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Sexually selected traits and the use of strategies to enhance male reproductive success (e.g., competition and dispersal) can yield sex
differences in metabolic requirements, rates and durations of growth and maturation, and the propensity for risky behavior, which are sug-
gested to result in age-specific sex differences in mortality and life span. We investigated age-specific sex ratios, mortality, and dispersal
in Propithecus edwardsiin Ranomafana National Park, Madagascar. We predicted that, due to similarities in growth rates and body sizes,
male and female juvenile mortality rates would be comparable; because both sexes disperse and have intense intersexual competition and
aggression, adult mortality would be similar; given similarities in dispersal frequency and distance, the timing of dispersal would not differ.
We used 80 group-years births, deaths, and dispersals (Migmaies = 41, Nimaies = 34) collected over 23 years to calculate sex ratios and survival
curves. Females lived longer than males (maximum 32 and 19 years, respectively). Sex ratios were male biased from sexual maturity through
17 years and female biased at birth and older ages. Infant survival probabilities were similar. Thus, differential development and maturation
are unlikely explanations for longer female life span in this species. Males were more likely to survive from 2 to 18 years. However, male
annual survival probability declined quickly around 13-18 years; males continued to disperse until their deaths, whereas females generally
stopped dispersing after 11 years. \We suggest that sex differences in the timing of dispersal and the unique challenges of risky behavior at
older ages may be sufficient to yield differences in male and female life span.
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INTRODUCTION the propensity for risky behavior that enhances male reproductive
success (Promislow 1992; Moore and Wilson 2002; Setchell et al.
2005; Kraus et al. 2008). Variation in mortality and reproduction
between the sexes has important demographic, sexual selection,
and life-history consequences (Gaillard et al. 1989; Magnhagen
1991; Andersson 1994). As a result, understanding sex differences
in life-history patterns has been a central theme in ecological and
evolutionary disciplines (Bonduriansky et al. 2008).

It is common to observe skewed adult sex ratios in mammals
despite the prediction by Fisher (1930) of balanced sex ratios.
Frequently, skewed adult sex ratios are the result of differential
mortality between males and females (Clutton-Brock et al. 1977,
1982), with females commonly living longer than males. Empirical
studies of a broad array of mammalian and avian species support
the general theory that male survival is lower than female survival . . .
(Clutton-Brock et al. 1982; Jorgenson et al. 1997; Modaferri and Sexual conflict between males and females, particularly as it

Becker 1997; Christe et al. 2006; Bronikowski et al. 2011). This dif- pertains to costs of reproductive effort, has been proposed as an
ultimate cause of sex-specific life span and mortality patterns

(Arnqvist and Rowe 2005; Bonduriansky et al. 2008). Increased
male mortality due to predation (Owen-Smith 1993), male-biased

! . dispersal, and movement patterns (Fedigan and Zohar 1997,
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ference is often interpreted as a cost of sexually selected traits and
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(Clutton-Brock et al. 1982), and the possible immunosuppressive
effects of testosterone (Folstad and Karter 1992; Roberts et al.
2004) have all been suggested as proximate causes for the sex
differences in survival and life span (Bonduriansky et al. 2008;
Bronikowski et al. 2011). However, without examining when
mortality occurs, understanding the factors determining sex-
specific differences is limited. For example, faster growth rates
of males (compared with females) can lead to nutritional stress
that may make them more vulnerable during juvenility (Clutton-
Brock et al. 1985; Iedigan and Zohar 1997), resulting in higher
juvenile mortality. The “fragile male” hypothesis addresses the
differential developmental trajectories of males and females and
predicts higher rates of male mortality during the juvenile period
of development, particularly if there are periods of resource
scarcity (van Schaik and de Visser 1990; Janson and van Schaik
1993).

An alternative hypothesis, “high risk, high gain,” predicts higher
male mortality rates during adolescence and adulthood due to
risky behavior (e.g., male-male competition or dispersal; Trivers
1985; Rajpurohit and Sommer 1991). Empirical support for this
hypothesis has been documented across primate species (yellow
baboons, Papio cynocephalus: Alberts and Altmann 1995; vervet
monkeys, Chlorocebus aethiops: Fairbanks et al. 2004; gray mouse
lemurs, Microcebus murinus: Kraus et al. 2008). Alternatively, higher
average male mortality may not be age related, but rather due to
increased risk of mortality during the breeding season (Hoogland
et al. 2006; Kraus et al. 2008) or when environmental conditions
are unfavorable (Coulson et al. 2001; Bonenfant et al. 2002; Toigo
and Gaillard 2003). When the environment is predictably unpre-
dictable, sex differences in reproductive costs may cause females
to forego reproduction in suboptimal years and thus follow a “bet
hedging” strategy (Stearns 1976, 1992; Wright 1995; Gaillard
and Yoccoz 2003). This strategy leads to the “live slow, die old”
hypothesis (Bonduriansky et al. 2008), where disparities between
male and female growth, maturation, and life span may be due
to females slowing down growth and development to compensate
for interannual climatic unpredictability. This results in “early
bloomer” males (Richard et al. 2002) and longer female life spans
(Charnov and Berrigan 1993). This hypothesis would suggest that
mortality at all ages is expected to be higher in males than in
females.

In this article, we investigate the life-history strategies of male and
female Milne-Edwards’ sifaka (Propithecus edwardsi). Understanding
P edwardsi life history and specifically evaluating sex differences in
life span can greatly add to evolutionary theory of sex-biased traits,
as this species lacks many characteristics commonly proposed to
influence differences in male and female life spans in other species.
For example, differential growth rates (Clutton-Brock et al. 1985;
Fedigan and Zohar 1997) and sexual dimorphism (Promislow 1992)
are predicted to drive mortality differences among male and female
juveniles, and adult life span. However, these traits are not observed
in P edwards: (King et al. 2011). Therefore, P edwardsi females do
not likely follow the “live slow, die old” strategy, despite living in an
area of annual climatic and resource variability (King et al. 2011)
and having high female infant and juvenile mortality (Pochron et al.
2004). Sex differences in predation rates in many species may also
explain differences in male and female survival at various life stages
(Christe et al. 2006), but there is no evidence for sex-biased preda-
tion on P edwardst (Irwin et al. 2009). Although male-biased disper-
sal 1s known to result in higher male mortality (e.g., yellow baboons:
Alberts and Altmann 1995), both male and female P edwardsi
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disperse, with no significant differences in the frequency or dis-
tance of dispersal detected (Morelli et al. 2009). Finally, male-biased
aggression and competition for mating opportunities may explain
differences in life span (Clutton-Brock and Isvaran 2007); however,
P edwardst are polygynous, and both males and females are aggres-
sive and often violent toward both sexes (Wright 1995, 1999; Wright
P, unpublished data). Furthermore, total testosterone levels do not
differ between the sexes (Tecot SR, Zohdy S, Jernvall J, Wright PC,
in preparation).

