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         20.1   Introduction 

 All life histories are a complex of trade-offs that depend on individual conditions—
including size, age, and sex—and adaptively mold suites of traits through the biased 
intergenerational transmission of successful physiological strategies. I explore 
intrapopulation variation in how female rhesus macaques on Cayo Santiago have 
negotiated a central life history trade-off: when to start reproducing. I emphasize 
how evolutionary quantitative genetic models require explicit links between hypoth-
esized or measured patterns of selection and the genetic substrates that in fl uence 
phenotypes and change intergenerationally. Perhaps counterintuitively, I also show 
how genetic models offer valuable insights on how environments, including those 
provided by mothers and other kin, affect offspring development and later female 
life histories. The emerging picture of female macaque maturation is one of the 
great  fl exibility and environmental responsiveness coupled with an important 
genetic component that is signi fi cantly entangled with later life history events. 

 Studies of mothers and infants have been central to understanding primate life 
histories. Investigators from a diverse set of disciplines and theoretical backgrounds 
have used a variety of approaches and scales of analysis to explore the behavioral 
and physiological details of this intense relationship, its life-long and intergenera-
tional consequences, and ultimately how such patterns could be honed into adapta-
tions by selection on genetic variation. Historically, the  fi eld has been dominated by 
laboratory-based experimental approaches, interspeci fi c comparative analysis, and 
ethological studies in the wild (Altmann  1980 ; Hrdy  1999  ) . 
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 In this chapter, I try to make the case for quantitative genetics, which is an under-
utilized method for studying primate mothers and infants. Quantitative genetics is a 
set of statistical techniques (described brie fl y below), but it is also a body of theory 
that links very directly with rich evolutionary population genetic models that incor-
porate and formally arrange information on variation in interesting maternal or 
infant traits and their  fi tness consequences (Arnold  1994 ; Lande  1982  ) . Laboratory 
and wild studies of mothers and infants provide information on the styles of interac-
tions, their social and ecological correlates, and sometimes how this variation trans-
lates into predictable  fi tness differences that result in selection in action. Interspeci fi c 
comparative studies suggest adaptive patterns that may have resulted from many 
generations of past selection. However, none of these techniques provide the requi-
site information for a realistic evolutionary model about genetic variation or cova-
riation in traits (Cheverud and Moore  1994  ) . Quantitative genetic methods are thus 
complementary to the other more common approaches for studying the ecology and 
evolution of mother–infant interactions. In what follows, I provide a brief introduc-
tion to quantitative genetics tailored to thinking about primate life histories and 
then offer a handful of examples from research on female rhesus macaques 
( Macaca mulatta ).  

    20.2   Quantitative Genetics 

 The core tenet of quantitative genetics is that kin should resemble one another phe-
notypically because they have copies of the same alleles. These alleles in common 
are said to be identical by descent because the copies are made by DNA replication 
during gamete production and transmitted across generations in fertilization. The 
number of genes involved and where they are located in the genome are usually 
unknown, although if molecular data are available they can be used to map genes 
that affect a given phenotype (Visscher et al.  2008  ) . Instead, the standard assump-
tion is that the trait is polygenic—there is a very large number of genes whose 
summed action results in a continuous distribution of genotypes (Fig.  20.1 ). The 
statistical match between phenotypic resemblance and predictions from rules of 
Mendelian inheritance (e.g., mother and infant have 1/2 of their alleles identical by 
descent, half siblings on average have 1/4 of their alleles identical by descent) is 
then used to partition phenotypic variance into genetic and nongenetic sources.  

 Quantitative genetics is intimately tied into the origin of statistics in the late 
nineteenth and early twentieth centuries (Roff  1997 ; Kevles  1985 ; Provine  1971  ) . 
Galton, Pearson, and Fisher invented regression, correlation, and analysis of 
variance in part to measure resemblance among kin and perform this partitioning 
of variance. A hypothetical example of this process is shown in Fig.  20.2  where 
birth weights of daughters are regressed on maternal birth weights and total 
pheno typic variance ( V  

P
 ) is broken down into additive genetic ( V  

A
 ) and residual 

variance ( V  
R
 ). The sum of the genetic and residual components is the phenotypic 

variance (    P A RV V V= +   ).  
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 The key part of the regression equation in Fig.  20.2  is the slope, which by 
de fi nition is the ratio of the covariance between mother and daughter phenotypes to 
the variance in the maternal phenotype, or Cov(mother, daughter) ⁄ Var(mothers). 
Because mothers and offspring only have 1/2 of their alleles identical by descent, 
Cov(mother, daughter) is 1/2 of the additive genetic variance. This allows the slope 
to be rewritten in terms of variance components as  V  

