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Maternal effects on offspring mortality in rhesus macaques
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Abstract

The genetics of primate life histories are poorly understood, but quantitative genetic patterns in
other mammals suggest phenotypic differences among individuals early in life can be strongly
affected by interactions with mothers or other caretakers. | used generalized linear mixed model
extensions of complex pedigree quantitative genetic techniques to explore regression coefficients
and variance components for infant and juvenile mortality rates across pre-reproductive age
classes in the semi-free ranging Cayo Santiago rhesus macaques. Using a large set of records
(max. /=977 mothers, 6240 offspring), strong maternal effects can be identified early in
development but they rapidly “burn off” as offspring age and mothers become less consistent
buffers from increasingly prominent environmental variation. The different ways behavioral
ecologists and animal breeders have defined and studied maternal effects can be subsumed, and
even blended, within the quantitative genetic framework. Regression coefficients identify loss of
the mother, maternal age, and offspring age within their birth cohort as having significant maternal
effects on offspring mortality, while variance components for maternal identity record significant
maternal influence in the first month of life.
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INTRODUCTION

Unless mating results in production of offspring who themselves survive infancy
and the juvenile years and position themselves so as to reproduce, sex is only so
much sound and undulation signifying nothing. [Hrdy, 1999, p. 81]

In response to Hrdy’s statement, one might ask: How much do primate mothers matter for
the phenotypes of their offspring including mortality? While a long history of studying
mother-infant interactions in primates implies mothers matter a great deal [e.g. Altmann,
1980; Goodall, 1986; Maestripieri, 2009], the answer to this question depends on a variety
of conditions, such as which phenotypes one studies and at what ages—knowing that
mothers interact more with their young offspring and mothers may affect some traits more
than others. Furthermore, the answer must also be species- or even population-specific
because evolved differences among species and their immediate local ecology can create
larger or smaller opportunities for caretakers to affect offspring development [Charmantier
& Garant, 2005; Dufour & Sauther, 2002]. In this paper, | offer a brief review of the
theoretical background for describing how important mothers are for offspring mortality and
then offer a case study with the free-ranging population of rhesus macaques (Macaca
mulatta) on Cayo Santiago.
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Imagine having the opportunity and resources to observe a primate population continuously
for several decades. Over time, you amass a wealth of data on individual mothers and
offspring. The influence of mothers on offspring mortality could be studied in two
complementary ways. First, you could relate offspring loss to other measurable
characteristics of mothers (e.g. maternal age, dominance rank, maternal style, milk
composition) or the environment (e.g. food availability, population density, social group
membership, group composition, predator abundance). This would identify trends (i.e.
regression coefficients) for offspring mortality within the population, averaging over the
individual mothers, to describe the dependence of mortality on these covariates. This
influence of maternal phenotype on offspring phenotype is called a maternal effect [Wolf &
Wade, 2009; Réasénen & Kruuk, 2007], and primatologists have been quite successful at
finding them [reviewed in Maestripieri, 2009]. A familiar example seen in many primates
would be primiparous mothers losing infants at higher rates than multiparae [e.g. Koyama et
al., 1992; Bercovitch et al., 1998; Robbins et al., 2006].

A second approach would become available if you were able to observe individual mothers
attempt to rear a series of offspring during their reproductive career. In this case, you might
notice that some mothers tend to lose offspring while others are more successful at
preventing their death. This implies there are stable differences among mothers in their
influence on early life mortality. Those stable differences can be quantified with a variance
component for mothers that accounts for some fraction of the total observable variance in
offspring mortality. This fraction of total variance can be thought of as the repeatability of
offspring mortality for mothers [Nakagawa & Schielzeth, 2010; Jones et al., 2010]. While
useful in itself, the repeatability does little to identify what causes stable differences among
mothers in risk to their offspring. It could be due to 1) genes mothers carry that influence her
ability to provide care, 2) non-genetic factors, such as early life experiences of mothers, that
influence the care they provide, 3) the genes mothers transmit to offspring in gametes that
form half of an offspring genome and exert direct effects on offspring phenotypes like early
life mortality, or 4) covariance between 1) and 3). In a large population, with several
offspring measured per mother, mothers produced those offspring by mating with different
identified fathers, and known pedigree relationships among mothers one can accurately
estimate variance components for all four of these sources [Wilson et al., 2010; Lynch &
Walsh, 1998; Cheverud & Moore, 1994]. In the absence of such a mating structure and rich
pedigree information this is not possible, and it will not be attempted here. These steep
requirements have prevented primatologists, and behavioral ecologists in general, from
using this approach, though it is common in the animal breeding literature [Wilson & Réale,
2006]. Because it will likely become feasible to apply these techniques to wild and free-
ranging primates in the near future [Kruuk et al., 2008; Morris et al., 2011], it is worth
reviewing some of the theory behind the animal breeder’s model of maternal effects.

The breeder’s tradition of calculating variance components is an application of quantitative
genetics. Quantitative genetics is a set of statistical techniques and related biological
interpretations for the inheritance and evolution of phenotypes influenced by allelic variation
at many loci scattered throughout the genome [Roff, 2007; Lynch & Walsh, 1998].
Phenotypes can be continuously distributed (e.g. birth weight) or even binary (e.g. survive/
die) provided one assumes a continuous underlying genetic liability [Roff, 1997]. Crudely,
these techniques take observable phenotypic measurements on sets of individuals of known

genealogical relationship and decompose the total phenotypic variation (0,2,) into several
underlying components. For the model described in the previous paragraph, these are 1)

maternal genetic variance (¢-2), 2) maternal permanent environment variance (¢-2), 3)
additive genetic variance (o-2), and 4) covariance between additive and maternal genetic
variance (¢-,,,), respectively. Any remaining variance is residual error (o-2). Total phenotypic
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variance is just the sum of these components (o-f,=0-§+a%1+0'§+0'am+0'3). These can be
transformed into simpler ratios on a 0-1 scale like the narrow-sense heritability (hzzaﬁ/aﬁ)

or maternal gentic effect (m=(rﬁ,/af,). For example, Southey et al. [2003] analyzed lamb
mortality from birth to weaning in domestic sheep (Ovis aries) and found the heritability
was about 0.05 with maternal genetic effect about twice that, and they had a negative
covariance. In addition to estimating variance components, current “animal model”
techniques also allow for very flexible modeling of covariates such as maternal age, parity,
or social dominance rank that might also affect offspring phenotypes and incorporate the
kinds of maternal influences that behavioral ecologists are more familiar with [Kruuk,
2004]. For example, lamb mortality was affected by lamb sex, litter size, maternal age, and
type of rearing environment [Southey et al., 2003]. The variance components essentially
partition the remaining variation after these factors have been accounted for [Wilson, 2008].

Variance components are useful for exploring maternal effects for at least two reasons. First,
any maternal variance component indicates how much variation in offspring phenotypes is
due to maternal variation. In other words, how much consistent differences among mothers
matter even if it is unknown what it is about them affects their offspring (e.g. placenta
quality, gestation length, maternal style, body mass). Second, variance components appear
in simple equations for describing microevolutionary change [Cheverud & Moore, 1994].
Intergenerational response (change in the mean,) is predicted by additive genetic variation
and strength of selection (8p). Without maternal effects, this is simply the breeder’s equation

(R=0B,) and response will always be in the same direction as the trait is under selection. A
more complicated equation describes response when maternal effects are present, where

3 1
| 2.3 1, o
additive genetics becomes the whole portion in brackets of = O'a+2‘7'“’”+20'm]ﬁf’. This is

because a portion of offspring phenotypic variation is due to their own genes (¢-2), some to

genetic variation in the environment provided by mothers (0-2), and part to the covariance
between the two (o). It also means that offspring phenotypes can evolve strictly through

changes in the environment provided by mothers (02=0, o2, > 0). In the sheep example
quoted above, small variances mean response will be slow. Furthermore, the negative
covariance will also curtail response. This implies coadaptation between maternal and
additive genetics such that improvement in the direct effect of offspring genes that reduces
risk of mortality is offset by increases in risk via maternal effect genes, or vice versa
[Cheverud & Wolf, 2009; Cheverud & Moore, 1994].