We examine age-based sex ratios and mortality to determine if
there are sex-biased survival rates and life spans with 2 edwardst.
Using 15 years of demographic data collected from the same popu-
lation as in this study, Pochron et al. (2004) explored patterns of
female mortality and fertility and their implications for group sex
ratios. We build on this work by analyzing an additional 9 years of
data, investigating both males and females, and studying popula-
tion-wide sex ratios. The “fragile male” and “high risk, high gain”
hypotheses both predict sex-based differences in mortality at differ-
ent life stages, resulting in differences in sex ratios and male and
female life spans. Given the lack of traits typically associated with
divergent male and female mortality rates and sex-biased longev-
ity in primates and other mammals, we expected that males and
females would have similar sex ratios and life spans. Specifically, we
predicted that 1) due to similarities in growth rates and body sizes,
male and female juvenile mortality rates would be comparable
and 2) because both sexes disperse and there is intense intersexual
competition and aggression, adolescent and adult mortality would
be similar, resulting in similar life spans. Given the similarities in
dispersal frequency and distance reported for this species (Morelli
et al. 2009), we also predicted that there would be no difference in
the timing of dispersal that would lead to divergent mortality rates.
Lastly, we compare our findings with sex differences in survival and
group transfer or dispersal in other species and discuss causal fac-
tors likely driving observed patterns.

METHODS
Study site

Data were derived from a long-term and ongoing study (1986—pres-
ent) of P edwardst in Ranomafana National Park (RNP) in south-
castern Madagascar (lat 21°16”S and long 47°20’E; Wright 1992).
RNP consists of approximately 43 500 ha of submontane rainfor-
est, which ranges from 559 to 1396 m in elevation, has an aver-
age temperature of 21 °C, and receives an average of 3090 mm
of rain per year (Tecot 2008; Wright et al. 2008). The climate at
RNP varies seasonally with higher rainfall and temperature dur-
ing the months of December-March than during the remainder of
the year (Overdorff' 1993; Hemingway 1996; Wright 2006). Within
this seasonal pattern, there is considerable interannual variation
with the monthly distributions of rain and fruit being unpredict-
able from year to year (King et al. 2011). Individuals in our study
were members of 4 social groups in the area of RNP known as
Talatakely. The Talatakely study site is at an altitude of 900-1100
m and is accessible to researchers through a system of trails.

Study subjects

P edwardst are sexually monomorphic with both males and females
having an adult body mass averaging 5.7 kg (King et al. 2011). Social
groups range in size from 2 to 9 individuals and typically include 1
or 2 breeding females (Pochron and Wright 2003a; Morelli et al.
2009). Reproduction is highly seasonal and most births occurred
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from May to July (with the exception of 1 in 54 births, which
occurred in September; Wright P, unpublished data). Dispersal by
both sexes peaks during September, and individuals may disperse
several times in their lifetime (Morelli et al. 2009). Pochron et al.
(2004) describe the history of research and habituation of the study
groups, and aspects of demography have been published previously
(Wright 1995; Pochron and Wright 2003a; Pochron et al. 2004).
Male and female growth rates and durations do not differ (King
et al. 2011), and age categories for both sexes were defined as
follows: infants <1 year, juveniles 1-3.5 years, and adults >3.5 years
(Morelli et al. 2009).

Data used in this study represent 80 group-years of observa-
tions (24 years each for Group I and Group II, 19 years for Group
III, and 13 years for Group IV). Study animals (» = 41 females,
34 males) were habituated to the presence of humans; each group
was followed for a minimum of 5 days per month, during which
time focal follows continued from dawn to dusk. All births, deaths,
immigrations, and emigrations were recorded ad libitum and are
accurate to within an average of 1 week (see Pochron et al. 2004
for details). Individuals were identifiable by collar-tag combinations
(see Wright 1995 for capture and marking procedures used with
this population).

The date of birth for most individuals born since the start of
this study is known within 2 weeks (n = 30 females, 22 males), and
the ages of some individuals that entered the study groups from
unmonitored groups as well as some of those who were born before
1986 were estimated on the basis of tooth wear documented dur-
ing captures (n = 8 females, 8 males; King et al. 2005; Wright
et al. 2008). The ages of the remaining individuals (dates of birth
not observed and dental molds not taken) were estimated (n = 3
females, 46 males) by author Patricia Wright, facilitated by sea-
sonal breeding and obvious differences in body mass in 1-, 2-, 3-,
and 4-year-old individuals. The ages of 2 older individuals (female,
7 years and male, 6 years) were estimated during captures on the
basis of body mass, tooth tartar, and tooth sharpness.

All work was approved by the Stony Brook University
Institutional Animal Care and Use Committee. All procedures con-
formed to the American Society of Primatologists’ Principles for
the Ethical Treatment of Non-Human Primates and to the laws of
the Republic of Madagascar.

Data and analyses

We analyzed sex ratios by calculating the proportion of females
to the population as a whole over the entire course of the study
(1986-2009) for each age, and annually. Using survival analyses, we
examined the pattern of age-specific exits from social groups and
evaluated the effect of sex on the cumulative probability of exit-
ing. Survival analyses are a flexible framework useful for determin-
ing the time it takes for an event to occur; our events were exits
from a social group, which were defined as 1) confirmed death
or 2) confirmed dispersal (within or out of the study population).
Dispersals are defined generally as any transition from a group and
not restricted to dispersal from an animal’s natal group. Despite
best efforts, 10 events could not be reliably classified as either dis-
persal out of the study area or a death, but were definitely an exit
from the study area. Instead of removing the observations or cen-
soring the individuals, which would introduce bias, as their exclu-
sion would not be random but conditioned on the events in which
we are interested (White and Garrott 1990), we provide 2 analy-
ses of dispersals and survival: 1) assuming unknowns are all deaths
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and 2) assuming unknowns are all dispersals. Either assumption is
extreme, such that we expect the true cumulative distribution to lie
in between the 2. We restrict our interpretation of results as it per-
tains to the effect of sex only if both analyses agree.

Survival data included 26 observations of males and 38 observa-
tions of females in the study area. Individuals that dispersed outside
of the study area were not followed until death. Thus, we assumed
that dispersing within, out of, and into the study area are stochas-
tic processes rather than Markovian, such that observed dispersals
are a random variable, sampled from a greater population. We
observed males disperse 19 times and females disperse 15 times, in
total for each.