A
  ⁄ 2 V  

P
 . To make communication 

easier, variance components are scaled to sum to one by dividing each component 
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  Fig. 20.1     Frequency distributions of genotypes for a polygenic trait, such as birth weight, with two 
additively acting alleles at each of three loci (A, B, and C). Alleles are indicated by a + (representing 
A, B, or C alleles) that causes slight increase in birth weight, and an alternative - (representing a, b, 
or c alleles) that causes reduction in birth weight. Larger infants are to the  right  in each panel. 
Changes in the frequencies of the alleles shift the average birth weight in the population       
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  Fig. 20.2    Mother–daughter regression to estimate the heritability of gryphon birth weight in the 
simulated data of Wilson et al.  (  2010  )        
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by the phenotypic variance. Multiplying the slope from the regression by two brings 
the additive genetic variance onto this scale and yields a familiar term in quantita-
tive genetics—the narrow-sense heritability     2

A P/h V V=   . In Fig.  20.2  the heritability 
is 0. 44 ± 0. 14 which means that 44% of the variation in birth weight in the popula-
tion is due to additive gene action, which is signi fi cantly greater than zero 
(    0.44 / 0.14 3.2t = =   ,  P  < 0. 01). 

 Heritability is an important concept in quantitative genetics, but it is crucial to 
recognize that its meaning is circumscribed by the statistical and biological models 
used in its estimation (Kruuk et al.  2008 ; Kruuk and Had fi eld  2007 ; Templeton
 2006 ; Vitzthum  2003  ) . From the description above, it may be apparent that herita-
bility does not identify some phenotypes as “genetic” and others as environmental. 
Instead, it is a within population partitioning of  variation  that depends on the allele 
frequencies of the population and the environments population members encounter. 
If either of these change (allele frequencies or environmental circumstances), so 
will the heritability. The importance of variation to heritability cannot be overstated. 
Many traits that certainly have large networks of interacting genes that make them 
possible, such as rhesus macaque mothers producing a hemochorial placenta during 
gestation, do not vary within macaque populations and thus have unde fi ned herita-
bilities because their phenotypic variance is zero. Moreover, heritability estimates 
say little to nothing about between-group differences. 

 For traits that do vary, the quality of the variance components or resulting herita-
bility estimates is very much dependent on how well the statistical model re fl ects 
the factors that could cause population members to resemble each other. In Fig.  20.2 , 
a very simple model is used in which a phenotype is the sum of additive genetic and 
residual effects. Residual effects or residual variance refers to any variation that 
cannot be ascribed to additive effects or any other modeled factor (e.g., dominance, 
environmental factors, maternal environment). More elaborate models will be dis-
cussed below, but in this simple case the only reason for mothers and daughters to 
resemble one another in the population is the additive effect of alleles they have in 
common. Additivity means that alleles do not interact with one another at a locus 
(dominance) or across loci (epistasis). This a simplistic view of the genetics of most 
quantitative phenotypes but it may be defensible in many situations. For example, 
dominance cannot affect this mother–daughter similarity because only a single 
allele per locus is transmitted between generations meaning that mothers and daugh-
ters cannot share a pair of alleles at a locus (i.e., a genotype) that are both identical 
by descent. 

 More importantly, for the heritability estimate to be strictly valid, we must 
assume that relatives do not experience environments that might cause them to 
resemble one another. There are two ways to ensure that heritability estimates or 
variance components are not affected by this problem of shared environment. In a 
controlled breeding setting offspring can be randomized across environments, 
including cross-fostering which is the transferring of infants or even embryos 
between mothers (Maestripieri  2003  ) . For unmanaged populations, this is rarely 
possible and the only recourse is to attempt to measure as much as possible about 
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the environments individual’s experience and account for them in more elaborate 
statistical models that re fl ect this biological complexity. 

 In recent decades, the quantitative genetic techniques used by many animal 
breeders, ecologists, and medical geneticists have expanded to accommodate this 
complex reality. Animal breeders and ecologists call the most common of these 
approaches the “animal model” (Kruuk  2004  ) . The techniques offer two main 
advantages for the problem of shared environments just described. First, they lever-
age all of the genealogical information in a given pedigree rather than picking a 
single type of relationship like parent–offspring pairs for regression or sets of sib-
lings or cousins for analysis of variance. This increases statistical power and helps 
reduce the problem of relatives sharing environments because pedigrees can span 
large numbers of individuals and there are more likely to be some kin living in dif-
ferent environments. Second, an individual’s phenotype is modeled in a more 
 fl exible manner as the sum of  fi xed and random effects allowing for a much more 
complex partitioning of phenotypic variance. The importance of the animal model 
can be understood by revisiting the genetics of birth weight. The simplest animal 
model for birth weight is: 

     
= + + Birth weight  Genotype Residual,x

   

where     x    is the population mean. The model can be augmented to account for known 
environmental differences among individuals. An important kind of shared environ-
ment for mammalian offspring is that provided by mothers (Cheverud and 
Wolf  2009 ; Cheverud and Moore  1994  ) . Several different kinds of “maternal effects” 
have been studied by primatologists that differ from the way they are typically con-
ceptualized in quantitative genetics (Wolf and Wade  2009 ; Räsänen and Kruuk  2007  ) . 
For quantitative geneticists, maternal effects are additional causes for resemblance 
among kin, particularly the offspring of the same mother. This can be modeled as 
another random effect in the animal model for maternal identity, which will have a 
variance component estimated ( V  

M
 ), which is the maternal effect     M P/m V V=    when 

scaled by the phenotypic variance. The characteristics of mothers that cause differ-
ences among their offspring are not identi fi ed by this approach, but it has the bene fi t 
of providing a general index of maternal performance. 