There are far-reaching implications of maternal effects that few evolutionary biologists
appreciated until the 1990s [Mousseau & Fox, 1998; Rossiter, 1996]. Whether or how
maternal effects are adaptive and for whom (mothers v. offspring) is a topic of current
debate and research [Marshall & Uller, 2007; Jones, 2005]. Adaptive interpretations
primarily emphasize the strategies of mothers to adjust offspring phenotypes, functioning as
a form of phenotypic plasticity [Rasénen & Kruuk, 2007]. This means that these are shared
phenotypes between the two parties being negotiated with mothers in a position to signal
adaptive patterns of development. Mothers adjusting how offspring develop can have large-
scale demographic results influencing population growth rates, dispersal patterns, and
phenotypic divergence among populations or sexes [Badyaev et al., 2002; Badyaev, 2005;
Mousseau & Fox, 1998]. Many anthropologists and human biologists have become
interested in maternal effects under the guise of the developmental origin of health and
disease [Kuzawa & Quinn, 2009; Wells, 2007], to understand variation in adult phenotypes
from fetal and early post-natal experiences [Lummaa & Clutton-Brock, 2002].
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In this paper, | pursue describing maternal influences on offspring mortality through both
the behavioral ecologist (regression coefficients) and animal breeder (variance component)
traditions. As noted above, only the later of these is novel. Attention to variance components
in the literature is currently very uneven for different sorts of primate phenotypes. For
morphological traits, there have been a good number of studies, particularly of the skull, that
describe its genetic architecture and are now adding molecular details [e.g. Koh et al., 2010;
Roseman et al., 2010; Visscher et al., 2008; Cheverud & Dittus, 1992; Cheverud, 1982].
Unfortunately, this is almost entirely about static adult morphology and has little to say
about early life ontogeny when mothers are likely most influential. Life history and
reproductive traits have had very little treatment, especially if humans are excluded, and all
of it comes from captive colonies [Gagliardi et al., 2010; Martin et al., 2002; Ha et al., 2002;
Jaquish et al., 1996; Williams-Blangero & Blangero, 1995]. Other captive studies of the
genetics of early life mortality have focused on the effects of inbreeding [Van Coillie et al.,
2008; Ralls & Ballou, 1982].

The major obstacle to quantitative genetic research in primates is the large samples of
pedigreed individuals needed. This is especially true for life history traits that are expected
to have low heritabilities and large residual effects [Price & Schluter, 1991]. Because of this,
the Cayo Santiago rhesus macaques are a valuable study population [Rawlins & Kessler,
1986; Sade et al., 1985]. Cayo Santiago is a small, 15 ha island about 1 km off the coast of
mainland Puerto Rico inhabited by a population of about 1000 rhesus macaques. These
monkeys are descendants of 409 individuals trapped in India that were released on the island
in 1938. Demographic data have been collected in a regular census taken on weekday
mornings with frequent, but brief interruptions since 1959 [Sade et al., 1985]. Animals are
also annually trapped for tattooing and tissue sampling. They are provisioned with
commercial monkey chow, and the population has been managed by removal of individuals,
but matings are unmanaged and animals live in naturally formed social groups.

Several authors have used Cayo Santiago for quantitative genetic research [e.g. Blomquist,
2009; Havill, 2003; Cheverud et al., 1990]. Previous work on the heritability of female
lifetime fitness (n7=590) in the population produced some unexpected results suggesting
weak maternal influences on early life mortality [cf. Blomquist, 2010]. The heritability of
having ever reproduced was roughly quantified by coding 1=if a female ever reproduced and
0=she never reproduced and analyzing the variable as normal/Gaussian, as is typical of
quantitative traits. This had a low heritability of 0.27 and no maternal effect. The low
heritability is not surprising, but the lack of maternal effect is unexpected when maternal
characteristics are predicted to make a large contribution to early life phenotypes including
mortality. Moreover, the pedigree information for this population of monkeys is not rich
enough to satisfactorily separate maternal effects from direct genetic effects (see below).

Here, | use a much larger dataset of male and female demographic records from Cayo
Santiago and generalized linear mixed model techniques [Wilson et al., 2010; Bolker et al.,
2009] to estimate variance components for the binary phenotype of offspring death. | adopt a
simple approach of focusing on the repeatability of offspring death for mothers. A
heritability of offspring mortality for some age classes as a trait of mothers [Pettay et al.,
2005] is also presented but it must be cautiously interpreted as it does not follow the strict
decomposition in the animal breeder model of maternal effects (described above) and
instead represents a familial patterning among mothers in offspring mortality of ambiguous
genetic origin. With this new method and larger dataset | explore the age-course of maternal
effects across infant and juvenile periods, rather than treating it as a single pre-reproductive
stage of life. Maternal effects of both the ecologist’s (regression coefficients) animal
breeder’s (variance components) tradition are statistically significant and, for some offspring
ages, show strong maternal influences on early life death.
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Data were extracted from the Cayo Santiago demographic database in 2005 [Blomquist,
2007]. I scored individual mortality data from birth to 900 days of life on 6240 offspring of
977 mothers. | used this maximum age because | was strictly interested in pre-reproductive
mortality. This is the approximate age (2.46 years) females begin to mate successfully such
that they give birth when they are three years old. In addition to the 0-900 day interval, |
also scored a series of five 180-day (» 6 month) age classes (Figure 1). Equal length age
classes were chosen to avoid any circularity in defining classes based on prior knowledge of
death rates, but they were required to be long enough that there was appreciable mortality
(=2%) in all the age classes (precluding a longer series of shorter classes). Because mother-
infant interactions are more intense in the first few weeks after birth and mortality in this
period is common, | also explored dividing the first interval into an initial 0-30 day and
subsequent 30-180 day age classes [Maestripieri & Hoffman, 2012]. Offspring were only
included if they came from cohorts prior to or including 2002 to ensure they could have
survived to 900 days by the time the data were extracted in early 2005. Furthermore, infant
ages are only recorded precisely after 1962. Maternal ages need not be known as precisely
and were accepted from cohorts back to 1956. Births at Cayo Santiago are strongly seasonal
making such assignments to cohorts simple [Rawlins & Kessler, 1985]. Any twins were also
excluded because of their high death rates and extreme rarity [Bercovitch et al., 2002;
Geissmann, 1990]. A small number of unsexed individuals were also excluded.

Death was scored as a separate binary variable for each of the age classes with 1=death and
O=survived. All 6240 offspring were scored for each age class. Any individuals removed
through colony management during an age class or prior to it were set to a missing value
(NA) that is omitted from the analysis. Age class death rates can then be computed from the
complement of a Kaplan & Meier [1958] survival rate that accounts for the censoring due to

survived

removals (death rate=1 — —7)- These death rates are also the mean phenotype

of each age class. For examf)?é,eirf_amgﬁlzey lived past 900 days it had a O for each age class.
If a monkey died in the 180-360 age class it had a 1 for 180-360, 0 for any younger age
class (e.g. 0-180), and missing value for all the later age classes (e.g. 360-540). Finally, to
ensure repeatabilities were interpretable (see below) only mothers having two or more
infants scored with non-missing values in an age class were retained in the analysis of that
age class. These restrictions for constructing the dataset cause only a small downward bias
in the death rates versus those seen in the full set of infants born in the 1962—-2002 cohorts
(Figure 1). Final numbers of offspring retained for the analysis were between 5859 and 3094

depending on the age class

| analyzed offspring death with univariate generalized linear mixed models (GLMM),
running a single model for each age class to explore the age-course of effects predicting
mortality (Equation 1). Offspring death was treated as a trait of the mothers with all mothers
having multiple offspring scored if they were included for the model for an age class.