We used the Cox proportional hazards regression model (Cox
1972) implemented in the R package eha (Goran 2012) to estimate
cumulative distributions of exits. We were interested in comparing
2 nested models, null (no covariates) and sex (included sex effect on
survival cumulative distribution), for estimating 1) the time until a
group dispersal and 2) time until death. We considered ¢, the time
until an event, as a random variable where our model of event ¢
was defined (specifically for the model including the sex covariate)
as h(t|sex)= /lo(t)e(ﬁ‘“x) . The cox model allows the baseline hazard
function (/) to be unspecified, whereas a linear model is used to
incorporate covariate effects on the survival distribution; as such,
the model is semiparametric. Depending on the individual, obser-
vations may span an individual’s entire life, are left truncated when
individuals transfer into the study population, or right censored
when animals transfer out of the study population. Parameter esti-
mation was done using maximum likelihood as it is more robust
to tied data (Brostrom 2002), and model parsimony was evaluated
using Akaike’s information criterion (AIC,) with a second-order
bias correction for small sample size (Burnham and Anderson
2002). We compared models to evaluate the effect of sex on both
dispersals and survival by calculating model probabilities, Pr(model
J|data), known as “Akaike weight” (Burnham et al. 2011). The pro-
portional hazards assumption of our model was tested for each
analysis using weighted residuals (Grambsch and Therneau 1994)
and implemented in the R package survival (Therneau 2012); we
used o = 0.05 to determine statistical significance.

RESULTS
Sex ratios

Age-specific population sex ratios were female biased at birth until
2-2.9 years, at which point they became equal (Appendix S1 and
Figure la). After 2.9 years of age, sex ratios became male biased
and remained so until age 17. At age 17-17.9, the number of
females was again equal to or greater than the number of males.
Therefore, for the majority of age categories, the sex ratio of this
population was male biased, but with more young and old females
than males. The mean sex ratio of this population was in flux from
year to year and not consistently male or female biased (Appendix
S2 and Figure 1b).

Survival

Neither survival analysis rejected the proportional hazards
assumption (P > 0.05; Table 1). When unknowns were assumed
to be dead, AIC, values for our 2 models were 319.10 (null) and
317.66 (sex). Akaike weight was 0.67 (sex) and 0.32 (null), such
that the model with the effect of sex was 2.06 times the more
parsimonious model, given our data. Under the sex model, the

£T0Z ‘82 Afenige uo ARiqi opeiojod N e /610'seuinolpiojxo-odsyed//:dny Woi) pepeojumod


http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/art008/-/DC1
http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/art008/-/DC1
http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/art008/-/DC1
http://beheco.oxfordjournals.org/

Page 4 of 10

0.9
|

0.7
1

Proportion Females

0.4 0.5
—
-\h

0.2
|

Age (years)
Figure 1

Behavioral Ecology

o
0.60
1

.
.
8 \
[ro . . .
o . \
\ L L]
- /|
L 3 \
g /
£
[ . e-0-o
L © .
c = A .
S =° .
=
8_ . .
o o
a 3 : .
.
0
t")‘,
o
o .
s
g I T T T T 1
1985 1990 1995 2000 2005 2010

Year

Proportion of female Propithecus edwardsi in RNP, Madagascar, from 1986 to 2009 by (a) age and (b) year. The horizontal line represents an equal sex ratio.

median predicted life span of males and females were 1.1 (95%
CI, 0.50-3.25) and 2.8 (95% CI, 0.50-12.2), respectively. When
assuming the unknowns were all dispersals, AICc values were
297.39 (null) and 294.53 (sex). Akaike weight was 0.81 (sex) and
0.19 (null); thus the model with the effect of sex was 4.16 times the
more parsimonious model, given our data. Under the sex model,
the median predicted life spans of males and females were 2.17
(95% CI, 1.104.21) and 3.1 (95% CI, 1.85-4.67), respectively.
Opverall, regardless of the assumption with the unknowns, there
is moderate support for a difference in cumulative probabilities of
age-specific survival for males and females; the effect of sex was in
the same direction (Table 1). Both sexes experience high mortality
during the first 2 years of life (Figure 2). After about 2 years, male
and female cumulative survival probabilities diverge, irrespective of

Table 1

Proportional hazards regression estimates, statistical tests of
significance, and test of model assumptions of Propithecus
edwardsi survival and dispersal

Analysis N N
type Analysis B SEB..) ¥ df P
Assumption test
1 NA NA 0.06 1 0.812
2 NA NA 1.55 1 0.213
3 NA NA 2.65 1 0.103
4 NA NA 1.77 1 0.183
Survival
1 —0.374 0.21 3.8 1 0.05
2 —0.547 0.26 4.4 1 0.035
Dispersal
3 —0.483 0.225 4.6 1 0.032
4 —0.418 0.211 3.9 1 0.048

NA indicates the cell is “not applicable” to the row—column combination.
Analyses 1 and 3 assume unknown exits died, and analyses 2 and 4 assume
unknown exits transferred.

the assumption regarding the unknowns; generally more males are
likely to survive during the ages of 2-18. However, between the ages
of 9 and 18, male survival probability declines quickly, whereas the
decline for females is more gradual. After age 18, the probability
of female but not male mortality approaches zero. The oldest male
observed in this study was 19 years old; there is no evidence within
our study area of males living beyond this age. In contrast, females
that reach 19 years of age are likely to live into their early 30s.

Dispersals

We found the proportional hazards assumption was not rejected for
cither dispersal analyses (£ > 0.05). When assuming the unknowns
had all died, the AIC, values of the dispersal analyses were 371.52
(null) and 368.68 (sex). Akaike weight was 0.81 (sex) and 0.19 (null),
such that the model with the effect of sex was 4.15 times the more
parsimonious model, given the data. Given the sex model, the
median predicted ages of dispersal of males and females were 7.12
(95% CI, 5.01-8.00) and 4.58 (95% CI, 4.25-6.00), respectively.
When assuming the unknowns had all dispersed, AICc values were
531.47 (null) and 528.82 (sex). Akaike weight was 0.79 (sex) and
0.21 (null); thus the model with the effect of sex was 3.77 times the
more parsimonious model, given the data. Given the sex model, the
median predicted ages at dispersal of males and females were 7.81
(95% CI, 6.62-8.91) and 4.81 (95% CI, 4.62-7.11), respectively.
There was moderate support for a difference in cumulative prob-
abilities of age-specific dispersal in both males and females, regard-
less of the assumptions made for unknowns, and the effect of sex
was in the same direction (Table 1). Neither males nor females
disperse before they are 3—4 years of age (Figure 3). Males have
a consistently higher probability of dispersing, especially between
the ages of 6 and 10. The highest probability of female dispersal
occurs between the ages of 4 and 6 and then declines quickly; by
age 10, females have less than a 0.1 probability of dispersing. Due
to a single unknown female exit from the population at 27 years of
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Cumulative probability of survival for male and female Milne-Edwards’ sifaka (Propithecus edwardsi) in RNP, Madagascar, between 1986 and 2009.

age, it is unclear whether females stop dispersing at the age of 21
(last confirmed dispersal) or continue to have a small probability of
dispersing until they die.

