, studies have suggested that some young 

anthropoids reach adult-level competency in many skills well-before maturity (Blurton-Jones 

et al. 1999; Fairbanks 1993; Janson and van Schaik 1993; Lemon 1999; Pereira and Kuhtz-

Buschbeck et al. 1998; Sasaki et al. 1989; Schneiberg et al. 2002; Stone 2006), so the needing-

to-learn hypothesis does not provide an adequate explanation for the delayed maturity in 

anthropoids.  However, another set of studies that suggest that the most highly complex skills, 

such as hunting, do not reach adult-level competency until maturity (birds:  Marchetti and 

Price 1989; Ricklefs 1984; Wunderle 1991; carnivores: Caro 1994; Caro and Hauser 1992; 

Holekamp et al. 1997; cetaceans:  Baird 2000; Guinet and Bouvier 1995; non-human primates: 
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Boesch and Boesch-Achermann 2000; Boinski and Fragazy 1989; Byrne and Byrne 1993; 

Johnson and Bock 2004; Lonsdorf et al. 2004; Matsuzawa 1994; humans: Gurven et al. 2006; 

Gurven and Kaplan 2006; Kaplan et al. 2000; Lancaster et al.2000; Ohtsuka 1989; Walker et al. 

2002; see also van Schaik et al. 2006).  Thus, there are some skills in some species that do 

require the entire developmental period to reach full competency. 

A modified version of the needing-to-learn hypothesis is the maturational-constraints 

hypothesis proposed by Deaner et al. (2003), who contend that very complex skills can be 

performed only with a mature nervous system.  There is considerable evidence for prolonged 

postnatal synaptogenesis, spanning from the fetal period to maturity in macaques (Bourgeois 

and Rakic 1993; Bourgeois et al. 1994; Bourgeois 1997; Rakic et al. 1986, 1994; Zecevic et al. 

1989), marmosets (Missler et al. 1993), and humans (Bourgeois 1997; Huttenlocher and 

Dabholkar 1997; Huttenlocher et al. 1982; Paus et al. 1999).  In addition, the rigid scheduling 

of nervous system development and corresponding behaviors is suggested by studies 

demonstrating that most skills emerge at the same age in individuals within the same species 

(reviewed in Parker and McKinney 1999).  Complex behaviors, and the neural networks that 

support them, need to be built upon simpler behaviors and simpler networks (Bates et al. 

2003; Elman et al. 1996; Hebb 1949; Quartz and Sejnowski 1997), and this process of adding 

layers can be time consuming.  The results of this study provide substantial support for this 

hypothesis in anthropoids.  The total postnatal period of immaturity, encompassing the entire 

period when immatures are building their complex repertoire of behaviors and neural 

networks, is significantly and strongly correlated with extensive brain growth and slow body 

growth.   
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The Reproductive Period and Its Benefits:  Balancing the Trade-offs 
 

The relationship between long lifespan and high degrees of encephalization can be 

explained in two ways:  increases in encephalization could lead to increases in longevity, or 

increases in longevity could allow for increases in encephalization.  Proponents of the 

cognitive-buffer hypothesis argue that encephalization increases longevity, and hence the 

number of reproductive cycles, resulting in a net gain in reproductive fitness (Allman et al. 

1993a; Hakeem et al. 1996; Allman and Hasenstaub 1999).  Higher levels of cognition may also 

allow for better food procurement and predator-avoidance strategies that reduce mortality.  

The results of this study strongly support this “cognitive-buffer hypothesis”.  The only 

potentially confounding factor that was not considered in this study was the effect of infant 

and juvenile mortality rates.  To validate the cognitive-buffer hypothesis, it must also be 

demonstrated that encephalized species do not have greater rates of infant and juvenile 

deaths that could negate any benefit from increased longevity. 

As Charnov (1993) and others (Stearns 1992; Purvis and Harvey 1995; Roff 2002) have 

noted, delaying reproduction is costly because the individual runs the risk of dying before it 

has had any offspring.  There must be some benefit to offset the risks of this sort that are 

inherent in the life-history strategies adopted by the slow-growing and big-brained 

anthropoids included in this study.  The delayed-benefits hypothesis states that if a species 

has evolved a long lifespan, then it can afford the risks associated with a long pre-

reproductive period.  Proponents of the delayed-benefit hypothesis argue that only species 
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that already have low mortality rates can afford to take advantage of the cost/benefit trade-

off inherent to growing a larger brain (Gadgil and Bossert 1970; Harvey et al. 1989; Stearns 

1992; Williams 1957).  This hypothesis predicts a positive association between lifespan and 

encephalization, as confirmed by this study.  However, the correlation need not be strong.  

