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Abstract

In polygynous primates, a greater reproductive variance in males have been linked to their reduced
life expectancy relative to females. The mortality patterns of monogamous pair-bonded primates,
however, are less clear. We analyzed the sex differences in mortality within wild (Myajes = 70,
Neemales = 73) and captive (Mviales = 25, Meemales = 29) populations of Azara’s owl monkeys
(Aotus azarae), a socially and genetically monogamous primate exhibiting biparental care. We
used Bayesian Survival Trajectory Analysis (BaSTA) to test age-dependent models of mortality.
The wild and captive populations were best fit by the logistic and Gompertz models, respectively,
implying greater heterogeneity in the wild environment likely due to harsher conditions. We found
that age patterns of mortality were similar between the sexes in both populations. We calculated
life expectancy and disparity, the latter a measure of the steepness of senescence, for both sexes in
each population. Males and females had similar life expectancies in both populations; the wild
population overall having a shorter life expectancy than the captive one. Furthermore, captive
females had a reduced life disparity relative to captive males and to both sexes in the wild. We
interpret this pattern in light of the hazards associated with reproduction. In captivity, where
reproduction is intensely managed, the risks associated with gestation and birth are tempered so
that there is a reduction in the likelihood of captive females dying prematurely, decreasing their
overall life disparity.
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INTRODUCTION

A growing body of evidence indicates that many polygynous primate species conform to the
characteristic mammalian trend of reduced lifespan in males relative to females
[Bronikowski et al., 2011]. A smaller proportion of males reaching the oldest age classes
have been documented in several primate clades, including the great apes [Hill et al., 2001;
Muller & Wrangham, 2014; Wich et al., 2009], Old World monkeys[Drickamer, 1974,
Fedigan & Zohar, 1997; Rajpurohit & Sommer, 1991], New World monkeys [Robinson,
1988], and strepsirhines [Kraus et al., 2008]. Since many of these taxa are characterized by
greater intrasexual competition among males than females, this pattern is often interpreted as
the result of sexual selection favoring male competitive ability in the context of greater age-
independent mortality at every age class, with an associated cost to their longevity
[Kirkwood, 1977; Williams, 1957]. Thus, reduced male longevity may be owed both to
higher rates of age-independent mortality associated with male mating tactics [Alberts &
Altmann, 1995; Hoffman et al., 2008; Kraus et al., 2008], and greater increases in mortality
with age.

Relatively less research on mortality patterns has been conducted on monogamous pair-
bonded primates, which offer the potential to evaluate the influence of sexual dimorphism
and competition regimes on age and sex-specific mortality. Emerging evidence suggests that
these features are associated with alike lifespans for males and females [Clutton-Brock &
Isvaran, 2007]. For example, captive owl (Aotus sp.) and titi (Callicebus sp.) monkeys show
similar lifespans for males and females [Allman et al., 1998]. In natural settings, male and
female muriquis (Brachyteles hypoxanthus) [Bronikowski et al., 2011] and brown mouse
lemurs (Microcebus rufus) [Zohdy et al., 2014], two sexually monomorphic species with
commensurate levels of intrasexual competition, show no sex-based differences in survival.
In some instances, slight survival advantages might be experienced by males relative to
females: higher female mortality, from the onset of adulthood to the age of 18 years, has
been reported for the Milne—Edwards’ sifaka (Propithecus edwardsi), a monomorphic
species with a flexible social systemin which both males and females exhibit similar levels
of intrasexual competition and dispersal [Tecot et al., 2013].