     
= + + + Birth weight Genotype Maternal identity Residual.x

    

 In contrast, primatologists have typically studied maternal effects by measuring 
maternal characteristics and looking for statistical associations in populations with 
offspring phenotypes (e.g. dominance rank, birth order, maternal age Altmann and 
Alberts  2005 ; Maestripieri  2009  ) . Depending on how permanent maternal charac-
ters are, these could either cause offspring of the same mother to resemble each 
other or be causes for dissimilarity. For example, if dominance rank is stable through 
adulthood, it should be a source of similarity among offspring of the same mother. 
On the other hand, primate mothers typically only give birth at a given age once, and 
being born to the same mother when she is in her prime is likely better for offspring 
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than when she is very young or very old. These sorts of maternal characters can be 
entered into the linear model as  fi xed effects. Additional factors unrelated to mater-
nal effects can also be used such as neonate sex and population density. 

     
= + + + +

+ + + +2

Birth weight Sex Density Maternal rank Maternal age

 Maternal age Genotype Maternal identity Residual.

x
    

 The importance of  fi xed effects is assessed through their regression coef fi cients. 
One would expect a negative slope for density (smaller infants due to increased 
feeding competition or elevated psychosocial stress under crowded conditions). 
Maternal age has linear and quadratic terms which would be expected to have posi-
tive and negative coef fi cients, respectively (older mothers have larger infants, but 
the effect attenuates as mothers age). 

 Fixed effects are generally those that are included because they have some clear 
in fl uence on the phenotype that needs to be estimated, and the categories of the 
 fi xed effect are all present in the current data. Sex is a good example, having only 
two categories that would always be present for any comparison to be made. Random 
effects are different because the categories are typically only a sampling of a larger 
population of categories that are the focus of analysis. The additive genotype or 
maternal identity effects are both good examples. There is either one or just a few 
records in the dataset for each category and were we to repeat the analysis at a later 
time there would be more individuals to include (Wilson et al.  2010  ) . Generally, 
regression coef fi cients are the result of interest for  fi xed effects while variance com-
ponents are for random effects. 

 In contrast to the pattern in Fig.  20.2 , most studies of birth weight in humans and live-
stock identify small heritabilities and relatively large maternal effects (Robson  1978 ; 
Wilson and Réale  2006  ) . Shared uterine environment rather than sharing alleles identi-
cal by descent drives much of the similarity among a mother’s offspring. Because 
the uterine environment provided by mothers can be in fl uenced by her own geno-
type, this environment she provides has a partly genetic basis and evolves in response 
to selection on her or her offspring (Cheverud and Moore  1994 ; Wolf et al.  1998  ) . 

 Ultimately, the meaning of heritability or other variance component estimates 
like maternal effects is limited by our knowledge of the biology of the organisms we 
study. The variance components identify statistical patterns that can be explained by 
more detailed analysis of proximate mechanisms including anatomy, energetics, 
endocrinology, and socioecology of primate reproductive biology and life histories. 
Rather than a static description of genetic variation, heritability can be viewed as the 
dynamic outcome of interactions within individuals, between individuals, and 
between the organisms and their environments over the course of their lifetimes. 
Continuing with the example of birth weight, this phenotypic outcome plays out as 
a negotiation of physiological mechanisms manipulated partly by fetal genes and 
partly by mothers. The theater of their effects is the molecular cross talk between 
mother and uterine resident situated within the larger socioecological context of the 
mother. Heritabilities and other quantitative genetic statistics are simply summary 
measurements of these complex biological processes. 
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    20.2.1   Linking Up with Life History Evolution 

 These summary measurements are very useful in modeling the evolution of quanti-
tative traits such as those that make up primate life histories. As in any model, 
simpli fi cations are required. However, knowing there is a large or small amount of 
polygenic variation for traits in a population for selection to work on is better than 
knowing nothing at all about their genetics. 

 Much of life history theory has focused on the evolution of traits that impact 
components of the Euler–Lotka equation (Roff  2002  ) , one form of which is given in 
Eq. ( 20.1 ). This equation relates the probability of a newborn surviving to age  x  ( l  

 x 
 ) 

as well as the number of like-sexed offspring produced by an adult at age  x  ( m  
 x 
 ) to 

 fi tness ( l ). The summation covers only reproductive ages from  fi rst reproduction,  a , 
to  fi nal reproduction,  w . Although the equation was developed by demographers to 
describe population growth (the  l  term) it can also be interpreted as the rate of 
increase of a genotype specifying a particular life history pattern within a popula-
tion (Stearns  1992 ; Charlesworth  1994  ) . 