DISCUSSION

Sexual selection theory predicts that intense competition in males
for reproductive opportunities results in higher mortality rates
in males over the course of their lifetime (Irivers 1972). Across
polygynous species of mammals, including primates, there is con-
sistent support for accelerated mortality in males (Clutton-Brock
and Isvaran 2007; Bronikowski et al. 2011). As we predicted, and
contrary to the “fragile male” and “live slow, die old” hypotheses,
males and females experienced similar probabilities of infant sur-
vival. After age 2 (during juvenility), males, not females, were more
likely to survive until approximately 18. Because growth rates and
durations also do not differ in this species (Morelli et al. 2009; King
et al. 2011), we can reject differential development and maturation
as significant factors influencing longevity in this species. Males
appear to live “faster” lives simply by virtue of dying younger.
This pattern differs from the “early blooming” observed in male
Propithecus verreauxt (Richard et al. 2002).

Although we expected that male and female survivorship would
be approximately equal during adulthood, males had higher survival
than females during adulthood. Though both sexes are aggressive,
and testosterone levels do not differ among males and females (or

are seasonally higher in males) (Tecot et al., in preparation), higher
female mortality may be related to female dominance in this species
(Pochron and Wright 2003b). However, as predicted by the “risky
male” hypothesis, at around 13-18 years of age, male annual sur-
vival probability declined quickly. After the age of 18, male mor-
tality exceeded that of females, potentially as a consequence of
continuous dispersal by males at older ages. Our data reveal that
variability in the timing and causes of sex-specific mortality lead to
complex patterns of sexual asymmetries in survivorship at different
life stages.

Sex ratios

Our data show that birth sex ratios were skewed toward females, in
contrast with several other primate species where birth sex ratios are
typically nearly equal (see Fedigan and Zohar 1997), or male biased,
as in the closely related Verreaux’s sifaka (P verreauxi) (Richard et al.
1991, 2002). Although infant mortality was high in both sexes, as
is typical for lemurs (Wright 1999; Richard et al. 2002), sex ratios
became male biased prior to natal dispersal, indicating that juve-
nile mortality was greater for females than males. Given the greater
probability of female mortality during the juvenile period of devel-
opment, our data are inconsistent with the “fragile male hypoth-
esis” supported for other species (Clutton-Brock et al. 1982; van
Schaik and de Visser 1990; Owen-Smith 1993; Fedigan and Zohar
1997; Loison et al. 1999; Alberts and Altmann 2003; Setchell et al.
2005; see van Schaik and de Visser 1990 for review). Though birth
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Cumulative probability of dispersal for male and female Milne-Edwards’ sifaka (Propithecus edwardsi) in RNP, Madagascar, between 1986 and 2009.

sex ratios differ in P edwardsi and P verreauxt, patterns of sex-based
infant and early juvenile mortality suggest that males in neither spe-
cies are fragile. On the contrary, females appear to be the fragile
sex during infancy. If females have a greater mortality rate from
infancy through development and maturation, why is it that we ulti-
mately see greater female longevity?

Patterns of dispersal

Because previous research on this species reported that male and
female average dispersal frequency or distance did not differ (Morelli
et al. 2009), we predicted similar patterns in the rate and timing of
dispersal. Instead, our data reveal that there were differences in the
timing and rates of dispersal between males and females. Specifically,
males continued to disperse until their deaths, whereas females gen-
erally stopped dispersing after approximately 11 years of age. Only 1
female dispersed after 11, at age 21 (with 1 additional unknown dis-
appearance at age 27). The cause of this dispersal remains unknown.
The continued dispersal by males throughout their lifetime and sub-
sequent mortality is consistent with the “high risk, high gain” hypoth-
esis, predicting higher mortality rates in males during adolescence
and adulthood due to risky behavior (Trivers 1985; Rajpurohit and
Sommer 1991; Fedigan and Zohar 1997). Because mortality risk
can be greater in dispersers relative to their philopatric conspecifics
(e.g, Isbell et al. 1993; Alberts and Altmann 1995), males continue
to incur this risk later in life compared with females. We suggest that
dispersal between groups affects male longevity by removing indi-
viduals from the population not just as emigrants, but by reducing
the survival of individuals due to the risks incurred during dispersal.

Research on blackbirds (Greenwood and Harvey 1976) indi-
cates that large differences in life span can exist between dispersing
and nondispersing individuals. The sources of risk for emigrants
may include increased predation risk (Isbell et al. 1990; Hass and
Valenzuela 2002), decreased knowledge of resources (Waser and
Jones 1983), and social costs associated with the loss of familiar
group-mates (Isbell and van Vuren 1996). Our study suggests that
dispersal carries great risk for individuals. P edwardsi groups tend
to remain in discrete home ranges, and emigration consists of
movement out of a familiar area, typically by a single individual
(Wright 1995; Wright P, unpublished data). Male survival curves
incorporating both types of exits (mortality and dispersal; data not
shown) were age independent, with cumulative exits occurring at a
near constant rate throughout life, reflecting the dispersal patterns
observed. In contrast, female survival curves were age dependent,
showing a declining rate of exiting the population (via mortality
and dispersal) with age, a result that is also consistent with observed
dispersal behavior. Although correlative, these results suggest that
dispersal is met with higher mortality, and the longer female life
span in this species may be due to a lack of females transterring
groups at older ages.

Why, in this species, do males continue to disperse later in life?
Although lacking the sexually dimorphic characteristics of many
polygynous species, P edwardsi are polygynous, and intrasexual
competition may explain differences in male and female dispersal
behavior. Often, in a polygynous mating system, there is rank-
related reproductive success, resulting in significant reproductive
skew (e.g, Setchell et al. 2005). Furthermore, the cumulative
detrimental effects of intense intrasexual competition also limit
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male breeding success. Thus, males are under weaker selection to
live long lives relative to females (Clutton-Brock and Isvaran 2007;
Bronikowski et al. 2011). In P edwards:, competition among males is
particularly violent during the dispersal and mating seasons (Wright
P, unpublished data). Similar to male ring-tailed lemurs (Lemur catta),
who also disperse outside of the mating season (Parga and Lessnau
2008), secondary dispersal by both male and female P edwardsi has
a reproductive function (Morelli et al. 2009). During the 4 months
of the dispersal season, the frequency of scent marking increases
(Pochron, Morelli, Scirbona, et al. 2005; Pochron, Morelli,
Terranova, et al. 2005), androgens are at their peak (Tecot et al.
2010; Tecot S, in preparation), and testes begin to increase in size,
reaching their maximum during the mating season (Pochron and
Wright 2002; Pochron et al. 2002; Morelli 2008).