We examined sex differences in the age-specific mortality trajectories of Azara’s owl
monkey (Aotus azarae). Owl monkeys are one of the few socially monogamous primates,
living in small groups consisting typically of an adult heterosexual pair, an infant, and a few
juveniles and/or sub adults [Huck et al., 2011]. This particular species is the only
monogamous primate for which no extra-pair paternity has been reported, a trait it shares
with a small number of monogamous mammals [Huck et al., 2014]. The genus is generally
nocturnal, with only Azara’s owl monkey exhibiting cathemerality with regular periods of
activity in the morning and evening hours [Fernandez-Duque, 2003; Fernandez-Duque et al.,
2010; Wright, 1989]. Owl monkeys are sexually monomorphic with no apparent differences
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between the sexes in body mass or size, and only moderate enlargement of canines in males
relative to females [Fernandez-Duque, 2011]. The sexes cannot even be easily differentiated
by external genitalia [Fernandez-Duque & Rotundo, 2003]. Male and females have similar
growth rates [Huck et al., 2011], both disperse from their natal groups [Fernandez-Duque,
2009], and both experience comparable levels of intrasexual competition from owl monkey
“floaters,” recently-dispersed solitary individuals who challenge established pairs and
sometimes replace resident individuals, often with no impact on the pair’s extant offspring
[Fernandez-Duque & Huck, 2013; Huck & Fernandez-Duque, 2012]. Finally, as is typical,
but not exhaustive of monogamous primates, owl monkeys display biparental care: a clear
division of labor in the rearing of offspring where females are responsible for nursing, while
males are responsible for transporting, playing, and grooming the young [Dixson &
Fleming, 1981; Rotundo et al., 2005]. In both captivity and the wild, adult males transfer
food to offspring at a greater rate than females [Wolovich et al., 2006; Wolovich et al.,
2008].

We examined two populations of Azara’s owl monkeys, one in the wild and one in captivity.
In our analyses we used the R package BaSTA [Colchero et al., 2012; Colchero & Clark,
2012], an algorithm for age-specific survival analysis when age information is missing. This
method has been showed to recover unbiased estimates of mortality with small sample sizes.
We used this algorithm to test for differences in age-specific mortality between sexes and
between environmental contexts. In addition to estimating age-specific trajectories of
mortality, we calculated two metrics that describe separate dimensions of aging [Baudisch,
2011]. The first, life expectancy, establishes the time scale over which changes in mortality
happen. The second, life disparity, indicates the steepness of senescence irrespective of time
scale. Disparity also indicates how much variability there is in the distribution of the age of
death: the lower the disparity, the steeper the increase in mortality with age [Keyfitz &
Caswell, 2005; Vaupel, 1986].

We compared these two measures between the sexes to evaluate the hypothesis that the intra-
sexual competition regime has an impact on mortality patterns between the sexes. We
predicted that there would be no differences in the model parameter estimates, life
expectancies, and life disparities between the sexes within captive and wild populations of
owl monkeys due to their similar levels of intrasexual competition. We also investigated
differences in life expectancy and disparity across populations. Some research indicate that
senescence is plastic in variable contexts within a single species [Austad, 1993; Jones, 2011;
Lemaitre et al., 2013], in concert with the prediction by Williams [1957] that senescence
would be greater in the context of greater age-independent mortality [but see Caswell, 2007].
We predicted decreased life expectancy and disparity in the wild owing to greater sources of
age-independent mortality.

METHODS

The research herein was approved by the corresponding provincial authorities in Argentina
and various Institutional Animal Care and Use Committees in the United States, and is in
accordance with the American Society of Primatologists Principles for the Ethical Treatment
of Non-Human Primates.
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Study Populations and Monitoring Procedures

A wild population of Azara’s owl monkeys has been studied since 1996 as part of the Owl
Monkey Project in the Argentinean Gran Chaco [Fernandez-Duque et al., 2001]. The study
area occupies approximately 5,000 hectares of gallery forest that grow along the Pilagé and
Guaycolec rivers in the 25,000 ha Guaycolec Ranch, Formosa Province, Argentina
(58°11°W, 25° 58’S). This area of Formosa Province is an alluvial plain consisting of a
mixture of grasslands, savanna, and xeric thorn and gallery forests. The population is
monitored regularly to collect demographic data, including group size, age classes, presence
and absence of infants, dispersal events, disappearances, and replacements of reproducing
adults [Huck et al., 2014]. The number of groups monitored each year changes, but between
eight and ten groups have been monitored regularly for 18 years [Wartmann et al., 2014].
The size of the groups varies between 2 and 6 individuals, with most groups having usually a
pair of reproducing adults and two or three non-reproducing individuals. All observed
animals are classified as adults, subadults, juveniles, or infants [Huck et al., 2011]. Sex can
only be recorded from individuals who have been unequivocally identified given the very
small sexual dimorphism characteristic of the species [Fernandez-Duque, 2011]; so, since
2001, 162 individuals have been marked and/or fitted with collars to facilitate identification
[Fernandez-Duque & Rotundo, 2003]. A more detailed description of demographic data
collection is presented elsewhere [Fernandez-Duque, 2009].