     1 .
x

x
x xl m

w

a

l −

=

= ∑    (20.1)   

 Selection acts to increase the average value of  l  in a population (Fisher  1930 ; 
Caswell  2001 ; Charlesworth  1994  ) . Increases in  l  can be achieved by earlier repro-
duction (smaller  a ), lengthening the reproductive lifespan (larger  w ), and increases 
in the age-speci fi c survival and fertility rates (larger  l  

 x 
  and  m  

 x 
 ). Whether any of these 

changes to the life history can actually happen depends on the heritability of the 
individual life history traits and whether they are affected by phenotypic and genetic 
correlations with each other. 

 In the simplest (and least accurate) model, a single trait evolves in response to 
direct selection upon it. For example, initial fertility ( m  

 a 
 ) is predicted to evolve as 

     

⎯
⎯

∂
Δ =

∂A

1
,m V

m
a

a

l
l    (20.2)  

where     ⎯Δ ma    is the change in the mean between generations,  V  
A
  is its additive genetic 

variance, and     
⎯

∂
∂ ma

l    measures the strength and direction of selection, or how  l  responds 

to a minute increase in initial fertility. Because variances are never less than zero, 

initial fertility will respond in the same direction it is selected (i.e.,     
⎯

∂

∂ ma

l    and     ⎯Δ ma    

have the same mathematical sign). Thinking about Eq. ( 20.1 ) indicates that  m  
 a 
  will 

always be selected for larger values. Taking the same univariate approach to each life 
history trait will lead us to expect an ideal life history of an animal born reproductively 
mature ( a    »  0), which produces large numbers of healthy offspring at every age (all 
 m  

 x 
  � 0 and  w    »    ∞ ) and lives forever (all  l  

 x 
   »  1). That this life history is so unfamiliar 

says there is something very wrong with this simplistic model (Law  1979  ) . 
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 Thinking about real life histories highlights the underlying problem—traits 
 cannot change without affecting one another through their phenotypic and genetic 
correlations. Finite resources limit the ability of organisms to maintain or grow their 
own bodies while attempting to reproduce at the same time (Stearns  1989  ) . Putting 
more energy into current reproduction often curtails future reproductive opportuni-
ties. In other words, the simple univariate model ignores  trade-offs . The physiologi-
cal decisions about the allocation of  fi nite resources likely re fl ect evolved strategies 
for coping with the trade-offs faced by a given organism (Ricklefs and Wikelski 
 2002 ; Stearns and Magwene  2003  ) . The familiar female primate way is slow growth 
and late maturation, with few offspring produced over a long reproductive career 
(Harvey et al.  1987  ) . 

 Phenotypic and genetic correlations among traits, which allow for important 
trade-offs, do appear in multivariate extensions of Eq. ( 20.2 ) (Lande  1982 ; Lande 
and Arnold  1983 ; Caswell  2001  ) . A two-trait example of this is given in Eq. ( 20.3 ) 
where the simultaneous evolution of survival from the beginning of reproduction to 
1 year later (    1 /p l la a a+=   ) and initial fertility is modeled. Like the simpler equation 
for a single trait, Eq. ( 20.3 ) can be read as “response = genetics × selection.”  

     
A A

A A

( ) Cov ( , )1
.

Cov ( , ) ( )

V m m p mm
m p V pp

p

aa a aa

a a aa

a

l

l l

⎯⎯

⎡ ⎤∂⎢ ⎥⎡ ⎤ ⎡ ⎤ ∂⎢ ⎥Δ⎢ ⎥ = ⎢ ⎥ ⎢ ⎥⎢ ⎥ ∂⎣ ⎦Δ⎣ ⎦ ⎢ ⎥
⎢ ⎥∂⎣ ⎦

   (20.3)   

     
⎯Δ ma    and     ⎯Δ pa    are evolutionary response or changes in the mean between gen-

erations. The  V   
A
 s are the respective additive genetic variances, while Cov 

A
 ( m  

 a 
 ,  p  

 a 
 ) 

is the additive genetic covariance between the two life history traits. They summa-
rize the in fl uence of genetics on both traits and are often the results of pleiotropy—
alleles for a single locus affecting multiple phenotypes. They are measured by the 
same techniques as heritabilities and all the same caveats discussed above still apply. 

Selection on the life history traits is described by     
⎯

∂
∂ ma

l    and     
pa

l∂
∂

  , which indicate 

how  l  would respond to a minute increase in  m  
 a 
  or  p  

 a 
  while the rest of the life his-

tory is held constant. 
 In Eq. ( 20.3 ), response in each life history trait is the result of direct selection on 

it and indirect selection on the other trait. For example, the response in initial fertil-

ity is     A A

1 1
( ) Cov ( , )m V m m p

pm
a a a a

a a

l l
l l⎯

∂ ∂
Δ = +

∂∂
  . Although selection on both 

traits is positive, response is likely to be  »  0 because of strong  negative  genetic cova-
riance which re fl ects the trade-off between the traits. Any alleles in populations that 
increase both traits are likely to be rapidly  fi xed; those with opposite effects are 
likely to be quickly purged. Remaining variation is that which allows for roughly 
equivalent levels of  fi tness along an allocation continuum between the two traits 
(Fig.  20.3 ). While this two-trait approach is simplistic, it is a useful heuristic for 
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thinking about trade-offs in life history evolution and why they ought to be re fl ected 
in genetic correlations (cf. Houle  1991 ; de Jong and van Noordwijk  1992 ; Roff 
 1997  ) . Building on Eq. ( 20.3 ), more traits can be modeled but visualizing and 
describing the multi-way trade-offs among them becomes much more dif fi cult.    