Male-directed aggression by both males and females during the
mating and dispersal seasons can be severe, leading to deep lac-
erations, castration, and even death (Wright 1995, 1999; Wright P,
unpublished data), similar to that observed during the mating sea-
son of other species (e.g., P verreauxi: Jolly 1966; Lawler et al. 2005).
These intense fights typically occur between residents and immi-
grants (Morelli 2008), as groups seldom contain more than 1 adult
male for extended periods of time (Morelli et al. 2009). It is impor-
tant to note that both males and females disperse, reproductive
competition occurs among females as well as males (Morelli et al.
2009), and both sexes benefit reproductively by dispersal behavior.
For instance, infanticidal events during hostile group takeovers by a
dispersing individual result in increased reproductive opportunities
for the invader, whether male or female (Morelli et al. 2009).

Despite the information we have on aggressive behavior in this
species, several things remain unclear. For instance, we do not
know whether males or females incur more wounds or differen-
tially participate in such heightened aggressive bouts. In addi-
tion, we do not know whether old individuals are more likely
than young individuals to be seriously injured in such bouts. Such
detailed data would help determine whether death as a result of
dispersal-related aggression might explain the sex-biased mortal-
ity patterns observed. Fedigan and Zohar (1997) determined that
mortality in male Japanese macaques (Macaca fuscata) was higher in
the birth/emigration season than the mating season. Because emi-
gration in P edwardst is also largely seasonal, a seasonal analysis can
help test the hypothesis that dispersal is directly related to higher
rates of male mortality. It is also likely that dispersal may impose
unique challenges for aged sifaka. The chances of engaging in
intense intrasexual competition and incurring costs associated with
such competition may cause “cumulative phenotypic damage” in
males (Clutton-Brock and Isvaran 2007), suggesting that immi-
gration is physiologically riskier the more it occurs. Experimental
research on the soil mite (Sancassania berleset) model system found
greater per capita mortality in old adults versus younger adults
during dispersal (Bowler and Benton 2009), suggesting that dis-
persing at older ages carries greater costs. As individuals age, the
ability to perform certain activities may deteriorate (e.g., reduced
sensory acuity or locomotion), increasing the difficulty of detecting
or escaping predators, locating resources, or assimilating into new
groups. There is preliminary evidence to suggest that locomotion
in P edwardsi may be compromised as individuals age: old females
spend more time feeding and less time traveling than young
females, particularly when traveling on steep terrain (Achilles E,
Godfrey L, King SJ, Tecot SR, Wright PC, in preparation), and
trabecular bone volume in the femoral head may decrease in aged
females (Chan A, Chan NM, Wright PC, Boyer D, Gosselin-Ildari
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A, Tecot SR, unpublished data). If males undergo similar age-
related declines as females, the costs of dispersal may be exacer-
bated in older males as they continue to disperse. If males, like
females, incur these additional costs, why continue dispersing?
The answer may lie in sex ratios. Sex ratios and the availability of
mates within a group are known to influence whether an individ-
ual disperses (Morelli et al. 2009). Aggression is typically directed
toward the most numerous sex in the group, thus skewing the sex
of individuals driven out of the group (Wright 1995; Wright P,
unpublished data). Because males outnumber females from ages
2.9 to 17, males may be driven out of the group more frequently
than females throughout their lives.

Kin, dispersal, and mortality

This study has broader implications for understanding social
dynamics. In general, it is predicted that relatives show kin bias,
participating in more affiliative and cooperative behavior with
one another (Hamilton 1963), resulting in direct fitness benefits
(Alouatta seniculus: Pope 1990, 20005 M. fuscata: Pavelka et al. 2002;
Cercopithecus aethiops sabaeus: Fairbanks 1988). When there 1s a lack
of sex-biased dispersal, there tends to be a bias in dispersal dis-
tance such that one sex is more likely to encounter relatives in
their non-natal groups than the other (Waser et al. 1994; reviewed
in Kappeler 2008). For instance, in the solitary Coquerel’s dwarf
lemur (Mirza coquereli), females have shorter dispersal distances
than males, resulting in a dispersed matrilineal population struc-
ture (Kappeler et al. 2002), creating the opportunity for sex-
specific kin bias. Despite an overall lack of dispersal bias in this
species (Morelli et al. 2009), same-sex pairs living together were
biased, with female pairs living together longer than male pairs
(Morelli et al. 2009; Wright P, unpublished data). Although the
sample sizes are small, sex differences in group tenure are nota-
ble: female adult relatives lived together 5-10 years, whereas
male adults (relatives and nonrelatives) lived together 1-2 years
on average (and one of these males was typically born into the
group; Wright P, unpublished data). The slower rate of female
dispersal after 5-8 years of age that we report in this study can
explain why females are more likely to live with other females for
longer periods of time and suggests that opportunities for long-
term relationships are greater for females than males (though it
should be noted that low fertility and high infant and juvenile
mortality reduce opportunities for large kin groups in the species
as a whole; Pochron et al. 2004). As a consequence, males may
experience social stress more often than females. In both nonhu-
man primates and humans, individuals well integrated into strong
social relationships have a greater likelihood of surviving than
those in weak social relationships (Holt-Lunstad et al. 2010; Silk
et al. 2010), demonstrating the potential influence of such rela-
tionships on mortality and life span.

CONCLUSIONS

In our population, early female-biased sex ratios and high mortal-
ity resulted in male-biased sex ratios from sexual maturity through
18 years of age, a pattern also observed in other lemur species
(Kappeler 2000; Ostner and Kappeler 2004), including the closely
related P verreauxi. Although male and female mortality rates were
more similar to each other by age 5 years, our data reveal that
females dispersed earlier than males. Coupled with higher female
infant mortality, this resulted in an initially higher rate of females
leaving the population, either through dispersal or death. Exit
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rates between males and females then converged at age 10, with
males and females being equally likely to exit the population, either
through death or dispersal until age 14. After 14 years of age, males
continued to disperse from the population steadily, whereas females
remained until their deaths. This continued dispersal by males is
the primary explanation for female-biased sex ratios at older ages
and, ultimately, longer female life spans.