The procedure for capturing a subject is as follows: subjects are anesthetized with a small
amount of ketamine hydrochloride (25-50 mg/kg; Vetanarcol, Konig, Argentina) delivered
via disposable 0.5-cc darts from a blowpipe between 1999 and 2001 and from a CO,-
powered rifle after that [Fernandez-Duque & Rotundo, 2003]. Once captured, the subject is
examined, marked, and fitted with a collar. For the estimation of demographic parameters,
we considered an animal to be alive in a year when it was either captured or sighted. We
analyzed the birth, death, and sighting records of 143 (Myales = 70, Mremales = 73)
individuals during a 13-year period (1997-2012). The year of birth was known for all
subjects, but the year of death was only known for 27 subjects. Common causes for
incomplete death records are the subject’s movement outside the project’s monitoring range
or that it was still live at the conclusion of the sampling period.

The captive owl monkey colony is located at the Keeling Center for Comparative Medicine
and Research in Bastrop, Texas, USA. We examined demographic records of 54 individuals
(Mviales = 25, Mremales = 29) collected between 1985 and 2013. Subjects are housed as
family units, a social arrangement that reflect the most frequent social organization of wild
groups: a monogamous breeding pair and three to five non-reproducing individuals.
Reproduction is sometimes controlled through female oral contraceptives. We included in
the analyses all subjects who died a natural death or who were euthanized because of their
imminent death as reported in their health records. In captivity, there were also instances
when timings of births and deaths were unknown, for example when animals were bought,
sold, or traded, or if they were still alive. The year of birth was unknown for one individual;
the age of death was unknown for 30 individuals, who were still alive at the conclusion of
the sampling period.
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Data Analyses

We compiled and analyzed the data using BaSTA (Bayesian Survival Trajectory Analysis)
following the procedures detailed by Colchero et al. BaSTA employs a Markov Chain Monte
Carlo (MCMC) algorithm that combines Metropolis sampling for the survival parameters
and latent states (the unknown times of birth and death) and direct sampling for recapture
and sighting probabilities [Colchero & Clark, 2012]. We tested four models in each
population with identical simulation specifications. We used 150,000 MCMC iterations with
a burn in of 15,001 iterations. We thinned the resulting MCMC chain to reduce serial
autocorrelation between consecutive parameter estimates by taking every 150th estimate. We
ran five simulations per model to assess model convergence. Each model included a
categorical covariate “sex”, which we specified using a “fused” covariate structure. This
structure allowed us to estimate the impact of levels of this covariate as a linear function of
the survival parameters, in a similar way to how they are handled in generalized linear
models (GLMs). We used the Kullback-Leibler discrepancy (KLc) to measure how
differently the sex of the animal impacts survival. Values closer to 0.5 imply that there is a
minimal difference in survival parameters between the sexes; values closer to 1 imply major
differences [Kullback & Leibler, 1951; McCulloch, 1989]. Comparing this analytical
approach to more traditional tests, when using a Welch’s #test to compare means of
variables with similar variances, a p-value of 0.05 is reached when KLc 0.65. Thus, one can
interpret a KLc > 0.65 as indicative of a difference between the means that is unlikely to
occur if the distributions of the two variables were the same. Model fit was assessed using
the Deviance Information Criterion (DIC). Due to our resighting procedure in the wild being
biased toward individuals that had been radio collared, we conditioned our analyses for both
populations to survival to age 2. We do not usually capture and collar individuals younger
than 1 year of age because of the risks associated with darting individuals of smaller size;
these biases preclude us from accurately analyzing mortality during the first 2 years of life.