y:Xﬁ+ZZ,¢u,~+r (1)

In equation 1, is the vector of phenotypic measurements of offspring death, X'is an
incidence matrix for fixed effects with 8 as their vector of regression coefficient estimates,
Zjis an incidence matrix for random effect 7 with u;as the vector of solutions for the random
effect, and ris residual error [Kruuk, 2004; Lynch & Walsh, 1998]. All fixed effects in the
model were covariates with regression coefficients estimated in. Offspring sex was dummy
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coded with 1=male. Offspring age in cohort is the number of days deviating from the
median birth date within the offspring’s cohort. Positive values are birth dates after the
cohort median. Mother’s age at birth was recorded in years and the average age at birth (8
years) subtracted to ease interpretation of regression coefficients and baseline mortality
rates. A set of dummy variables also indicated whether mothers were primiparous, whether
they had given birth in the previous cohort, whether they exited due to death or removal
during the current offspring age class, or whether they had done so prior to it. These final
two variables are collectively referred to as maternal presence. Maternal age, primiparity,
previous reproductive state, and presence are clearly maternal effects of the kind often
studied by behavioral ecologists. Offspring age in cohort might also be considered one as a
consequence of maternal conception or gestation time.

For all age classes models were initially run with a pair or random effects: maternal identity

and offspring birth cohort. These have variance components estimated ((riz, and 0,2,,
respectively) and solution predicted (/ and b, respectively). Maternal identity solutions
correspond to the variance in offspring mortality explained by stable differences among
individual mothers, regardless of their cause. These are referred to as repeatability models as
they partition variation in mortality a simple manner such that maternal repeatability can be
calculated.

For age classes with high repeatabilities (af > 0) | also explored an augmented model
included three random effects and attempts to break the stable differences among which
mothers into additive genetic and non-genetic (permanent environment) sources. Thus there

are three variance components estimated (o2, afm, and (7127, respectively) and solution

predicted (&, pe, and b, respectively). In these models, a§+a,2,e is approximately the
individual variance and a+pe individual solutions.

The means of all random effects in repeatability or augmented models are zero. The
maternal identity, permanent environment, and cohort effects have covariances given by o7,
Io-f,e and Iai where /is an identity matrix having the number of mothers or cohorts as its

dimensions. The additive genetic covariance is o2, where the elements of A are twice the
kinship coefficients of a pair of individuals xand y [A,=26,, Lynch & Walsh, 1998].
Pedigree relationships are known from behavioral interactions of mothers and infants and a
smaller number of paternities in the 1988-1998 birth cohorts determined from 10
microsatellites (Table 1). Further details of the paternity analysis can be found in Bercovitch
et al. [2003]. The paternity of nearly all monkeys dying during their first year of life is
unknown because they were never trapped to have tissue collected. This prevents analyzing
early life mortality as a phenotype of the offspring because a maternal identity effect and
direct genetic effect would be confounded for most all offspring. This explains why
Blomquist [2010] found significant heritability and no maternal effect when running this
type of model, and implies great caution is required interpreting his results.

Treating offspring mortality as a trait of mothers requires no paternity information on
offspring. In fact, offspring are only part of the pedigree if they survive to become mothers
themselves or are genealogical links between mothers. This means dead offspring do not
appear in the pedigree—they are simply repeat measurements of a phenotype assigned to
their mother. As such, only paternities of the mothers remain in the pedigree. Errors in these
should only lower heritability estimates [Pemberton, 2008]. However, infant stealing
potentially complicates the assignment of offspring to mothers and introduces a potential
bias to heritability and repeatability measures because stolen infants typically die within a
few days unless their mothers retrieve them. However, the physical signs of pregnancy,
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typical possessiveness of rhesus mothers, and pursuit of stolen infants which should all be
recorded through regular observation of the population suggest this is unlikely to be very
common [Quiatt, 1979]. Furthermore, this would only induce a downward bias to
repeatability by shuffling offspring among mothers unless there were mothers which
frequently managed to steal infants, undetected by observers, which then died. Heritability
would be affected in similar ways only if related mothers frequently managed to steal infants
undetected.

A binomial distribution with logit link function was used to account for the binary nature of
the offspring mortality data [Southey et al., 2003; Nakagawa & Schielzeth, 2010]. Modeling
mortality with the logit link produces regression coefficients for the logarithm of the odds of
death. These are more interpretable when transformed. The baseline probability of death is

&

0
calculated from the intercept coefficient (5) as 1+¢°. Other coefficients are easily
interpreted as proportionate change in the probability of death for a unit change in the

Po+B1 g‘g
covariate as 1+eBo+B' / Teﬁ (e.g. probability of death increases 26.4 x baseline with

maternal loss). | report these transformed regression coefficients giving the baseline
mortality rate and proportionate changes in the mortality rate due to a unit increase in the
covariate. Baseline mortality is for a female offspring, born on her cohort’s median date, to a
8-year old, multiparous female who did not give birth the previous year and was present

throughout the offspring age class.

All data preparation and analysis was performed in R 2.15 [R Development Core Team,
2012] with the repeatability and augmented models analyzed via functions in the
MCMCglmm package [Hadfield, 2010]. MCMCglmm relies on Bayesian Markov Chain
Monte Carlo techniques [O’Hara et al., 2008] to provide estimates of variance components
and regression coefficients by repeated sampling of a long-running simulation of the
posterior distributions of model terms. Following Postma et al. [2011] and the MCMCglmm
documentation [Ch. 8 of “CourseNotes” vignette; Hadfield, 2010], | used parameter

expanded priors with o2, o2, cr,z,e, and o} set to 1 with a degree of belief parameter of 1. In
these models, where each offspring’s death/survival is only observed once, o2 cannot be
estimated and was fixed at 10. The logit link-specific variance also contributes 72/3 to the

total variance in these models. Estimated values of o2, o2, o5,, and o2 are dependent on the

residual and link variance. Ratios of these variance components to the total are easier to

interpret because they are independent of the fixed residual, though dependence on the link
2

(o
1
variance remains. These are the repeatability (0'(%+0'%e+0'%+10+7t2 /3 0r
0'§+0'§e o2

02+02,+02+10+72/3), heritability (o2+02,+02+10+x2/3), and cohort effect
2
9%

S 2
(02+02,+02+10+72/3).

The repeatability and cohort effect are the most important of these. The repeatability
represents the fraction of variance on the logit scale accounted for by differences among
mothers. If greater than 0, it indicates there are stable differences among mothers across the
repeated measurements of offspring death in an age class. A similar interpretation applies to
the cohort effect, that a fraction of total variance is explained by differences in risk of death
among years. The heritability is difficult to interpret because, although offspring death is
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treated as a phenotype of mothers here, it is likely a complex mixture of direct genetic
effects in offspring that influence risk of death (half of which come from mothers), direct
genetic effects in the mother affecting her care of offspring (maternal genetic effects from
the offspring’s perspective), and their covariance. | consider it to reflect familial similarity in
early life mortality rates of unknown origin, and focus interpretation on the repeatability as a
crude measure of maternal effects.