The results of this study begin to address the importance of how
different life-history strategies can influence longevity. We found
support for the “risky male” hypothesis, wherein risky behavior
occurs at older ages in males than in females, resulting in shorter
male life spans. Our results also highlight critical shifts in mortal-
ity and dispersal rates that produced the specific sex-ratio patterns
observed at any given point in time and may further elucidate the
causes for female-biased life span in other monomorphic lemur-
oidea (P verreauxi: Richard et al. 2002; L. catta: Gould et al. 2003;
M. murinus: Kraus et al. 2008). Further studies are needed to inves-
tigate the cause of death and help determine why females have
higher early mortality, why males continue to disperse later in life,
and what factor(s) are interacting to contribute to the patterns
observed in this population.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://www.beheco.
oxfordjournals.org/

FUNDING

This work was supported by several generous donors: National
Science Foundation USA (BCS 721233, BCS 0333078), Earthwatch
Institute, Stony Brook University Study Abroad Program, Wenner-
Gren Foundation, J. William Fulbright Program, and the University
of Helsinki Center for Excellence.

We acknowledge the government of Madagascar and the CAFF/CORE over-
sight committee for authorization to conduct research in Madagascar. We are
grateful for the logistical and infrastructure support of MICET, particularly
director Benjamin Andriamihaja, Centre ValBio (especially directors Anna
Feistner and Jean-Philippe Puyravaud, and Jean Claude Razafimahaimodison,
Paul Rakotonirina, Desire Randrianarista, Pascal Rabeson, and Eileen Larney)
and Madagascar National Parks. We are very thankful for the expertise of
several research technicians (including Georges René Randrianirina, Remi
Rakotovao, the late Georges Rakotonirina, Raymond Ratsimbazafy, Laurent
Randrianasolo, and Telo Albert, Nérée Beson, and Leontine Nirinasoa),
researchers (Toni Lyn Morelli and Summer Arrigo-Nelson), and volunteers
who have helped collect data over the years. For veterinary assistance and care,
we thank Drs Graham Crawford and Jeffrey Wyatt. We are also grateful for
comments from the editor and 2 anonymous reviewers.

Handling editor: Shinichi Nakagawa

REFERENCES

Alberts SC, Altmann J. 1995. Balancing costs and opportunities: dispersal in
male baboons. Am Nat. 145:279-306.

Alberts SC, Altmann J. 2003. Matrix models for primate life history analy-
sis. In: Kappeler P, Pereira M, editors. Primate life histories and socio-
ecology. Chicago (IL): University of Chicago Press. p. 66-102.

Andersson M. 1994. Sexual selection. Princeton (N]J): Princeton University
Press.

Arnqvist G, Rowe L. 2005. Sexual conflict. Princeton (NJ): Princeton
University Press.

Bonduriansky R, Maklakov A, Zajitschek F, Brooks R. 2008. Sexual selec-
tion, sexual conflict and the evolution of ageing and life span. Funct Ecol.

22:443-453.

Behavioral Ecology

Bonenfant C, Gaillard JM, Klein F, Loison A. 2002. Sex- and age-depen-
dent effects of population density on life history traits of Red deer (Cervus
elaphus) in a temperate forest. Ecography. 25:446-458.

Bowler DE, Benton TG. 2009. Variation in dispersal mortality and dispersal
propensity among individuals: the effects of age, sex and resource avail-
ability. ] Anim Ecol. 78:1234-1241.

Bribiescas RG. 2006. On the evolution, life history, and proximate mechanisms
of human male reproductive senescence. Evol Anthropol. 15:132-141.

Bronikowski AM, Altmann J, Brockman DK, Cords M, Fedigan LM, Pusey
A, Stoinski T, Morris WE, Strier KB, Alberts SC. 2011. Aging in the
natural world: comparative data reveal similar mortality patterns across
primates. Science. 331:1325-1331.

Brostrom G. 2002. Cox regression; ties without tears. Commun Stat Theory
Meth. 31:285-297.

Burnham KP, Anderson DR. 2002. Model selection and multimodel
inference: a practical information-theoretic approach. New York:
Springer-Verlag.

Burnham KP, Anderson DR, Huyvaert KP. 2011. AIC model selection and
multimodel inference in behavioral ecology: some background, observa-
tions, and comparisons. Behav Ecol Sociobiol. 65:23-35.

Charnov EL, Berrigan D. 1993. Why do female primates have such long
lifespans and so few babies? Evol Anthropol. 1:191-194.

Christe P, Keller L, Roulin A. 2006. The predation cost of being a male:
implications for sex-specific rates of aging. Oikos. 114:381-384.

Clutton-Brock TH, Albon SD, Guinness FE. 1985. Parental investment
and sex differences in juvenile mortality in birds and mammals. Nature.
313:131-133.

Clutton-Brock TH, Guinness FE, Albon SD. 1982. Red deer: behavior and
ecology of two sexes. Edinburgh (UK): Edinburgh University Press.

Clutton-Brock TH, Harvey PH, Rudder B. 1977. Sexual dimorphism,
socionomic sex ratio and body weight in primates. Nature. 269:797-800.

Clutton-Brock TH, Isvaran K. 2007. Sex differences in ageing in natural
populations of vertebrates. Proc R Soc B. 274:3097-3104.

Coulson T, Catchpole EA, Albon SD, Morgan BJT, Pemberton JM, Clutton-
Brock TH, Crawley M]J, Grenfell BT. 2001. Age, sex, density, winter
weather, and population crashes in Soay sheep. Science. 292:1528-1531.

Cox DR. 1972. Regression models and life-tables. J Roy Stat Soc B Met.
34:187-220.

Fairbanks L. 1988. Vervet monkey grandmothers: effects on mother-infant
relationships. Behaviour. 104:176-188.

Fairbanks LA, Jorgensen MJ, Huff A, Blau K, Hung YY, Mann JJ. 2004.
Adolescent impulsivity predicts adult dominance attainment in male ver-
vet monkeys. Am J Primatol. 64:1-17.

Fedigan LM, Zohar S. 1997. Sex differences in mortality of Japanese
macaques: twenty-one years of data from the Arashiyama West popula-
tions. Am J Primatol. 102:161-175.

Fisher RA. 1930. The genetical theory of natural selection. Oxford:
Clarendon Press.

Tolstad I, Karter AJ. 1992. Parasites, bright males, and the immunocompe-
tence handicap. Am Nat. 139:603-622.

Gaillard J-M, Pontier D, Allainé D, Lebreton JD, Trouvilliez ], Clobert J.
1989. An analysis of demographic tactics in birds and mammals. Oikos.
56:59-76.

Gaillard J-M, Yoccoz NG. 2003. Temporal variation in survival of mam-
mals: a case of environmental canalization. Ecology. 84:3294-3306.

Goran B. 2012. eha: event history analysis. http://CRAN.R-project.org/
package=cha.

Gould L, Sussman RW, Sauther ML. 2003. Demographic and life-his-
tory patterns in a population of ring-tailed lemurs (Lemur catta) at Beza
Mahafaly Reserve, Madagascar: a 15-year perspective. Am J Phys
Anthropol. 120:182-194.