Models of Aging

We tested four mortality models in each population (Table I). The first three of these models
are age-dependent. The Gompertz model assumes an exponential increase in the probability
of death with age [Gompertz, 1825; Pletcher, 1999]. Historically, the Gompertz function is,
despite certain limitations, the most utilized [Promislow et al., 1999], particularly for non-
human primates [Bronikowski et al., 2002; Bronikowski et al., 2011]. In this model,
mortality increase, or actuarial senescence, is represented as an exponential function of age,
with a scale parameter given by £0, and a rate parameter 61. The Gompertz model has been
criticized for its inability to recover the mortality plateaus that are occasionally observed at
older ages in humans [Horiuchi & Wilmoth, 1997; Kannisto et al., 1994] and flies [Carey et
al., 1992; Fukui et al., 1993]. An alternative to the Gompertz model is the Weibull model
[Pinder et al., 1978], which models mortality as a power function of age and, although it
cannot reproduce late-life plateaus, it can model deceleration in late-life mortality. Finally,
the logistic function is a three-parameter model that fits an S-shaped curve. This model has
been shown to be useful in describing the slowing down of mortality in older ages. The
logistic model results from a proportional hazards Gompertz mortality model where the
proportional hazards term follows a y distribution. This y-distributed random variable
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reflects heterogeneity in frailty among individuals in a population [Vaupel et al., 1979;
Vaupel & Yashin, 1985].

We extended these three mortality functions with three additional shape-defining parameters,
a constant parameter, the Makeham ¢, which captures age-independent mortality [Pletcher,
1999], and a declining Gompertz function, which captures the decline in mortality early in
life that is characteristic of primates and mammals generally [Gage, 1998; Siler, 1979]. We
refer to these modifications as “bathtub” models (i.e., Gompertz-bathtub etc.); henceforth all
mentions of the mortality function by name will imply the addition of these parameters.
Although we have conditioned our study populations to reaching an age of 2 years, we have
no a priori reason to think that a decline in mortality is not still in progress during the
earliest years. The inclusion of an initial declining phase in the models will, therefore, help
recover the baseline mortality levels at the onset of adulthood. Finally, in addition to these
models, we also tested the exponential function [Cox & Oakes, 1984], which assumes that
mortality is constant at all ages. While a substantial body of evidence has now emerged to
disprove the notion that there is no actuarial senescence in wild vertebrate populations
[Jones et al., 2008], we included it as a null model against which to test our age-specific
mortality functions.

Analysis of the Pace and Shape of Senescence

RESULTS

We examined two different axes of senescence. First, we characterized the time-scale over
which aging occurs using life expectancy at age 2, calculated as:

eQfofS(y)dy
5(2)

where S(z)=exp(— [ u(y)dy) is the survival function. Second, we examined the steepness
of senescence, independent of the time-scale, by examining the degree to which there is a
variation in the age at death or lifespan disparity. As our measure of disparity, we calculated
Keyfitz’ entropy [Keyfitz & Caswell 2005; Vaupel 1986] from age 2 as:

23 SIS (y))dy

e2

A low disparity implies that mortality is concentrated around a specific age, whereas a high
disparity implies that mortality is widely spread at different ages. Together, these axes of
senescence have been referred to as the “pace” and “shape” of aging [Baudisch, 2011;
Vaupel et al., 2004]. We calculated KLc to estimate the level of overlap between our
estimates for each of these metrics.

Both populations showed pronounced mortality increases with age as indicated by the
universally poor fit of the exponential model (Table 11). We found that the two population
were best described by different models of mortality: the wild population by the logistic
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model, which implies a deceleration of senescence in older ages and possibly higher
heterogeneity in mortality (Fig. 1, bottom-right panel), and the captive population by the
Gompertz model, which implies an exponential increase with age (Fig. 2, bottom-right
panel).