    20.3   Three Vignettes on Macaque Mothers and Infants 

 The remainder of this chapter demonstrates applications of these ideas to under-
standing the life histories of female macaques using long-term demographic data 
from Cayo Santiago. I will omit many of the details provided in original publica-
tions and focus on the important results and implications. 

 Cayo Santiago is a small island (15.2 ha) located just off the coast of Puerto Rico. 
Rhesus macaques have lived there since 1938, when about 400 individuals were 
released on the island after a long ship voyage from India (Rawlins and Kessler 
 1986b ; Sade et al.  1985  ) . Continuous demographic records have been kept by 
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 diligent observation since the mid-1950s. Monkeys are fed commercial monkey 
chow and provided water  ad libitum  but forage on natural vegetation and live in 
naturally formed social groups (Rawlins and Kessler  1986a  ) . At the time this 
research began in 2005, there were nearly 8,000 known individuals who had lived 
on the island. The population has been managed through the removal of social 
groups and a random cull of juveniles such that only 34% of the individuals who 
had exited the population did so because of death with the other 66% taken to other 
facilities or sacri fi ced. The population was inoculated against tetanus in the mid-
1980s (Kessler et al.  2006  ) , and some animals had medical experiments conducted 
on them prior to the early 1970s (Sade et al.  1985  ) . Otherwise, there has been a 
veterinary policy of nonintervention. Extensive maternal  genealogies spanning up 
to nine generations in some cases are (Fig.  20.4 ) linked by paternities known from 
microsatellite markers in recent decades (Nurnberg et al.  1998  ) . Rhesus macaques 
are seasonal breeders which arranges the population into well-de fi ned birth 
cohorts (Rawlins and Kessler  1985  ) . Clearly then, Cayo Santiago is not a natural/
wild population, but the rich demographic and pedigree information make it a valu-
able group for exploring primate life history evolution.  

    20.3.1   Female Age of First Reproduction Is Weakly Heritable 

 The timing of female sexual maturation or age of  fi rst reproduction (AFR) ( a  in 
Eq. ( 20.1 )) is one of the life history traits most frequently studied by primatologists 
(Kappeler and Pereira  2003 ; Charnov and Berrigan  1993  ) . Within population varia-
tion in AFR has been a particular focus of research on the  fi tness bene fi ts and costs 

  Fig. 20.4    Example pedigree for Cayo Santiago females.  Filled symbols  indicate females with reli-
ably known age of  fi rst reproduction ( N  = 975).  Open symbols  are unphenotyped individuals that 
provide additional pedigree links. Each row is a single birth cohort with the oldest at the  top        
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of social status in cercopithecine primates like macaques that have strong, stable 
dominance hierarchies and female philopatry (reviewed in Ellis  1995  ) . Female phil-
opatry is important because the formation of cooperative coalitions within matri-
lines (sets of females descended from a single founding female ancestor) is 
instrumental in maintaining and acquiring rank (Chapais  2004  ) . Rank affects health 
by providing priority of access to limited resources (Koenig  2002  )  and shelter from 
stress induced by aggressive interactions (Sapolsky  2005  ) . Females of higher rank 
tend to mature earlier which, as discussed above, yields higher  fi tness if no other 
aspects of the life history are affected by this physiological decision. 

 Rank-related trends in AFR are well-established among females at Cayo Santiago 
(Fig.  20.5 , cf. Bercovitch and Berard  1993 ; Stucki et al.  1991  ) . Additional environ-
mental factors also have effects, such as being born later or earlier in a birth cohort 
and birth cohort membership, which is a proxy for population density and temporal 
changes in management or local climate. Together, these account for a little over 
20% of the variance in female AFR (Table  20.1 ).   

 Using the “animal model” described above, it is also possible to estimate vari-
ance components and the heritability of female AFR with this dataset (Blomquist 
 2009b,  a  ) . There is very little comparative primate data to gauge our expectations for 
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the results. The only primate taxa with maturation heritability estimates are captive 
baboons and humans (Towne et al.  2005 ; Williams-Blangero and Blangero  1995  ) . 
For both species the heritability is usually moderate to high ( h  2  > 0. 5). This is some-
what unexpected given theoretical expectations that traits under strong selection 
should have little additive genetic variance, and low heritabilities, because selection 
quickly  fi xes or purges new mutations affecting the trait (Merilä and Sheldon  1999 ; 
Price and Schluter  1991 ; Blomquist  2009c  ) . The heritability for female AFR at 
Cayo Santiago is more in line with theoretical expectations—12% of total pheno-
typic variance is due to additive genetic variation in the population, about half of 
what is attributable to  fi xed effects such as rank or birth cohort. The remaining two-
third of the phenotypic variance is unexplained residual (Table  20.2 ). The heritabil-
ity of AFR is small but signi fi cantly greater than zero, which suggests exploring 
genetic relationships between other life history traits searching for trade-offs is sta-
tistically justi fi ed (see below).  