Grambsch PM, Therneau TM. 1994. Proportional hazards tests and diag-
nostics based on weighted residuals. Biometrika. 81:515-526.

Greenwood PJ, Harvey PJ. 1976. Differential mortality and dispersal of
male blackbirds. Ring Migr. 1:75-77.

Hamilton WR. 1963. The evolution of altruistic behavior. Am Nat.
97:354-356.

Hass CC, Valenzuela D. 2002. Anti-predator benefits of group living in
white-nosed coatis (Nasua narica). Behav Ecol Sociobiol. 51:570-578.

Hemingway CA. 1996. Morphology and phenology of seeds and whole
fruit eaten by Milne-Edwards’ sifaka, Propithecus diadema edwardsi, in
Ranomafana National Park. Int J Primatol. 17:637-659.

Holt-Lunstad J, Smith TB, Layton JB. 2010. Social relationships and mor-
tality risk: a meta-analytic review. PLoS Med. 7:¢1000316.

£T0Z ‘82 Afenige uo ARiqi opeiojod N e /610'seuinolpiojxo-odsyed//:dny Woi) pepeojumod


http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/art008/-/DC1
http://beheco.oxfordjournals.org/lookup/suppl/doi:10.1093/beheco/art008/-/DC1
http://CRAN.R-project.org/package=eha
http://CRAN.R-project.org/package=eha
http://beheco.oxfordjournals.org/

Tecot et al. * Lemur mortality and dispersal

Hoogland JL, Cannon KE, DeBarbieri LM, Manno TG. 2006. Selective
predation on Utah prairie dogs. Am Nat. 168:546-552.

Irwin M, Raharison J-L, Wright PC. 2009. Spatial and temporal variability
in predation on rainforest primates: do forest fragmentation and preda-
tion act synergistically? Anim Conserv. 12:220-230.

Isbell LA, Cheney DL, Seyfarth RM. 1990. Costs and benefits of home
range shifts among vervet monkeys (Cercopithecus aethiops) in Amboseli
National Park, Kenya. Behav Ecol Sociobiol. 27:351-358.

Isbell LA, Cheney DL, Seyfarth RM. 1993. Are immigrant vervet monkeys,
Cercopithecus aethiops, at greater risk of mortality than residents? Anim
Behav. 45:729-734.

Isbell LA, van Vuren D. 1996. Differential costs of locational and social
dispersal and their consequences for female group-living in primates.
Behaviour. 133:1-36.

Janson CH, van Schaik CP. 1993. Ecological risk aversion in juvenile pri-
mates: slow and steady wins the race. In: Pereira ME, Fairbanks LA, edi-
tors. Juvenile primates: life history, development, and behavior. Oxford:
Oxford University Press. p. 57-74.

Jolly A. 1966. Lemur behavior: a Madagascar field study. Chicago (IL):
University of Chicago Press.

Jorgenson JT, Festa-Bianchet M, Gaillard JM, Wishart WD. 1997. Effects
of age, sex, disease, and density on survival of bighorn sheep. Ecology.
78:1019-1032.

Kappeler PM. 2000. Causes and consequences of unusual sex ratios among
lemurs. In: Kappeler PM, editor. Primate males: causes and consequences
of variation in group composition. Cambridge: Cambridge University
Press. p. 55-63.

Kappeler PM. 2008. Genetic and ecological determinants of primate
social systems. In: Korb J, Heinze ], editors. Ecology of social evolution.
London: Springer. p. 225-243.

Kappeler PM, Wimmer B, Zinner D, Tautz D. 2002. The hidden matrilin-
eal structure of a solitary lemur: implications for primate social evolution.
Proc R Soc B. 269:1755-1763.

King §J, Arrigo-Nelson SJ, Pochron ST, Semprebon GM, Godfrey
LR, Wright PC, Jernvall J. 2005. Dental senescence in a long-lived
primate links infant survival to rainfall. Proc Natl Acad Sci USA.
102:16579-16583.

King SJ, Morelli TL, Arrigo-Nelson S, Ratelolahy FJ, Godfrey LR, Wyatt
J, Tecot S, Jernvall J, Wright PC. 2011. Morphometrics and pattern of
growth in wild sifakas (Propithecus edwardsi) at Ranomafana National Park,
Madagascar. Am J Primatol. 73:155-172.

Kraus C, Eberle M, Kappeler PM. 2008. The costs of risky male behav-
iour: sex differences in seasonal survival in a small sexually monomorphic
primate. Proc R Soc B. 275:1635-1644.

Lawler RR, Richard AF, Riley MA. 2005. Intrasexual selection
in Verreaux’s sifaka (Propithecus verreauxi verreauxi). J Hum Evol.
48:259-277.

Loison A, Festa-Bianchet M, Gaillard JM, Jorgenson JT, Jullien JM. 1999.
Age-specific survival in five populations of ungulates: evidence of senes-
cence. Ecology. 80:2539-2554.

Magnhagen C. 1991. Predation risk as a cost of reproduction. Trends Ecol
Evol. 6:183-186.

Modaferri RD, Becker EF. 1997. Survival of radiocollared adult moose
in lower Sustina River Valley, southcentral Alaska. J Wild Manage.
61:540-549.

Moore SL, Wilson K. 2002. Parasites as a viability cost of sexual selection
in natural populations of mammals. Science. 297:2015-2018.

Morelli TL. 2008. Dispersal, kinship, and genetic structure of an endan-
gered Madagascar primate, Propithecus edwardsi [dissertation]. [Stony
Brook (NY)]: Stony Brook University. 117 p.

Morelli TM, King SJ, Pochron ST, Wright PC. 2009. The rules of disen-
gagement: takeovers, infanticide, and dispersal in a rainforest lemur,
Propithecus edwardsi. Behaviour. 146:499-523.

Ostner J, Kappeler PM. 2004. Male life history and the unusual adult
sex ratios of redfronted lemur, Eulemur fulvus rufus, groups. Anim Behav.
67:249-259.

Overdorfl DJ. 1993. Similarities, differences, and seasonal patterns in the
diets of Eulemur rubriventer and E. fulvus rufus in the Ranomafana National
Park, Madagascar. Int J Primatol. 14:721-753.

Owen-Smith N. 1993. Comparative mortality rates of male and
female kudus: the costs of sexual size dimorphism. J Anim Ecol.
62:428-440.

Parga JA, Lessnau RG. 2008. Dispersal among male ring-tailed lemurs
(Lemur catta) on St. Catherines Island. Am J Primatol. 70:650-660.

Page 9 of 10

Pavelka MSM, Fedigan LM, Zohar S. 2002. Availability and adaptive value
of reproductive and postreproductive Japanese macaque mothers and
grandmothers. Anim Behav. 64:407—414.