We found very small differences in the distributions of parameter estimates for the wild
population (all KLc < 0.54; Table I1I; Fig. 1, left-most panels). For the captive population,
we found some differences between the sexes. The parameter estimates for the captive
Makeham cand b; parameters indicate slightly greater age-independent mortality for males
(KLc = 0.74) and greater age-dependent increases in mortality for females (Klc = 0.81).
Otherwise, all other parameter estimates indicate similar mortality (all other KLc values <
0.59).

Life expectancies were similar for both sexes in the captive (& Females = 11.7; & Males =
11.8; KLc = 0.57) and wild populations (& gemales = 6.6, & Males = 6.7; Klc = 0.51; Table
IV; Fig. 3A). Captive owl monkeys were expected to live an average of 5.1 more years after
reaching age 2 than wild owl monkeys who reach that age. Wild males and females also had
similar distributions in lifespan disparity (Wild: /% remales = 0.63, 5 Males = 0.68, KLc =
0.62; Fig. 3B). Captive females had a lower lifespan disparity than captive males, wild
males, and wild females (Captive: Hy Females = 0.45; all KLcs = 0.9); suggesting that, in
captivity, fewer females were dying prematurely. The lifespan disparity of captive males was
more similar to that of wild males and females (Captive: Hy pmales = 0.66; both KLcs < 0.72).

DISCUSSION

We found some support for our primary hypothesis that age-specific mortality rates do not
vary much between the sexes. We detected that there were no marked differences between
parameter estimates, life expectancies, and life-disparities of males and females in the wild
population of owl monkeys. Alternatively, we found similar life expectancies, but dissimilar
lifespan disparities, in the captive population. This pattern of the expectation and distribution
of the age at death in the captive population is consistent with a cross-over in mortality,
whereby males experience greater mortality early in life, but lower levels later in life [Vaupel
& Yashin, 1985]; female mortality eventually overtakes male mortality through steeper
actuarial senescence (Fig. 2, bottom-right panel).

The difference in male and female lifespan disparity is an unanticipated result. One
interpretation is that a greater portion of males are dying prematurely; however, we have
difficulty identifying possible mechanisms through which this selection may operate since
males and females exhibit an impressive monomorphism and are subject to similar
environmental and social circumstances in captivity. One possible explanation relates to the
costs of gestation and how reproduction is managed in the captive colony [Hoffman et al.,
2008; Tardif et al., 2008]. In our captive sample, otherwise similar mortality patterns (as
evidenced by the wild sample) are likely to be influenced by the use of contraceptives to
manage the population. Birth control can reduce the risks normally associated with the first
birth by delaying it until the mother is more fully developed, thus reducing the selective
mortality experienced by females early in life and pushing female mortality below that of
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males. However, it is unclear why female mortality increases at a faster rate with age than
males. It is possible that unnaturally large birth intervals imparted by contraception may
impact maternal mortality; however, presently we cannot evaluate this relationship.

From an evolutionary perspective, the rate of mortality increase is expected to be influenced
by the degree of external, age-independent mortality experienced by a population
[Kirkwood, 1977; Williams, 1957]. We find support for this hypothesis in that Azara’s owl
monkey has both similar levels of intra-sexual competition and age-specific mortalities.
However, an alternative hypothesis was presented by Allman and colleagues [1998], who
argued that natural selection favors longevity in the sex most responsible for rearing
offspring. Since owl monkeys exhibit biparental care, similarities in mortality may be due to
selection pressures increasing male longevity, rather than the lack of selection for male
competitive ability that in turn shortens male lifespan. Unfortunately, we are unable to
discriminate these two hypotheses, because the owl monkeys we examined in this study
exhibit both similar levels of intrasexual competition and biparental care.

The affiliative nature of male—female relationship in owl monkeys represents a major
adaptation, and it is possible that the existence of a bond between partners buffers against,
and possibly reduces, differences in mortality between the sexes. In primates there is a
documented role for an individual’s social bonds to influence their own and their offspring’s
longevity [Nakamura et al., 2014; Silk et al., 2003; Silk et al., 2009; Silk et al., 2010].
Furthermore, emerging evidence across diverse taxa indicates an influence of partners within
mating dyads on each other’s longevity [Monaghan et al., 2011; Seslija et al., 2008].
Examining how each owl monkey pairmate influences the other’s age-specific mortality
would be an interesting direction of research.