For each univariate model, I ran a single chain for 2005000 iterations and saved every
1000th sample after a 5000 iteration burn-in. This provides 2000 samples of the posterior
distributions of the variance components, random effect solutions, and regression
coefficients. Effective sample sizes for the non-fixed variance components were always
greater than 1615. Autocorrelation of the retained samples was less than 0.065 in all cases
and there were no trends in diagnostic plots of the chain over simulation time. Minimum
effective size for the regression coefficients was 1296 and maximum autocorrelation was
0.074. Shape and location of these distributions of regression coefficients or variance
components can be used to infer whether parameters are greater or less than 0. Credible
intervals covering 95% of the posterior distribution are often used for these tests. These are
appropriate for regression coefficients in this study but variance components and ratios have
a lower boundary at 0 and thus cannot include it within their 95% interval. Instead, | simply
visualize a ratio’s posterior distribution and modal value and interpret the resulting patterns.
The mode is declared different from 0 if the lower tail of the visualized distribution does not
approach 0 and the lower boundary of the 95% interval is greater than O at three digits past
the decimal. Formal comparison of alternative models with different random effects using
information criteria (e.g. DIC) is unreliable for GLMM [Wilson et al., 2010]. Ratios were
not converted to the proportion scale [by equation 23 in Nakagawa & Schielzeth, 2010]
because the resulting values are dependent on the mean which would complicate
comparisons across age classes. Nevertheless, posterior distributions for repeatabilities on
the proportion scale had an identical shape to those presented here. Regression coefficient

dependence on fixing o-2=10 was removed through their multiplication by

1 16 V3

Viz 102 157 ) which rescales o-2=0. Random effect solutions for cohort or

1
individual mother effects were rescaled by 15102 [Hadfield et al., 2010].

(where:

Research reported here relies on data collected over several decades by many observers
under different funding auspices and IACUC approvals which should be consulted for
further details. All research reported here, and occurring at Cayo Santiago today, adheres to
the ASP’s Principles for the Ethical Treatment of Non-human Primates.

RESULTS & DISCUSSION

The regression coefficients and variance components record a number of statistically
significant maternal effects on offspring mortality in rhesus macaques. In general, these are
strongest on the youngest age classes. Among the regression coefficients, maternal age
effects are significant in age classes prior to 180 days whether pooled or separate (Table 2).
The linear effect of age is negative meaning offspring of older mothers are less likely to die,
while the quadratic effect is positive meaning that offspring of very young and very old
mothers are more likely to die (Figure 2). This recovers a pattern already known in offspring
mortality at Cayo Santiago [Hoffman et al., 2010]. The maternal presence variables have by
far the largest coefficients and index the dramatic risks posed to offspring by loss of the
mother. The effect of losing a mother during an age class diminishes with offspring age, but
it is statistically significant even in the final age class (720-900 days). By this final age
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class, offspring have been fully weaned for at least one year and spend very little time in
contact or close proximity with their mothers except in stressful situations [Suomi, 2005].
Loss of the mother during an age class causes a 2.1-26.4x increase in the probability of
offspring death, depending on the age class examined. For example, in the 720-900 day age
class the mortality increases from a baseline of 0.007 to 0.020 (=0.007 x 2.808) when the
mother is lost. In the 0-180 day class, this is a much greater change from 0.048 to 0.581.
The absence of any maternal presence effect and change in sign of estimated coefficient in
the 360-540 age class is atypical. This is likely due to the crudity of coding with 1=exit,
which includes both maternal death or removal through population management. The ratio
of the number of mother deaths to mother removals is lowest in this period. If removal of the
mother is less damaging than death of the mother, then this decreased ratio of deaths to
removals will diminish the maternal exit effect on offspring death. Separating death and
removal into separate dummy variables is not possible because there are very few of each in
most age classes.

Coefficients for offspring age within cohorts are significant for several age classes (Table 2).
However, their sign, even when significant, is not consistent. In general, being born later
within a cohort decreases risk of death. How advantages arise from being born later are
unclear (e.g. greater gestation length). Reproduction in the previous year, primiparity, and
offspring sex are not significant predictors of mortality (Table 2). The lack of sex effect may
be surprising as male infants are often considered more susceptible to death [Bhaumik et al.,
2004]. Given recent theoretical attention, one might speculate absence of sex effects might
be related to sex ratio variation by maternal condition where mothers in better condition are
more likely to have male infants which offsets their greater frailty [Schino, 2004; Bercovitch
et al., 2000]. The lack of significant primiparity effect on offspring death at Cayo Santiago
has already been documented in a smaller sample [Bercovitch et al., 1998], though primate
primiparae are generally described as less competent mothers and expected to lose infants at
higher rates [e.g., Altmann, 1980].

Ratios of the random effect variance components also show an initially strong effect of
mothers on offspring death that quickly declines in later age classes (Table 3, Figure 3). Any
interval including the first 30 days of life (0-30, 0-180, or 0-900) has a repeatability that is
significantly greater than zero. This is largest when the age class is confined to 0-30 days
(0.183). In all subsequent age classes, repeatabilities are essentially 0.

In the augmented models, repeatabilites of offspring mortality are nearly identical to the
repeatability models, but there is no statistical evidence of any familial signal. No
heritability can be declared greater than 0. However, the posterior modes are a large portion
of the repeatability for 0-900 and 0-30 days implying there might be some similarity among
related mothers in the mortality of their offspring that would have been apparent in a larger
sample with more precise pedigree information. Regardless, the interpretation of these
heritabilities would be difficult. The repeatabilities could reflect maternal genetic variance
for ability to prevent offspring mortality, persistent but non-genetic factors influencing
maternal care, maternal contribution to the offspring genome that affects offspring mortality,
their covariance, or some combination of these. Nevertheless, their rapid decline as offspring
age is consistent with much of this effect being due to maternal ability to prevent mortality.

In later age classes, the lack of repeatability means mothers are no longer a reliable buffer
from the environment or controller of this shared phenotype of offspring death. This should
not be taken to mean mothers are no longer important in later age classes, but rather that the
individual mothers become more variable in how they affect offspring as the offspring get
older (i.e. increasing within mother variation). Indeed, the notable maternal presence
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covariate indicates that mothers, on average, are still influencing offspring mortality in these
later age classes.

In contrast to the decline of the repeatability, birth cohort initially explains little variation in
offspring death but rises dramatically as offspring age and may reflect seasonality of
mortality risk. Cohort effects are greater than 0 in all age classes, except 30-180 (Table 3).
The largest effects are in age classes 360-540 (0.135) and 720-900 (0.322, Figure 3).
Redirection of maternal care away from the offspring to a newborn sibling [Devinney et al.,
2001], likely exposes the yearling to annually varying conditions that mothers previously
provided some buffer from.

The random effect solutions provide some illustrations of the patterns summarized in the
variance components ratios. Quantitative analysis of random effect solutions (a.k.a. BLUPS)
in ecological settings is problematic [Hadfield et al., 2010], so | restrict discussion to a few
points on the cohort effects (6) and mother identity effect (/). Among the cohort solutions for
the 0-30 day age class, the highest value is for 1963, indicating it was a catastrophic year of
offspring death (Figure 4). This is explained by a brutal experiment described by Sade et al.
[1985, p. 36] in their Demographic Observations

The pregnant females were taken to a small building in Punta Santiago, Puerto
Rico, the point of land nearest Cayo Santiago. The infants were delivered by
Cesarean section and asphyxiated followed by repeated attempts at resuscitation...
Most of the infants, about 18 percent of the 1963 birth crop, died as a result of the
experiment.

More relevant to the description of maternal influence on offspring mortality are the
maternal identity effects in the 0-30 day age class when repeatability is largest. The highest
and lowest solutions respectively identify the mothers that were consistently the worst and
best mothers for offspring mortality adjusting for all the other fixed and random effects in
the model. Picking out these two mothers makes a useful contrast (Figure 4). The “worst”
mother lived about 9 years and had 5 offspring, all of whom died within a few days of birth.
The “best” mother lived 21 years giving birth to 14 infants, none of which died between 0
and 30 days.

CONCLUSIONS

How much do primate mothers matter for the phenotypes of their offspring like mortality?
This application of generalized linear mixed model techniques generates novel results for
answering this question and thinking about how primate mothers influence life histories.
Mothers certainly do affect offspring mortality, but the variable maternal characteristics that
either underlie the maternal age effect or the consistent differences among mothers
described by the maternal variance component only have an effect on offspring survival
prior to weaning, which is largely accomplished in the 180-360 age class at Cayo Santiago
[Maestripieri & Hoffman, 2012]. Once in juvenile age classes, having a mother present still
reduces offspring risk of death, but apparently any mother will do, at least as described by
the characteristics assessed in this analysis. For yearlings and beyond, birth cohort becomes
more important as mothers become less effective or less consistent buffers from the
environment.