That is, this hypothesis rests on an argument about constraints.  The constraints on the 

evolution of a larger brain may be lifted by a reduction in mortality rates, but lifting those 

constraints will not necessarily favor increased encephalization.  However, there are no 

anthropoid species in the sample that have a long lifespan and are not encephalized, 

suggesting either that either the anthropoids always took advantage of the absence of the 

constraints, or that the line of causality goes in the opposite direction - that is, that selection 

pressures favoring increased encephalization drive the prolongation of life-stages. 

Hofman (1984) proposed that encephalization is positively associated with longevity 

because the costs of growing a large brain must be offset, and other researchers have argued 

along these same lines (Kaplan et al. 2000, 2003; Barrickman et al. 2008).  This study has 

demonstrated the existence of both components of the life-history trade-off between the 

costs and benefits of encephalization in anthropoids.  Contrary to Charnov and Berrigan’s 

(1993) assertion that long primate lifespan could not possibly follow from the cost of growing 

a big brain, the argument for a balance between slow maturation and longevity asserts that 

encephalization and its consequent increase in lifespan is selected for even though it is costly. 

 

Future Directions 
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Life-History Variation at the Population Level 
 

 This project documented an association between brain growth and life history among 

a sample of anthropoids.  An investigation of the same questions at a narrower taxonomic 

level may not produce the same degree of significance, and the models may not have the 

strong goodness-of-fit found by this study.  Leigh and Blomquist (2007) pointed out that life 

histories can appear to be integrated packages at a high taxonomic level, while at a specific 

level, there is considerable variation.  Large-scale trends visible in long-range historical 

phenomena often tend to blur or disappear when the scope of the study is reduced.  At a 

microhistorical level, noise introduced by contingencies peculiar to individual cases tends to 

obscure relatively subtle manifestations of the general trend. 

 Nevertheless, examining the same questions addressed by this project in a sample of 

closely-related species, or populations of the same species, would provide some interesting 

insights.  Are the patterns still present?  Are there other factors besides brain size that affect 

growth rates, reproductive rates, and longevity?  Diet, social system, and seasonality are just a 

few of the potential factors.  This study was unable to explain the variation in interbirth 

intervals, or why some species are able to simultaneously grow their brains and their bodies 

at rapid rates whereas others are not.   Future studies will explain the remaining variation in 

the life histories of anthropoids, and perhaps provide some insight into the socioecological 

circumstances under which encephalization is likely to evolve. 
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Mammalian Life Histories 
 

 This project examined the link between life history and growth in anthropoids, and 

the results supported a combination of the cognitive-buffer and maturational-constraints 

hypotheses.  The causal role of encephalization on life history cannot be confirmed without 

breeding experiments that select for larger brain size and observe the effect on growth and 

life history.  However, the results of this project suggest that this line of causality is correct for 

anthropoids.  Prolonged life history is only present in the large-brained species, and likewise 

all the large-brained species have an extended life history.  If some anthropoids had a long 

lifespan and were not encephalized, this finding would suggest that lifespan allows for 

encephalization rather than that encephalization is itself a causal factor promoting extended 

lifespan and developmental periods. 

 However, this conclusion cannot be extrapolated to all mammalian taxa.  Previous 

studies have shown that prolonged life history is common in Chiroptera, which does not 

contain many species with a large degree of encephalization relative to some other 

mammalian taxa (Deaner et al. 2003).  Jones and MacLarnon (2004) found that most of the 

variation in brain mass within Chiroptera can be explained by body mass and gestation length, 

and brain mass shows no relationship to other stages of life history.  This finding suggests that 

the patterns found in Chiroptera and potentially other mammalian taxa may not support the 

proposed link between life history and brain size.  However, studies of other mammalian taxa, 

such as odontocetes, support the thesis that the arrow of causality points from 

encephalization to changes in life history (Lefebrve et al. 2006; Marino 1997)Marino 1997; 

LeFebvre et al. 2006).  The correlations between life history and encephalization within other 
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mammalian taxa remain to be tested.  In doing so, the circumstances in which encephalization 

affects life-history can be better elucidated. 