 The main point of this vignette is to show that an interesting primate life history 
trait can be analyzed from extensive demographic data that provide both phenotypes 
and pedigrees. The quantitative genetic approach requires thinking clearly about 
environmental effects but it goes beyond this to provide variance components that 
appear in the equations for modeling the trait’s evolution. Even from this univariate 

   Table 20.1    Linear model analysis of variance table predicting female age 
of  fi rst at Cayo Santiago ( R  2  = 0. 242)   

 SS  df   F    P  

 Age in cohort  9.56  1  35.32   < 0.001 
 Mother’s age at birth  0.41  1  1.52  0.218 
 Matriline rank at birth  3.09  2  5.71  0.003 
 Birth cohort  69.24  34  7.52   < 0.001 
 Residuals  253.35  936 

  These are the  fi xed effects for the “animal model.” Data are from the 975 
individuals illustratedin Fig.  20.4   

   Table 20.2    Variance components and ratios for female AFR at Cayo Santiago   

 Variance Component±SE  Ratio±SE 

  V  
A
   0.040±0.018      = ±2 0.149 0.065animh    

  V  
M

   0.000±0.010   m  = 0.000±0.036 
  V  

R
   0.230±0.019   r  = 0.851±0.065 

  V  
 P  anim

  a   0.270±0.013 
  V  

 P  total
  b   0.343      =2 0.117totalh    

 Fixed effects = 0.211 

   a Phenotypic variance after  fi xed effects are removed 
  b Total phenotypic variance including  fi xed effects  
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perspective we would expect female AFR to evolve very slowly in macaques because 
of its low heritability. Furthermore, this low value itself may re fl ect a history of 
intense past selection because selection is expected to erode additive genetic  variance 
by  fi xing bene fi cial and purging deleterious alleles (Roff  1997  ) .  

    20.3.2   Environments Provided by Mothers Affect 
Infant Survival 

 In the previous vignette, maternal effects were not responsible for any variation in 
female AFR. This may be because the pedigree and data set do not allow separating 
maternal from additive genetic variance (Wilson et al.  2010  ) , or because AFR is late 
enough in offspring life that the environment provided by mothers has been diluted 
by other factors. 

 However, the environment provided by mothers should surely have an effect on 
the mortality of infants in the  fi rst month of life. Infant mortality has been examined 
in many primates in either wild or captive settings. Most studies have focused on the 
social and other ecological factors affecting infant death rates, with a handful of 
genetic studies on inbreeding-related mortality risk (Cheney et al.  2006 ; Schino and 
Troisi  2005 ; Silk et al.  2003 ; van Schaik and Janson  2000 ; Takahata et al.  1998 ; Smith 
 1986 ; Busse  1982 ; Ralls and Ballou  1982 ; Wilson et al.  1978 ; Altmann et al.  1977 ; 
Hird et al.  1975  ) . Two trends in infant mortality have already been described in good 
detail at Cayo Santiago. Hoffman et al.  (  2010  )  showed that infant death rates increased 
with maternal age, and this increase was more dramatic in their late teens and twen-
ties. It is also known that tetanus inoculation in the early 1980s reduced death rates 
(Kessler et al.  2006  ) . Infant death is a binary phenotype (1  = death, 0  = survival) 
which requires some additional statistical machinations. These are readily handled in 
generalized linear mixed models (GLMM) that allow variance component estimation 
for non-normally distributed phenotypes (Bolker et al.  2009 ; Gilmour et al.  2009  ) . 

 Analysis of death in the  fi rst month of life at Cayo Santiago identi fi es strong 
maternal effects of both kinds discussed above, and consistent with previous studies 
of Cayo Santiago mortality. For the primatologist, older mothers are less likely to 
lose infants (negative linear coef fi cient), but very old mothers have higher infant 
death rates (positive quadratic coef fi cient, Table  20.3 ). From the animal breeder’s 
view, there is a large variance component for infant death associated with maternal 
identity. Adjusting for the maternal age and time period (Table  20.3 ), about 12% of 
the variance in  fi rst month mortality can be attributed to maternal identity. The heri-
tability of infant death is essentially zero (Table  20.4 ).   

 Not surprisingly, it is the aspects of the environment provided by mothers rather 
than infant genes that explain variation in infant death rates. The different views of 
maternal effects are complementary here. The variance components identify aver-
age differences among mothers in the risk of death for their infants, while the  fi xed 
effect regression coef fi cients measure an age-related pattern of risk common to the 
population. At the population level, Hoffman et al.  (  2010  )  note that older mothers 
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are less active, spend more time in contact with their infants, and have smaller 
infants. Whether individual mothers differ in these age-related patterns of somatic 
and behavioral change that translate into mortality risks for their infants is a more 
dif fi cult question beyond the scope of this analysis, but it can be addressed with 
random regression models used by animal breeders and ecologists (e.g. Meyer  2001 ; 
Brommer et al.  2007  ) . Because all models of the evolution of senescence predict 
increasing genetic variance with age, we would predict that mothers become more 
heterogeneous in their effect on infant survival as they age (Hughes et al.  2002  ) . 