The two perspectives on maternal effects were complementary here, but they were
essentially treated separately. An interesting question that blends these perspectives is
whether there is heterogeneity among mothers in how they affect offspring mortality as
mothers age. The regression coefficients only describe a population average trajectory of
changing risk to offspring (e.g. Figure 2). The maternal variance component is about
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mothers being shifted above or below this average. However, it is quite possible, and
evolutionary genetic models of senescence would predict, that there is variation among
mothers in their rates of aging and thus whether the late life increasing risk to offspring
occurs earlier or later. That is beyond what can be done with this data set, but this theoretical
prediction has recently been explored with mixed support in some wild bird and mammal
populations [Brommer et al., 2010; Wilson et al., 2007].

In this analysis, the maternal variance component described stable differences among
mothers in how they made life safer or riskier for their infants. It does not indicate what
might underlie those stable differences (e.g. behavior, hormones, morphology). But, stable
differences in the sorts of maternal characteristics that might affect infants (such as maternal
style, milk yield, or even body size) point to either maternal genetics or early life
experiences of mothers determining these maternal effects on infant mortality [Lindstrém,
1999; Nickerson, 1995; Berman, 1986]. This conclusion must be tempered by the inability
to separate maternal variance from offspring additive variance in this population. This
severely limits interpretation of any genetic variance components and leaves the lingering
question of how much of this significant repeatability of offspring mortality is due to direct
effects in offspring themselves. Additional research in settings where paternity of offspring
is known would help resolve this question.

A final concern with this analysis is what can be generalized to other primate or mammalian
species. Cayo Santiago is a somewhat unusual population of rhesus macaques that lives at
very high density, is provisioned, is closed to in- or out-migration, and has no predators. The
early life strength and decline of maternal effects is a common pattern noted in reviews of
mammalian maternal effects, mostly in livestock and rodents [Wilson & Réale, 2006;
Cheverud, 1984]. That offspring mortality in the Cayo Santiago macaques matches this
pattern is encouraging but not particularly surprising. Novel patterns might be found in
primates with extensive allocare or paternal support [e.g. Aotus, Callithrix, Saguinus,
Solomon & French, 1997]. Additional sources of mortality or food-stress might also be a
source of divergent results, as shown in other taxa [Bethea et al., 2008; Thompson et al.,
2009]. However, a recent meta-analysis of differences in variance components between
favorable and unfavorable conditions in wild animal species showed that heritabilities
increase in favorable conditions but there is no consistent pattern in maternal effects. This
might be surprising because it would make sense that mothers matter more in unfavorable
environments where there is so much more for mothers to buffer offspring from
[Charmantier & Garant, 2005]. In summary, at present, there is little reason to expect
dramatically different patterns elsewhere among primates though this should encourage,
rather than deter, greater interest in maternal effects among primatologists.

Acknowledgments

Cayo Santiago is part of the Caribbean Primate Research Center (CPRC) which is supported by the University of
Puerto Rico, Medical Sciences Campus and the National Institutes of Health. The genetic database from which
paternity data were provided was originally created by J. Berard, F. Bercovitch, M. Kessler, M. Krawczak, P.
Nirnberg, and J. Schmidtke. The National Science Foundation, Harry Frank Guggenheim Foundation, University
of Berlin, Deutsche Forschungsmeinschaft, Medizinische Hochschule Hannover, NIH, and CPRC funded the
creation of the genetic database. Additional funding for this research came from the University of Illinois Graduate
College. M. Gerald, J. Cant, T. Kensler, B. Hallgrimsson, and J. Turnquist were all helpful resources while working
with CPRC materials. D. Sade, R. Rawlins, J. Berard, and M. Gerald must be credited for the upkeep of the
demographic records on Cayo Santiago and A. Figueroa, E. Davila, and E. Maldonado for their day-to-day
maintenance. Comments from the review editor, D. G. Smith; symposium organizer, A. M. Dettmer Erard; and
anonymous reviewers greatly improved this manuscript.

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blomquist

Page 12

REFERENCES

Altmann, J. Baboon Mothers and Infants. Harvard University Press; Cambridge: 1980.

Badyaev AV. Maternal inheritance and rapid evolution of sexual size dimorphism: passive effects or
active strategies? American Naturalist. 2005; 166:S17-S30.

Badyaev AV, Hill GE, Whittingham LA. Population consequences of maternal effects: sex-bias in
egg-laying order facilitates divergence in sexual dimorphism between bird populations. Journal of
Evolutionary Biology. 2002; 15:997-1003.

Bercovitch FB, Lebron MR, Martinez HS, Kessler MJ. Primigravidity, body weight, and costs of
rearing first offspring in rhesus macaques. American Journal of Primatology. 1998; 46:135-144.
[PubMed: 9773676]

Bercovitch FB, Widdig A, Berard JD, Nirnberg P, Kessler MJ, Schmidtke J, Trefilov A, Krawczak M.
Multiple sirehood in free-ranging twin rhesus macaques (Macaca mulatta). American Journal of
Primatology. 2002; 57:31-34. [PubMed: 11977124]

Bercovitch FB, Widdig A, Nurnberg P. Maternal investment in rhesus macaques (Macaca mulatta):
reproductive costs and consequences of raising sons. Behavioral Ecology and Sociobiology. 2000;
48:1-11.

Bercovitch FB, Widdig A, Trefilov A, Kessler MJ, Berard JD, Schmidtke J, Nurnberg P, Krawczak M.
A longitudinal study of age-specific reproductive output and body condition among male rhesus
macaques, Macaca mulatta. Naturwissenschaften. 2003; 90:309-312. [PubMed: 12883773]

Berman, CM. Maternal lineages as tools for understanding infant social development and social
structure. In: Rawlins, RG.; Kessler, MJ., editors. The Cayo Santiago Macaques: History, Behavior,
and Biology. State University of New York Press; Albany, NY: 1986. p. 73-92.

Bethea CL, Centeno ML, Cameron JL. Neurobiology of stress-induced reproductive dysfunction in
female macaques. Molecular Neurobiology. 2008; 38:199-230. [PubMed: 18931961]

Bhaumik U, Aitken I, Kawachi I, Ringer S, Orav J, Lieberman E. Narrowing of sex differences in
infant mortality in Massachusetts. Journal of Perinatology. 2004; 24:94-99. [PubMed: 14872208]

Blomquist, GE.; University of Illinois. Ph.D. thesis. Urbana: 2007. Quantitative Genetics of Life
History Microevolution in the Cayo Santiago Rhesus Macaques (Macaca mulatta).

Blomquist GE. Trade-off between age of first reproduction and survival in a female primate. Biology
Letters. 2009; 5:339-342. [PubMed: 19324637]

Blomquist GE. Heritability of individual fitness in female macaques. Evolutionary Ecology. 2010;
24:657-669.

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, Simone S, White J.
Generalized linear mixed models: a practical guide for ecology and evolution. Trends in Ecology
and Evolution. 2009; 24:127-135. [PubMed: 19185386]

Brommer JE, Rattiste K, Wilson A. The rate of ageing in a long-lived bird is not heritable. Heredity.
2010; 104:363-370. [PubMed: 19773809]

Charmantier A, Garant D. Environmental quality and evolutionary potential: lessons from wild
populations. Proceedings of the Royal Society of London Series B. 2005; 272:1415-1425.
[PubMed: 16011915]

Cheverud JM. Phenotypic, genetic, and environmental morphological integration in the cranium.
Evolution. 1982; 36:499-516.

Cheverud JM. Evolution by kin selection: A quantitative genetic model illustrated by maternal
performance in mice. Evolution. 1984; 38:766-777.