 Charnov (1993) notes that his theory of mammalian life histories rests on the 

assumption that there are specific and nearly universal trade-offs between growth and 

reproduction.  This project does not dispute the notion that these trade-offs are key to 

understanding the variation in life history.  The results confirm a trade-off between age at 

maturity and lifespan.  However, Charnov’s (1993) theory does not adequately explain why 

these trade-offs are present, and how they are mediated in varying forms at different 

taxonomic levels.  The factors that determine the pattern of life-history variation could differ 

from taxon to taxon, so long as a fitness equilibrium is maintained to ensure the propagation 

of a population.  This study demonstrated that encephalization, and its consequent 

socioecological effects, is the determining factor of life-history patterns in anthropoids.  Other 

intervening factors may be more important within other mammalian taxa. 
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Appendix 1:  Descriptions of geometric means used to predict body mass 

Geometric Mean Description 
Post I Including all measurements of skull; including all measurements of the 

postcrania except those of the lumbar and sacral vertebrae 
Post II Including all measurements of the skull except those of the palate and 

mandible, and including all measurements of the postcrania except 
those of the lumbar and sacral vertebrae 

Post III Including all measurements of the skull and postcrania 
Post IV Including all measurements of the skull except those of the palate and 

mandible, and including all the measurements of the postcrania 
Post V Excluding all measurements of the skull, and including all measurements 

of the postcrania except the vertebral measurements 
Post VI Including all measurement of the skull except those of the palate and 

mandible, including all postcranial measurements except those of the 
femur and vertebrae 

Post VII Including all measurements of the skull except those of the palate and 
mandible, and including all postcranial measurements except those of 
the tibia, humerus, and vertebrae 

Post VIII Including all measurements of the skull except those of the palate and 
mandible, and including all postcranial measurements except those of 
the humerus, radius, and vertebrae 

Post IX Excluding all measurements of the skull, and including all postcranial 
measurements except those of the femur and vertebrae 

Post X Excluding all measurements of the skull, radius, tibia, and vertebrae 
Skull I Including all measurements of the skull 
Skull II Including all measurements of the skull except those of the palate and 

mandible 
Skull III Including all measurements of the skull except the basicranial length 
Skull IV Including all measurements of the skull except those of the mandible 
Skull V Including skull length, biorbital breadth, and bitubercular breath 
Skull VI Including biorbital breath, bitubercular breadth, basicranial length, 

mandibular length, and  mandibular height 
Skull VII Including skull length and basicranial length 
Skull VIII Including biorbital breadth and basicranial length 
Skull IX Including biorbital breadth and bitubercular breadth 
Skull X Including palatal length, mandibular length, and mandibular height 
Skull XI Including biorbital breadthb 
Note:  See Table 3.3 for a description of the measurements 

bSkull XI is single measurement, not geometric means of more than one measurement.  Only 
one linear measurement was available for two of the specimens in the sample, and this 
measurement was used to generate a prediction equation. 