Pochron ST, Morelli TL, Scirbona J, Wright PC. 2005. Sex differences
in scent marking in Propithecus edwardst of Ranomafana National Park,
Madagascar. Am J Primatol. 66:97-110.

Pochron ST, Morelli TL, Terranova P, Scirbona ], Cohen J, Kunapareddy
G, Rakotonirina G, Ratsimbazafy R, Rakotosoa R, Wright PC. 2005.
Patterns of male scent-marking in Propithecus edwardsi of Ranomafana
National Park, Madagascar. Am J Primatol. 65:103-115.

Pochron ST, Tucker WT, Wright PC. 2004. Demography, life history,
and social structure in Propithecus diadema edwardsi from 1986-2000
in Ranomafana National Park, Madagascar. Am J Phys Anthropol.
125:61-72.

Pochron ST, Wright PC. 2002. Dynamics of testes size compensates for
variation in male body size. Evol Ecol Res. 4:577-585.

Pochron ST, Wright PC.. 2003a. Variability in adult group composition of a
prosimian primate. Behav Ecol Sociobiol. 54:285-293.

Pochron ST, Wright PC.. 2003b. Patterns of female dominance in Propithecus
diadema  edwardsi of Ranomafana National Park, Madagascar. Am J
Primatol. 61:173-185.

Pochron ST, Wright PC, Schaentzler E, Ippolito M, Rakotonirina G,
Ratsimbazafy R, Rakotosoa R. 2002. Effect of season and age on the
gonadosomatic index of Milne-Edwards sifaka (Propithecus diadema
edwardsy) in Ranomafana National Park, Madagascar. Int J Primatol.
23:355-364.

Pope TR. 1990. The reproductive consequences of male cooperation in the
red howler monkey: paternity exclusion in multi-male and single-male
troops using genetic markers. Behav Ecol Sociobiol. 27:439-446.

Pope TR. 2000. Reproductive success increases with degree of kinship in
cooperative coalitions of female red howler monkeys (Alouatta seniculus).
Behav Ecol Sociobiol. 48:253-267.

Promislow DEL. 1992. Costs of sexual selection in natural populations of
mammals. Proc R Soc B. 247:203-210.

Rajpurohit LS, Sommer V. 1991. Sex differences in mortality among lan-
gurs (Presbytis entellus) of Jodhpur, Rajasthan. Folia Primatol. 56:17-27.
Richard AE, Dewar RE, Schwartz M, Ratsirarson J. 2002. Life in the slow
lane? Demography and life histories of male and female sifaka (Propithecus

verreauxt verreauxi). J Z.ool. 256:421-436.

Richard AF, Rakotomanga P, Schwartz M. 1991. Demography of Propithecus
verreauxt at Beza Mahafaly, Madagascar: sex ratio, survival, and fertility,
1984-1988. Am J Phys Anthropol. 84:307-322.

Roberts M, Buchanan K, Evans M. 2004. Testing the immunocompe-
tence handicap hypothesis: a review of the evidence. Anim Behav.
68:227-239.

van Schaik CP, de Visser JAGM. 1990. Fragile sons or harassed daughters? Sex
differences in mortality among juvenile primates. Folia Primatol. 55:10-23.

Setchell JM, Charpentier M, Wickings EJ. 2005. Sexual selection and repro-
ductive careers in mandrills (Mandnllus sphinx). Behav Ecol Sociobiol.
58:474-485.

Silk JB, Beehner JC, Bergman TJ, Crockford C, Engh AL, Moscovice
LR, Wittig RM, Seyfarth RM, Cheney DL. 2010. Strong and consis-
tent social bonds enhance the longevity of female baboons. Curr Biol.
20:1359-1361.

Stearns SC. 1976. Life-history tactics: a review of the ideas. Q) Rev Biol.
51:3-47.

Stearns SC. 1992. The evolution of life histories. New York: Oxford
University Press.

Tecot S. 2008. Seasonality and predictability: the hormonal and behavioral
responses of the red-bellied lemur, Eulemur rubriventer, in Southeastern
Madagascar [dissertation]. [Austin (TX)]: University of Texas at Austin.
521 p.

Tecot S, Zohdy S, King S, Wright PC, Jernvall J. 2010. Wimpy males and
formidable females: testosterone levels in Propithecus edwardsi. Am ] Phys
Anthropol. $50:228.

Therneau T. 2012. Survival: a package for survival analysis in S. R package
version 2.36-14. Available from: http://cran.open-source-solution.org/
web/packages/survival/ citation.html.

Toigo C, Gaillard JM. 2003. Causes of sex-biased adult survival in ungu-
lates: sexual size dimorphism, mating tactics or environmental harshness?
Oikos. 101:376-384.

Trivers RL. 1972. Parental investment and sexual selection. In: Campbell
B, editor. Sexual selection and the descent of man, 1871-1971. Chicago:
Aldine. p. 136-179.

£T0Z ‘82 Afenige uo ARiqi opeiojod N e /610'seuinolpiojxo-odsyed//:dny Woi) pepeojumod


http://beheco.oxfordjournals.org/

Page 10 of 10

Trivers R. 1985. Social evolution. Menlo Park (CA): The Benjamin/
Cummings Publishing Company, Inc.

Waser PM, Creel S, Lucas JR. 1994. Death and disappearance: estimat-
ing mortality risks associated with philopatry and dispersal. Behav Ecol.
5:135-141.

Waser PM, Jones WT. 1983. Natal philopatry among solitary mammals. Q.
Rev Biol. 58:355-390.

White GC, Garrott RA. 1990. Analysis of wildlife radio-tracking data. San
Diego (CA): Academic Press. p. 207-254.

Wright PC. 1992. Primate ecology, rainforest conservation and economic
development: building a national park in Madagascar. Evol Anthropol.
1:25-33.

Behavioral Ecology

Wright PC. 1995. Demography and life history of free-ranging Propithecus
diadema edwardsi in Ranomafana National Park, Madagascar. Int J
Primatol. 16:835-854.

Wright PC. 1999. Lemur traits and Madagascar ecology: coping with an
island environment. Yearbk Phys Anthropol. 42:31-72.

Wright PC. 2006. Considering climate change effects in lemur ecology. In:
Gould L, Sauther ML, editors. Lemurs: ecology and adaptation. New
York: Springer. p. 385-401.

Wright PC, King SJ, Baden A, Jernvall J. 2008. Aging in wild female lemurs:
sustained fertility with increased infant mortality. In: Atsalis S, Margulis
SW, Hof PR, editors. Primate reproductive aging: cross-taxon perspec-
tives. Basel: Karger. p. 17-28.

£T0Z ‘82 Afenige uo ARiqi opeiojod N e /610'seuinolpiojxo-odsyed//:dny Woi) pepeojumod


http://beheco.oxfordjournals.org/