Cheverud JM, Dittus WPJ. Primate population studies at Polonnaruwa Il. heritability of body
measurements in a natural population of toque macaques. American Journal of Primatology. 1992;
27:145-156.

Cheverud JM, Falk D, Vannier M, Konigsberg L, Helmkamp RC, Hildebolt C. Heritability of brain
size and surface features in rhesus macaques (Macaca mulatta). Journal of Heredity. 1990; 81:51—
57. [PubMed: 2332614]

Cheverud, JM.; Moore, AJ. Quantitative genetics and the role of the environment provided by relatives
in behavioral evolution. In: Boake, CRB., editor. Quantitative Genetic Studies of Behavioral
Evolution. University of Chicago Press; Chicago: 1994. p. 67-100.

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blomquist

Page 13

Cheverud, JM.; Wolf, JB. The genetics and evolutionary consequences of maternal effects. In:
Maestripieri, D.; Mateo, JM., editors. Maternal Effects in Mammals. University of Chicago Press;
Chicago: 2009. p. 11-37.

Devinney BJ, Berman CM, Rasmussen KL. Changes in yearling rhesus monkeys’ relationships with
their mothers after sibling birth. American Journal of Primatology. 2001; 54:193-210. [PubMed:
11468750]

Dufour DL, Sauther ML. Comparative and Evolutionary Dimensions of the Energetics of Human
Pregnancy and Lactation. American Journal of Human Biology. 2002; 14:584-602. [PubMed:
12203813]

Gagliardi C, Falkenstein KP, Franke DE, Kubisch HM. Estimates of heritability for reproductive traits
in captive rhesus macaque females. American Journal of Primatology. 2010; 72:811-819.
[PubMed: 20653007]

Geissmann T. Twinning frequency in catarrhine primates. Human Evolution. 1990; 5:387-396.

Goodall, J. The chimpanzees of Gombe: patterns of behavior. Harvard University Press; Cambridge,
MA: 1986.

Ha JC, Ha RR, Almasy L, Dyke B. Genetics and caging type affect birth weight in captive pigtailed
macaques (Macaca nemestrina). American Journal of Primatology. 2002; 56:207-213. [PubMed:
11948637]

Hadfield JD. Mcmc methods for multi-response generalized linear mixed models: The MCMCglmm R
package. Journal of Statistical Software. 2010; 33:1-22. [PubMed: 20808728]

Hadfield JD, Wilson AJ, Garant D, Sheldon BC, Kruuk LEB. The misuse of BLUP in ecology and
evolution. American Naturalist. 2010; 175:116-125.

Havill LM. Osteon remodeling dynamics in the Cayo Santiago Macaca mulatta: The effect of
matriline. American Journal of Physical Anthropology. 2003; 121:354-360. [PubMed: 12884317]

Hoffman CL, Ayala JE, Mas-Rivera A, Maestripieri D. Effects of reproductive condition and
dominance rank on cortisol responsiveness to stress in free-ranging female rhesus macaques.
American Journal of Primatology. 2010; 72:559-565. [PubMed: 20039328]

Hrdy, SB. Mother Nature: A History of Mothers, Infants, and Natural Selection. Pantheon Books; New
York: 1999.

Jaquish CE, Cheverud JM, Tardif SD. Genetic and environmental impacts on litter size and early
infant survival in three species of callitrichids. Journal of Heredity. 1996; 87:74-77. [PubMed:
8742821]

Jones JH. Fetal programming: adaptive life-history tactics or making the best of a bad start? American
Journal of Human Biology. 2005; 17:22-33. [PubMed: 15611978]

Jones JH, Wilson ML, Murray C, Pusey A. Phenotypic quality influences fertility in Gombe
chimpanzees. Journal of Animal Ecology. 2010; 79:1262-1269. [PubMed: 20412347]

Kaplan EL, Meier P. Nonparametric estimation from incomplete observations. Journal of the
American Statistical Association. 1958; 53:457-481.

Koh C, Bates E, Broughton E, Do NT, Fletcher Z, Mahaney MC, Hlusko LJ. Genetic integration of
molar cusp size variation in baboons. American Journal of Physical Anthropology. 2010; 142:246-
260. [PubMed: 20034010]

Koyama N, Takahata Y, Huffman MA, Norikoshi K, Suzuki H. Reproductive parameters of female
Japanese macaques: Thirty years data from the Arashiyama troops, Japan. Primates. 1992; 33:33-
47.

Kruuk LEB. Estimating genetic parameters in natural populations using the “animal model’.
Philosophical Transactions of the Royal Society of London Series B. 2004; 359:873-890.
[PubMed: 15306404]

Kruuk LEB, Slate J, Wilson AJ. New answers for old questions: The evolutionary quantitative genetics
of wild animal populations. Annual Review of Ecology and Systematics. 2008; 39:525-548.

Kuzawa CW, Quinn EA. Developmental origins of adult function and health: Evolutionary
hypotheses. Annual Review of Anthropology. 2009; 38:131-147.

Lindstrém J. Early development and fitness in birds and mammals. Trends in Ecology and Evolution.
1999; 9:343-348. [PubMed: 10441307]

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blomquist

Page 14

Lummaa V, Clutton-Brock T. Early development, survival and reproduction in humans. Trends in
Ecology and Evolution. 2002; 17:141-147.

Lynch, M.; Walsh, B. Genetics and Analysis of Quantitative Traits. Sinauer Associates, Inc.;
Sunderland, MA: 1998.

Maestripieri, D. Maternal influences on offspring growth, reproduction, and behavior in primates. In:
Maestripieri, D.; Mateo, JM., editors. Maternal Effects in Mammals. University of Chicago Press;
Chicago: 2009. p. 256-291.

Maestripieri, D.; Hoffman, CL. Behavior and social dynamics of rhesus macaques on Cayo Santiago.
In: Wang, Q., editor. Bones, Genetics, and Behavior of Rhesus Macaques (Macaca mulatta): Cayo
Santiago and Beyond. Springer; New York: 2012. p. 247-262.

Marshall DJ, Uller T. When is a maternal effect adaptive? Oikos. 2007; 116:1957-1963.

Martin LJ, Mahaney MC, Bronikowski AM, Dee CK, Dyke B, Comuzzie AG. Lifespan in captive
baboons is heritable. Mechanisms of Ageing and Development. 2002; 123:1461-1467. [PubMed:
12425953]

Morris WF, Altmann J, Brockman DK, Cords M, Fedigan LM, Pusey AE, Stoinski TS, Bronikowski
AM, Alberts SC, Strier KB. Low demographic variability in wild primate populations: Fitness
impacts of variation, covariation, and serial correlation in vital rates. American Naturalist. 2011;
177:E14-E28.

Mousseau TA, Fox CW. The adaptive significance of maternal effects. Trends in Ecology and
Evolution. 1998; 13:403-407. [PubMed: 21238360]

Nakagawa S, Schielzeth H. Repeatability for Gaussian and non-Gaussian data: a practical guide for
biologists. Biological Reviews of the Cambridge Philosophical Society. 2010; 85:935-956.
[PubMed: 20569253]

Nickerson, SC. Milk production: Factors affecting milk composition. In: Harding, F., editor. Milk
Quality. Blackie Academic and Professional; London: 1995. p. 3-24.

O’Hara RB, Cano JM, Ovaskainen O, Teplitsky C, Ahlo JS. Bayesian approaches in evolutionary
quantitative genetics. Journal of Evolutionary Biology. 2008; 21:949-957. [PubMed: 18373658]

Pemberton JM. Wild pedigrees: the way forward. Proceedings of the Royal Society of London Series
B. 2008; 275:613-621. [PubMed: 18211868]

Pettay JI, Kruuk LEB, Jokela J, Lummaa V. Heritability and genetic constraints of life-history trait
evolution in preindustrial humans. Proceedings of the National Academy of Sciences of the United
States of America. 2005; 102:2838-2843. [PubMed: 15701704]

Postma E, Heinrich F, Koller U, Sardell RJ, Reid JM, Arcese P, Keller LF. Disentangling the effect of
genes, the environment and chance on sex ratio variation in a wild bird population. Proceedings of
the Royal Society of London Series B. 2011; 278:2996-3002. [PubMed: 21345862]

Price T, Schluter D. On the low heritability of life history traits. Evolution. 1991; 45:853-861.