Appendix 2:   Loess curve fits and prediction errors for geometric means used to predicted 
body mass 
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Post I:  Including all measurements of skull; including all measurements of the postcrania 
except those of the lumbar vertebrae.  Average absolute prediction error = 10.2%, and 88.2% 
of the prediction errors are within 20%. 
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Post II:  Including all measurements of the skull except those of the palate and mandible, and 
including all measurements of the postcrania except those of the lumbar and sacral vertebrae.  
Average absolute prediction error = 13.0%, and 79.2% of the prediction errors are within 20%. 
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Post III:  Including all measurements of the skull and postcrania. Average absolute prediction 
error = 5.65%, and 100% of the prediction errors are within 20%. 
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Post IV:  Including all measurements of the skull except those of the palate and mandible, and 
including all the measurements of the postcrania.  Average absolute prediction error = 12.9%, 
and 73.7% of the prediction errors are within 20%. 
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Post V:  Excluding all measurements of the skull, and including all measurements of the 
postcrania except the vertebral measurements.  Average absolute prediction error = 16.1%, 
and 64.1% of the prediction errors are within 20%. 
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Post VI:  Including all measurement of the skull except those of the palate and mandible, 
including all postcranial measurements except those of the femur and vertebrae.   Average 
absolute prediction error = 13.8%, and 79.2% of the prediction errors are within 20%. 
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Post VII:  Including all measurements of the skull except those of the palate and mandible, and 
including all postcranial measurements except those of the tibia and humerus .  Average 
absolute prediction error = 13.1%, and 78.6% of the prediction errors are within 20%. 
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Post VIII:  Including all measurements of the skull except those of the palate and mandible, 
and including all postcranial measurements except those of the humerus, radius, and 
vertebrae.  Average absolute prediction error = 13.1%, and 73.2% of the prediction errors are 
within 20%. 
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Post IX:  Excluding all measurements of the skull, and including all postcranial measurements 
except those of the femur and vertebrae.  Average absolute prediction error = 17.1%, and 
63.9% of the prediction errors are within 20%. 
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Post X:  Excluding all measurements of the skull, radius, tibia, and vertebrae.  Average 
absolute prediction error = 16.1%, and 69.8% of the prediction errors are within 20%. 
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Skull I:  Including all measurements of the skull.  Average absolute prediction error = 15.6%, 
and 69.8% of the prediction errors are within 20%. 
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Skull II:  Including all measurements of the skull except those of the palate and mandible.  
Average absolute prediction error = 14.5%, and 68.7% of the prediction errors are within 20%. 
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Skull III:  Including all measurements of the skull except the basicranial length.  Average 
absolute prediction error = 14.2%, and 75.0% of the prediction errors are within 20%. 
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Skull IV:  Including all measurements of the skull except those of the mandible.  Average 
absolute prediction error = 14.3%, and 75.0% of the prediction errors are within 20%. 
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Skull V:  Including skull length, biorbital breadth, and bitubercular breath.  Average absolute 
prediction error = 14.6%, and 67.6% of the prediction errors are within 20%. 
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Skull VI:  Including biorbital breath, bitubercular breadth, basicranial length, mandibular 
length, and  mandibular height.  Average absolute prediction error = 14.2%, and 78.6% of the 
prediction errors are within 20%. 
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Skull VII:  Including skull length and basicranial length.  Average absolute prediction error = 
16.6%, and 65.0% of the prediction errors are within 20%. 
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Skull VIII:  Including biorbital breadth and basicranial length.  Average absolute prediction 
error = 14.9%, and 68.1% of the prediction errors are within 20%. 
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Skull IX:  Including biorbital breadth and bitubercular breadth.  Average absolute prediction 
error = 14.8%, and 68.9% of the prediction errors are within 20%. 
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Skull X:  Including biorbital breadth.  Average absolute prediction error = 20.0%, and 63.1% of 
the prediction errors are within 20%. 
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Appendix 3:  Published studies on timing of dental eruption 

Species Source of Dataa References 
Cebus apella Captive animals Deciduous:  (Galliari 1985) 

Permanent:  (Galliari and Colilias 1985) 
Ateles geoffroyi Captive animals Deciduous:  (Miles 1967; Smith et al. 1994) 
Macaca fascicularis Captive animals Deciduous:  (Iwamoto et al. 1984) 

Permanent:  (Iwamoto et al. 1987; 
Richtsmeier et al. 1993) 

Macaca mulatta Captive animals Deciduous:  (Hurme and Wagenen 1953) 
Permanent:  (Hurme and Wagenen 1961) 

Papio cynocephalus Captive and 
wild animals 

Deciduous (captive):  (Siegel and Sciulli 
1973) 

Permanent (wild):  (Phillips-Conroy and 
Jolly 1988) 

Chlorocebus aethiops Captive animals Deciduous:  (Ockerse 1959) 
Permanent:  (Hurme and Wagenen 1961) 

Hylobates lar Captive and 
wild animals 

Deciduous (captive):  (Ibscher 1967; 
Rumbaugh 1965, 1967) 

Permanent (wild):  (Dirks and Bowman 
2007) 

Pongo pygmaeus Captive animals Deciduous:  (Fooden and Izor 1983) 
Permanent:  (Brandes 1939; Fooden and 

Izor 1983) 
Gorilla gorilla Captive animals Deciduous:  (Keiter 1981) 

Permanent:  (Willoughby 1978) 
Pan troglodytes Captive and 

wild animals 
Deciduous (captive):  (Kuykendall et al. 