We also investigated the degree to which actuarial senescence in this species exhibited
plasticity in various environments. It is notable that the mortality trajectories of the two
populations were best-fit by different mortality functions. The S-shaped logistic mortality
trajectory of the wild population can be indicative of an overall greater degree of
heterogeneity, whereby frail individuals are more likely to be selected out due to harsher
environmental conditions in the wild than in captivity. This is consistent with our results
where we find that the captive population is best-fitted by the Gompertz model, which is a
special case of the logistic model where heterogeneity is absent. Our prediction that life
expectancy would be longer in captivity was supported by the analysis, an unsurprising
result considering the greater mortality risk from external sources (i.e., predation) at all age
classes in the wild. However, if our previous interpretation of life disparity is true (i.e.,
captive females are anomalous because of the use of contraceptives), then that would
indicate that the steepness of senescence is not different between wild and captive
populations; thus, we do not find support for our final prediction that greater external
mortality in the wild leads to steeper senescence. It may be possible that the anomalous
nature of our captive sample precludes our ability to accurately test this prediction. However,
recent theoretical considerations may also cast doubt on the validity of the prediction itself
[Caswell, 2007].
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The forested habitat, partial nocturnality, arboreality, and relatively small size of the
monogamous Azara’s owl monkey present frequent challenges to demographic data
collection, and by extension to the examination of the influence of competition regime on
age-specific mortality. For our analysis, we used BaSTA, a tool for fitting mortality models
to data sets compromised by small sample sizes and incomplete census records. These are
frequent limitations of primate field data, so we encourage future research to consider this
method. Additionally, it would facilitate the testing of specific models of mortality, rather
than simply examining survivorship, which conflates age-dependent and age-independent
sources of mortality [Pletcher, 1999]. As long-term demographic data on primate
populations become increasingly available, the examination of various mortality functions fit
to the data, together with the exploration of different axes of aging, such as life-expectancy
and life disparity will help tease apart the underlying mechanisms and improve our
understanding of the ways in which primates age.
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Fig. 1.

Age-specific mortality and survival trajectories for a wild population of Azara’s owl
monkeys (Aotus azarae) in Formosa Province, Argentina. Female (red) and male (blue)
estimated survival and mortality curves of the logistic model. Colored areas surrounding the
curves represent the 95% confidence intervals. Density plots for the model parameters (see
Table 1) are depicted left of the mortality and survival profiles.
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Fig. 2.

Age-specific mortality and survival trajectories for a captive population of owl monkeys
(Aotus spp.) at the Keeling Center of Comparative Medicine. Female (red) and male (blue)
estimated survival and mortality curves of the Gompertz model. Colored areas surrounding
the curves represent the 95% confidence intervals. Density plots for the model parameters
(see Table 1) are depicted left of the mortality and survival profiles.
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Fig. 3.

Female and male estimated life expectancy (A) and life disparity (B) in a wild population of
Azara’s owl monkeys in Formosa Province, Argentina (red) and a captive population at the
Keeling Center for Comparative Medicine (black).
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TABLE |
Tested Mortality Functions

Title Formula
Gompertz

1p(x|b)=exp[bo+b1 1]
Weibull

11 (D) =boby ) (b — 1)
Logistic

exp(bp+b1x)
1+b2exp(b0)/b1 (bll’) — 1)

pb(z|b)=
(
Additional shape-defining parameters
pio(2|0)=pp([b)+c+exp(ao — arz)

Exponential
fp(2[b)=0

The tested mortality (), functions given age (x), and parameters (). The Gompertz, Weibull, and logistic functions were all extended by additional
shape-defining parameters, the Makeham c term for age independent mortality, and an initial declining Gompertz function with parameters a1 and

a2. The exponential function is age-independent and assumes constant mortality with age.
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