Quiatt D. Aunts and mothers: Adaptive implications of allomaternal behavior of nonhuman primates.
American Anthropologist. 1979; 81:310-319.

R Development Core Team. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing; Vienna, Austria: 2012.

Ralls K, Ballou J. Effects of inbreeding on infant mortality in captive primates. International Journal of
Primatology. 1982; 3:491-505.

Résénen K, Kruuk LEB. Maternal effects and evolution at ecological time scales. Functional Ecology.
2007; 21:408-421.

Rawlins RG, Kessler MJ. Climate and seasonal reproduction in the Cayo Santiago macaques.
American Journal of Primatology. 1985; 9:87-99.

Rawlins, RG.; Kessler, MJ., editors. The Cayo Santiago Macaques: History, Behavior, and Biology.
SUNY Press; Albany: 1986.

Robbins AM, Robbins MM, Gerald-Steklis N, Steklis HD. Age-related patterns of reproductive
success among female mountain gorillas. American Journal of Physical Anthropology. 2006;
131:511-521. [PubMed: 16941601]

Roff, DA. Evolutionary Quantitative Genetics. Chapman and Hall; New York: 1997.

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blomquist

Page 15

Roff DA. A centennial celebration for quantitative genetics. Evolution. 2007; 61:1017-1032.
[PubMed: 17492957]

Roseman CC, Willmore KE, Rogers J, Hildebolt C, Sadler BE, Richtsmeier JT, Cheverud JM. Genetic
and environmental contributions to variation in baboon cranial morphology. American Journal of
Physical Anthropology. 2010; 143:1-12. [PubMed: 20623673]

Rossiter MC. Incidence and consequences of inherited environmental effects. Annual Review of
Ecology and Systematics. 1996; 27:451-476.

Sade, DS.; Chepko-Sade, BD.; Schneider, JM.; Roberts, SS.; Richtsmeier, JT. Basic Demographic
Observations on Free-Ranging Rhesus Monkeys. Human Relations Area Files; New Haven, CT:
1985.

Schino G. Birth sex ratio and social rank: consistency and variability within and between primate
groups. Behavioral Ecology. 2004; 15:850-856.

Solomon, NG.; French, JA., editors. Cooperative Breeding in Mammals. Cambridge University Press;
New York: 1997.

Southey BR, Rodriguez-Zas SL, Leymaster KA. Discrete time survival analysis of lamb mortality in a
terminal sire composite population. Journal of Animal Science. 2003; 81:1399-1405. [PubMed:
12817486]

Suomi SJ. Mother-infant attachment, peer relationships, and the development of social networks in
rhesus monkeys. Human Development. 2005; 48:67—-79.

Thompson ME, Muller MN, Wrangham RW, Lwanga JS, Potts KB. Urinary C-peptide tracks seasonal
and individual variation in energy balance in wild chimpanzees. Hormones and Behavior. 2009;
55:299-305. [PubMed: 19084530]

Van Coillie S, Galbusera P, Roeder AD, Schempp W, Stevens IMG, Leus K, Reinartz G, Pereboom Z.
Molecular paternity determination in captive bonobos and the impact of inbreeding on infant
mortality. Animal Conservation. 2008; 11:306-312.

Visscher PM, Hill WG, Wray NR. Heritability in the genomics era—concepts and misconceptions.
Nature Reviews Genetics. 2008; 9:255-266.

Wells JCK. The thrifty phenotype as an adaptive maternal effect. Biological Reviews of the
Cambridge Philosophical Society. 2007; 82:143-172. [PubMed: 17313527]

Williams-Blangero S, Blangero J. Heritability of age of first birth in captive olive baboons. American
Journal of Primatology. 1995; 37:233-239.

Wilson AJ. Why h? does not always equal Va/Vp? Journal of Evolutionary Biology. 2008; 21:647—
650. [PubMed: 18266683]

Wilson AJ, Nussey DH, Pemberton JM, Pilkington JG, Morris A, Pelletier F, Clutton-Brock TH,
Kruuk LEB. Evidence for a genetic basis of ageing in two wild vertebrate populations. Current
Biology. 2007; 17:2136-2142. [PubMed: 18083516]

Wilson AJ, Réale D. Ontogeny of additive and maternal genetic effects: Lessons from domestic
mammals. American Naturalist. 2006; 167:E23—-E38.

Wilson AJ, Reale D, Clements MN, Morrissey MM, Postma E, Walling CA, Kruuk LEB, Nussey DH.
An ecologist’s guide to the animal model. Journal of Animal Ecology. 2010; 79:13-26. [PubMed:
20409158]

Wolf JB, Wade MJ. What are maternal effects (and what are they not)? Philosophical Transactions of
the Royal Society of London Series B. 2009; 364:1107-1115. [PubMed: 19324615]

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Blomquist

age class mortality rate (mean phenotype)

0.08

0.06

0.04

0.02

0.00

Page 16

0 30 180 360 540 720 900

age class (days)

Figure 1.
Death rates in the analyzed dataset (dots) and for all sexed infants born in the same cohorts
(circles).
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Figure 2.

Predicted probability of death across maternal ages for the 0-30 age class (solid black line).
The small primiparity effect is also illustrated with the dashed line covering ages of
primiparae. The oscillating grey line and rug show the distribution of maternal ages in the
sample.
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Figure 3.

Violin plots of posterior distributions for variance component ratios in the offspring age
classes. Each posterior mode is indicated by the black dot corresponding to the repeatability
models in Table 3.
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Figure4.

Random effect solutions for death in the 0-30 day age class scaled as death rates relative to
the baseline as in Table 2 (0.03). Posterior modes of the cohort solutions (upper panel) show
unusually high mortality in 1963 (filled dot). Posterior modes of solutions for individual
mothers (lower panel) are given as rug along the axis and full posterior density for the
extreme mothers with lowest (black) and highest mortality (grey).

Am J Primatol. Author manuscript; available in PMC 2014 March 01.




Page 20

Blomquist

Am J Primatol. Author manuscript; available in PMC 2014 March 01.

Sv0'E 920°€ 2962 628°C Tv9'C  T2SC  ¥85C 8.8 T2y %
8ET'0T  086TT  9/8TT  TY9TT  2rOTT  +280T 828°0T T1290T 0<%
9000 9000 9000 5000 G000  S000 G000 5000 Iy
€587 zere SITE ZeTE zeTe  G8Te 68TE  TL0t (T <w)diysqrs [eussredx
00T°€ uTe 86T°€ 6LT°€ 6/T¢  €oze  Goze  S6Te (T <w)dysqs [euserewx
161°T ov0'e 890°C 180T 9,07  €ITZ S0TC 6861 Jayyey sad Bulisdyo x
1€2°C LvET 78¢C 88€C vo€T  TleT  TLET 62T Jaypow Jed Bundsyox
66.°C S9TC €981 981 €vzz  T189T  606T  080€ Po1OBULOISIP %
€29'G8 Y998 00€'G8 S0P 16678 68€78 GYST8  86GY8 ey 1s3be) o
z z z Z Z 4 Z z vIT 2
4 4 v v v v v 4 8/T 2
4 4 v v v v v v 9T/T 2o
€T (44 T4 T4 T 92 9 LT 0<d
0 0 z z z 4 z 0 sqis [Iny
16 €qT 091 o1 o1 0T 197 62T sqis-jley [eu.ored
685 0zL 95, 96 €8 z88 158 189 SqIS-Jley [RUJeTEW
16 €qT 291 991 991 T 697 621 squs [euored
685 0zL 85/ 861 9e8 88 658 189 SqIS [euJBYeW
67 08 78 18 18 06 88 ¥9 siayrejpuelb [eussred
ot 02 €12 112 812 vee 122 S.T sJayjowpuelf [eussyed
6 08 8 18 /8 06 88 9 sIayreypuelf [eussiew
829 95, 8L 618 998 16 168 vEL sJayjowpuelf [eussyew
ot 02 €12 112 812 vee 122 S.T saniuared
€zL 658 868 V6 €66 10T 220T 928 saniusleW
€9 9 89 4] LL 6L 8L €L siapunoy
L 8 8 8 8 8 8 8 suolresausb wnwixew
98/ 26 996 €101 0,01 0SIT  00TT 606 s1aquiau 9a.61pad
999 6LL 918 658 916 116 6v6 €8L sq| padAouayd
006-0z. 02/—0vS OvG09€ 09e-08T 08T-0E 080 08I0 0060
"sse|d abe Bunidsyyo yoes ul pazAeue siaylow syl o) sansies aaibipad
T3alqelL