 A further question about the maternal variance component is what it is actually 
measuring. The average environment provided by a mother is a large combination 
of behavioral and physiological characteristics. Some of these certainly have a 
genetic basis themselves, such as milk composition and yield or even responsive-
ness to infant solicitation (Nickerson  1995 ; Maestripieri  2003  ) . This means they 
can evolve through direct selection on mothers or indirectly through selection on 
the survival of their infants. Conversely, infant traits can evolve through direct 
selection on infants or indirectly through selection on traits of mothers (Cheverud 
and Moore  1994  ) . Slightly more elaborate quantitative genetic models for infant 
traits allow separating the maternal identity variance into genetic and nongenetic 
components. Alternatively, simple models for particular maternal traits like milk 
phenotypes or style of care can demonstrate a genetic basis for maternal variation 
directly (Bijma  2006  ) . 

 This vignette makes the counterintuitive point that quantitative genetics is a 
very useful way for studying environments. I mean this in two ways. The  fi rst 
comes from the fact that partitioning variance into genetic and environmental 

   Table 20.3    Fixed effect GLMM coef fi cients for infant death in the 
 fi rst month of life at Cayo Santiago from 1960 to 2003   

 Coef fi cient  SE  Wald  P  

 (Intercept)  −0.924  0.127 
 1975–1984 cohorts  0.004  0.072  <0.001 a  
 1985–2003 cohorts  −0.254  0.064 
 Maternal age  −0.132  0.026  <0.001 
 Maternal age 2   0.007  0.001  <0.001 

   a Test for signi fi cance of all levels of time period  

   Table 20.4    Variance components and ratios for death in the  fi rst 
month of life at Cayo Santiago   

 Variance Component±SE  Ratio   P  

  V  
A
   0.000±na b       =2 0.000animh     na 

  V  
M

   0.131±0.029   m  = 0.116  <0.001 
  V  

R
  a   1.000±na 

   a Variance of the probit link function requires this  fi xed at  V   
R
  = 1 

  b Not estimated  
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sources requires a good understanding, data, and statistical model of factors in the 
environment that affect phenotypes (e.g., maternal age). Second, when important 
environments are those provided by the phenotypes of other population members 
(e.g. mothers), quantitative genetics is invaluable for understanding the genetics of 
those phenotypes and thinking through how they should evolve (Wolf et al.  1999 ; 
Cheverud and Wolf  2009  ) .  

    20.3.3   AFR Is Traded Off with Adult Survival 

 The  fi nal vignette of this chapter returns to the problem of life history trade-offs 
discussed above. The example extends the quantitative genetic analysis of female 
AFR to explore its phenotypic and genetic relationships with later life 
events (Blomquist  2009d  ) , which will be measured with phenotypic and genetic 
correlations (Stearns  1989 ; Bell and Kofoupanou  1986 ; Reznick  1985  ) . This 
approach of looking for trade-offs between two traits is simplistic and potentially 
problematic when we know that life histories involve many more traits, such as 
infant survival described above (Roff  2002  ) . However, this is still a good place to 
start; once bivariate relationships are better understood, then we can start adding in 
greater complexity. 

 The question to be answered is “What is the cost of early life reproduction?” 
For long-lived, slow-reproducing female mammals like primates, the greatest cost 
they can pay is in reduced later life survival, because the only way for females to 
have many offspring is to live many years (Fig.  20.6 ). This suggests there could be 
a trade-off between female AFR and later life survival. Females that mature ear-
lier would pay a cost of reduced lifespan, while those that delay reproduction for 
one or more years would be rewarded by a longer lifespan. This would be re fl ected 
by  positive  phenotypic and genetic correlations between AFR and lifespan or sur-
vival rates. The genetic correlations are predicted by the antagonistic pleiotropy 
theory of senescence (Williams  1957  ) . Under this model, aging is caused by alleles 
with positive  fi tness effects early in life offset by negative consequences at 
advanced ages.  

 I used individual survival rates to ages 11, 16, 21, and 26 to gauge later life sur-
vival. These are basically the ratio of lifespan and the age cutoff and offer some 
advantages over analyzing lifespan itself (Blomquist  2009d  ) . Like AFR most all of 
these have heritabilities signi fi cantly greater than zero (range: 0.13–0.39). Their 
phenotypic correlations with AFR are all positive but very weak (range: 0.083–
0.132). The largest of these correlations are for the younger survival rates (ages 11 
and 16) and both are statistically signi fi cant or nearly so (Table  20.5 ). The implica-
tion of these small positive correlations is that any trade-off between early reproduc-
tion and survival is very weak and may only affect survival over the  fi rst decade 
after maturation.  