1992) 
Permanent (captive and wild):  (Kuykendall 

et al. 1992; Zihlman et al. 2004) 
Homo sapiens Modern North 

American 
populations 

Deciduous:  Robinow et al. 1942 
Permanent:  (Garn et al. 1973a; Garn et al. 

1973b; Smith et al. 1994) 
Note:  These references were used to construct age cohorts within each species.  See Table 
3.6 for details regarding these cohorts. 

Note:  The compilation by Smith et al. 1994 provided extensive information on the references 
used by this project. 

aA correction factor was applied to the data on timing of eruption in captive animals to 
account for the slower rate of dental development in wild animals.  See Chapter 3 for details. 
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Appendix 4:  References for life history data 

Species Locality References 

Cebus apella Iguazú National Park, 
Argentina  

GL, IBI, AFR: (Di Bitetti and Janson 2001) 
MAL: (Carey and Judge 2000) 

Ateles geoffroyi La Pacifica (Santa Rosa), 
Costa Rica 

GL, IBI, AFR: (Fedigan and Rose 1995) 
MAL: (Hakeem et al. 1996) 

Alouatta palliata La Pacifica (Santa Rosa), 
Costa Rico 

GL: (Fedigan and Rose 1995; Glander 
1980) IBI: (Clarke and Glander 1984; 
Glander 1980) AFR: (Clarke and Glander 
1984) MAL: (Carey and Judge 2000) 

Macaca fascicularis Ketambe, Sumatra GL: (Jablonski et al. 2000) IBI, AFR, LE: 
(van Noordwijk 1999) MAL: (Carey and 
Judge 2000( 

Macaca mulatta Dunga Gali, Pakistan GL: (Jablonski et al. 2000) IBI, AFR: 
(Melnick 1981) MAL: (Carey and Judge 
2000) 

Papio cynocephalus Mikumi National Park, 
Tanzania 

GL:  (Kappeler and Pereira 2003) IBI, 
AFR, W, LE: (Rhine et al. 2000) MAL: 
(Carey and Judge 2000) 

Chlorocebus 
aethiops 

Amboseli, Kenya GL: (Bramblett et al. 1975) IBI, AFR: 
(Cheney et al. 1988b) MAL: )Carey and 
Judge 2000) 

Hylobates lar Khao Yai National Park, 
Thailand 

GL, IBI: (Reichard 2003) AFR: (Jablonski 
et al. 2000) MAL: (Carey and Judge 
2000) 

Pongo pygmaeus 
abelii 

Suaq Balimbing, 
Sumatra 

GL: (Jablonski et al. 2000) IBI: (van 
Noordwijk and van Schaik 2005) AFR, LE: 
(Wich et al. 2004) MAL: (Carey and 
Judge 2000) 

Gorilla gorilla 
beringei 

Karisoke Research 
Station, Rwanda 

GL: (Kappeler and Pereira 2003) IBI, AFR: 
(Watts 1991) MAL: )Carey and Judge 
2000) 
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Appendix 4 continued 

Species Locality References 

Pan paniscus Wamba, DRC GL:  (Bolser and Savage-Rumbaugh 
1989) IBI:  (Furuichi and Hashimoto 
2002; Furuichi et al. 1998) AFR: 
(Hashimoto 1997; Kuroda 1989) MAL: 
(Carey and Judge 2000) 

Pan troglodytes Mahale National Park, 
Tanzania 

GL:  (Kappeler and Pereira 2003) IBI, 
AFR, LE: (Hill et al. 2001; Nishida et al. 
2003) MAL: 
http://www.npr.org/templates/story/ 
story.php?storyId=5333211 

Homo sapiens Ache, Paraguay GL, IBI, AFR, LE: (Hill and Hurtado 1996) 
MAL: (Carey and Judge 2000) 

Note:  GL = Gestation length; IBI = Interbirth interval between surviving offspring; AFR = Age at 
first reproduction for females ; Le = Life expectancy at AFR; MAL = Maximum Adult Lifespan 
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