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript



Page 21

Blomquist

S¥8'0 ¥6.°0 9920 8¢L°0 6290 79’0 2990 0.0 It 2 %
8G.'T 689'T ¢S9'T LIST |ZAA" [4uA ory'T wo'T 812y %
006-0¢. 0c/0vS OvS09c 09e-08T 0810 0E0 0810 0060

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



Page 22

Blomquist

'(,¢) a1qeLreA sy ur 8bueyd 11uN e 01 anp yleap o Aljiqeqoud ui sbueyd sjeuonodoid e pue (3dadisiut) arel yreap auljaseq ol
paWIo)SuURI] aJe asay "8]eas 1160] ayl uo uaAIb [eAlslul 8]gIPald %4GE J18U1 pue sueaw Joualsod ate g ssejd abe Yyors ul yieap 1o suonenbs uoissalbioy

NIH-PA Author Manuscript

5000 2100~ ¥000- 1660 200 0000- 9000  900°T Zabe
600 8200- €800  2€0T 60070 1800~ 6E0°0- €960 abe
0950 ZvT0- 9020 22T 08v0 vST0- +9T°0  TLTT  snowaid ‘dai
1680 T9T0- 9560  ¢IFT  68E0 €67'0- €500- 0560  snosediwnd
x€000- TTO0- L000- €660  «6000 €000 9000  900°T  Moyoo usbe
9810 7520- 9800- 9960  ¥6Z°0 ¥60'0- 0600  T60°T 8w
«120€- 6IT7—- ¥S9€- G200  «Zv0'€- 90L°€- 99€€- €€0°0 1deouaul

skep 0v5—-09¢ sAep 09€-08T
125°¢ €210- G08T  GISS Joud 11xe
£VSGE  295C  TE0E  ¥I8YT  «I0VS YOOV  289F%  2/€9¢  Buunpuxe
«9T00 €000 0700 OT0T  xT200 0100 GT00  GIOT zabe
x€000- TIT0- SS00- /60 0000 2600~ 9¥0°0- 9560 abe
7650 GLT0- TLT0 28TT €0 vZT'0- 0970  89T'T  snoiaid ‘dai
LT60 1100- 6¥¥’0  6YST 2250 09z0- GyT'0  TSTT  snosediund
2000 G00'0- TO00- 6660  «E000- 6000~ 900°0- ¥66'0  Moyoo up abe
«EPP'0  ZT00  ¥2Z0  SheT  ETTO SYZ0- TLO0- ¥E60 aew
«G0SE- /8T7- T88'E- 0200  «69T'€E- 698E- PISE- 6200 1daauaul

sAep 087-0¢€ skep 00
Joud 11xa
x€/9€  6v6C  €0EE  OTTCT «IEST  09TT  OFET  T69C Bunnp 3xe
%0200 TT00  ST00  GTIOT  «TTO0 2000 2000  900°T Zabe
«9200- 20T'0- €900- T¥60  TT00 1500~ €20°0- 1860 afe
1270 G90'0- 2LT0  8LTT  €LE0 L80°0- L9T0  TST'T  snoiaeid ‘dau
1850 T90'0- 2920  88ZT  THS0 9600~ ¥520  9g¢T  snotediupd
«2000- L000- ¥000- 9660 0000 ¥000- 2000- 8660  HOYod I afe
2LT0 L2T0- 1200 T20T  x€.20 €100 #¥I0  62TT a[ew
x22L'T- G8T€- 166'C- 8Y00  «6LV'T- 010C- PPLT-  6YT0 1daouaul

sAep 08T-0 sAep 006-0

1D %56 d 9 1D %56 g 9

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



Page 23

Blomquist

«ZPPT  GY00 980 20T 96L0 9650~ 9€T0  THT'T Joud 11xe
%8G8'T 8970  9¥0T  808C  ¥6V'T Tw0'0- SSL0  TL0T Butinp 11xe
L00°0 8T0'0- S000- G660 5000 LT00-  9000- ¥660 zabe
9970 2€0'0- 1900  690T  ¥TTO €V0'0- SE00  ¥EO'T abe
60L°0 0zro- 8210  GETT 6120 0r9'0- 8TZ0- 8080  snoinaid ‘das
780'T €6L°0- 2910  ¥.TT 59670 90€'0- 2260 89T  snosediwnd
7000 2T00- S000- G660 90070 ¥00'0- T000  TOOT  Hoyod uiafe
60 0€€'0- /500 8S0T 6900 9250~ +2T0- €080 a[ew
=LE0V- ¥86'G- €06'v- L0000  «T0C€- S9TV- S69°€- 200 1daouaul
skep 006-02. skep 0z.-0vS

2290 vv6'0- TZT0- 6880 «608T  GI¥0  TOT'T  8I8C Jond 11xe
€620 TOTT- GZv0- 6590 «E6LT 8.0  ¥62T  TISE€ Buinp 11xe
1D %56 d 4 1D %56 d ,d

NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



Page 24

Blomquist

€15°0-TLT'0:¢c€’0  L¥C’0-000°0 :TO0'0  006-0¢L
8671'0-0¢0'0:080°'0  261°0-000°0 :T00'0  0¢.-0¥S
¢yC’0-¥90°0 ‘vET'0  6¥1°0-000°0 :TOO'0  0¥S-09€
620°0-800°0 :€€0'0  ¥80°0-000°0 :000'0  09€-08T
090'0-000°0 :T¢0'0  ¢T1°0-000°0 ‘T00°0 08T-0¢
T¢T°0-9¢0°0:G90°'0  S9¢°0-STT°0:T8T'0  ¥6T°0-000°0:€80°0  06T1°0-000°0 :TO0'0  0CT'0-L¢0°0:990°0  09¢°0-9TT°0 :€8T°0 0€-0
€.,0°0-¥70°0:LE00  ¥9T°0-¢S0°0 :260°0  9TT'0-000°0:000'0  ¥¢T1°0-000°0 :TO0'0  T80'0-LT0'0 :9€0°0  ¢9T°0-L¥0°0 :TOT'0 08T1-0
G97°0-T90°0 :660'0  060°0-0¢0°0 0500  890°0-000°0 :T¥0'0  ¥50°0-000°0 :000'0  097°0-850°0 ‘8600  ¥80°0-800°0 :9¥0°0 006-0

10949 110402 Avliqereads 1 Aupgeisey 1940 8d 10949 110y0d Aujiqeresds i

sppow pajuswbne sppow Aljigereada sse|o afe

"0 uey) Jerealb sanijigeleadal
YIIM S8SSB|0 834U} Y} Ul Sjapow pajuswibne pue sasse|d abe [[e ul sjapow Aljigereadal sy 1o} S[eAISIUI 3]qIPaId 9466 PUR SOITR) UBU0dWOd SoUBLIRA

€9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Am J Primatol. Author manuscript; available in PMC 2014 March 01.