 However, the genetic correlations are all large and positive (range: 0.476–0.706), 
indicating a strong trade-off between AFR and later life survival (Table  20.5 ). None 
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of the residual correlations between AFR and survival rates are signi fi cant, although 
most of them are weakly negative, implying that environmental effects that promote 
early maturation will raise later life survival. It is this combination of strong positive 
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  Fig. 20.6    Regression of lifetime number of offspring on adult lifespan for female rhesus macaques 
at Cayo Santiago ( P  < 0. 0001,  R  2  = 0. 91). Small random deviations (jittering) are added to number 
of offspring to expose overlapping points       

   Table 20.5    Phenotypic ( r  
 P 
 ), genetic ( r  

 A 
 ), and residual ( r  

 R 
 ) correlations between 

female AFR and adult survival rates to age  x  ( s  
 x 
 )   

  s  
11

    s  
16

    s  
21

    s  
26

  

  r  
 P 
   0.1094*  0.1323**  0.1008  0.0834 

  0.065    0.032    0.141    0.288  

  r  
 A 
   0.5900*  0.5945***  0.4763***  0.7062** 

 (0.320)  (0.215)  (0.170)  (0.283) 
  0.067    0.006    0.006    0.013  

  r  
 R 
   0.0229  −0.0281  −0.0234  −0.0231 

 (0.063)  (0.068)  (0.082)  (0.076) 
  0.716    0.680    0.775    0.761  

  Standard errors are given in parentheses and  P -values in italics above the 
correlation *  P  < 0. 10, **  P  < 0. 05, ***  P  < 0. 01  
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genetic correlations and weak negative residual correlations that results in the weak 
positive phenotypic values. 

 The strong positive genetic correlations between AFR and adult survival identify 
an important genetically mediated constraint on the reproductive decision-making 
of female macaques. Heavy investment in offspring production early in life imposes 
a cost of reduced lifespan for female macaques. For example, if we use the esti-
mated genetic variances and covariances for AFR and survival to age 16, the cost of 
maturing 1 year earlier is a loss of about 11 months of adult life (Blomquist  2009d  ) . 
Of course, there is a cost to delaying reproduction because it increases the risk of 
dying before ever reproducing. 

 The weaker phenotypic pattern probably results from environmental variation that 
affects each trait in similar ways and drive the negative residual correlations. For 
example, abundant resources or reduced psychosocial stress may allow earlier matura-
tion and elevated survival rates. This phenomenon is sometimes called “silver spoon-
ing” as individuals living in bene fi cial environments often have high survival and 
fertility, just like the wealthy in human populations can spend lavishly on their homes, 
cars, clothing, and entertainment simultaneously and seemingly avoid any trade-offs 
in allocating their income (Grafen  1988 ; van Noordwijk and de Jong  1986  ) . The oppo-
site is also true: bad environments that delay maturation will probably also reduce 
survival rates. Simple models of variation in resource acquisition and allocation show 
that trade-offs—which are about allocation variation—will often not be apparent phe-
notypically when there is a great deal of variation in the resources available to popula-
tion members (Roff and Fairbairn  2007  ) . Quantitative genetic techniques are one way 
around this problem because the genetic correlations should be unaffected by environ-
mental “silver spooning” and re fl ect trade-off-related allocation decisions.   

    20.4   Conclusions 

 These three vignettes offer a small taste of the sorts of questions mammalian and 
avian ecologists have addressed with quantitative genetic methods in recent decades 
(Kruuk et al.  2008  ) . It may have been obvious that these techniques are “data hun-
gry,” requiring large numbers of phenotyped individuals linked up by extensive 
pedigrees. This is likely to prohibit their use with wild primate populations until/
unless suf fi cient numbers of individual measurements become available from long-
term research projects to achieve adequate statistical power (Jones et al.  2010 ; 
Quinn et al.  2006  ) . It also emphasizes the extraordinary value of these projects and 
need for proper archiving and sharing of data (Strier et al.  2010  ) . 

 The situation in captive primate colonies is quite different. Large numbers of 
primates in extensive pedigrees are being kept around the world (Rogers  2005  ) , but, 
with some notable exceptions (e.g. Gagliardi et al.  2010 ; Ha et al.  2002 ; Martin 
et al.  2002 ; Jaquish et al.  1997 ,  1996 ; Williams-Blangero and Blangero  1995  ) , they 
have rarely been used for quantitative genetic studies of phenotypes relevant to 
research on primate life history evolution and reproductive biology. 
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 While estimating heritabilities or other quantitative genetic statistics has some 
value in itself for considering evolutionary dynamics of traits (Roff  1997  ) , they 
become especially valuable when they identify new questions or can be used testing 
theoretical predictions about primate infants and their (allo)maternal caretakers. 
The examples above emphasize how life histories are a complex of genetically 
entangled traits (Rice  2004  ) . Maturing early costs females reductions in later life 
survival. Maternal characteristics, many of which likely have a genetic component, 
drive variation in infant death rates and they change as mothers age. Dealing with 
this complexity quickly goes beyond our familiar adaptive logic of selection on 
individual traits. The bene fi t of an evolutionary quantitative genetic perspective, 
then, is to integrate studies of different parts of the life cycle, and potentially dispa-
rate aspects of behavior and physiology, by linking them in explicit models (Lynch 
and Walsh  1998  ) .      
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