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Most mammals, including humans, exhibit even or slightly male-biased
birth sex ratios (BSRs) and female-biased adult sex ratios (ASRs) much later
in life due to higher male mortality rates. The group-living primates of
Madagascar are unusual in this respect because they lack female-biased
ASRs, but it is unknown whether this is the result of skewed BSRs or
sex-specific disappearance patterns. Using long-term demographic data
from wild red-fronted lemurs (Eulemur rufifrons), we analysed their sex
ratio dynamics across the lifespan. We assessed BSR via prenatal sex
determination using maternal faecal oestrogen metabolite measurements
during late pregnancy, confirming a visually determined equal sex ratio
three months after birth, and indicating no early sex-specific mortality.
Demographic analyses additionally disclosed higher female disappearance
within the first 8 years of age, likely associated with reproductive effort
early in life. Thereby, adult male survival had the greatest positive effect
on the ASR. Our study offers a rare perspective on the dynamics of
age- and sex-specific disappearance in a wild primate population, whose
sex-reversed patterns may also contribute to a more general understanding
of the mechanisms generating sex-biased mortality.

1. Introduction

The adult sex ratio (ASR), i.e. the proportion of adult males to females, is
highly variable across species, within populations and across age classes,
highlighting the complex interplay of multiple biological adaptations [1].
While understanding the causes and dynamics of sex biases in ASR remains
a core problem in animal ecology [2,3] and sexual selection research [4-8], sex
ratios have also become a key topic in human biology and medicine [9,10]. In
humans, about 107 boys are born on average per every 100 girls [11], but the
list of the 100 oldest verified living people includes 96 women and only four
men in 2024 [12], indicating massive shifts in the human sex ratio across the
lifespan. Notably, female human life expectancy considerably exceeds that of
males worldwide [13,14], even though women spend a larger proportion of
their life expectancy in poorer health [15,16]. As a result, men beyond the age
of around 50 are outnumbered by women [17,18], reversing the original sex
ratio bias at birth ([19]; but see [20,21]).

Studies of other primates and mammals, which share fundamental features
of their life history with humans, can contribute important comparative
information on the nature, drivers and relative importance of sex differences
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in mortality shaping prevailing sex ratios [22-24]. However, relevant studies of age- and sex-related variation in survival have n

been largely limited to laboratory rodents ([22]; but see [25]). Notable exceptions are provided by several studies of birds (e.g.
[3,26-28]) and savannah baboons (Papio cynocephalus), where females enjoy greater longevity than males, but unlike humans,
the declines in several measures of health with age are the same for both sexes or even more pronounced in males [29].
Other studies focusing on aspects of age-related sex differences in mortality or specific components of health and survival also
indicate that male mammals generally suffer greater mortality than females (primates [30]; red deer [31,32]; European badgers
[33]; grey mouse lemurs [34,35]; chimpanzees [36,37]; bottlenose dolphins [38]; lions [39]). Contrastingly, in meerkats (Suricata
suricatta), both sexes displayed similar rates of age-related survival and body mass senescence [40].

A comparative study revealed that males had higher age-specific mortality than females in six out of seven primate species
[30]. In addition, a meta-analysis indicates that the median female lifespan among 101 mammal species is on average about 20%
longer than in males, even though the sexes experience similar increasing rates in mortality risk with age [23]. However, both
variables were highly erratic across species (see also [41]) and responsive to changes in environmental conditions [42]. Thus, sex
differences in survival clearly appear more variable across species of wild mammals than the pattern reported for humans, but
a male bias in adult mortality seems to be widespread and robust [30,43-45]. As a result, there are very few males alive in the
oldest age group of most mammalian populations, contributing to on average female-biased ASRs [46-50].

Given this context, the absence of female-biased ASRs among group-living primates of Madagascar (Lemuriformes) remains
an intriguing anomaly compared with most other non-monogamous mammals [46,51,52]. Because lemurs also lack sexual
size dimorphism [53,54], the energetic costs of growing larger bodies do not accrue for lemur males. Lemurs are further
characterized by widespread female dominance and genital masculinization [55-57], indicating intense female competition [58],
but the ultimate causes and dynamics of the unusual ASRs in lemurs remain obscure. Theoretically, it is possible that birth
sex ratios (BSRs) are male-biased, but in a large captive lemur colony, BSRs did not differ significantly from 1:1 in 18 out
of 19 species [59], whereas they were male-biased in all six species included in an earlier comparative study [60]. However,
because BSRs in lemurs and other primates can be adapted to variation in social and environmental factors [61-64], data from
wild populations are ultimately required. Furthermore, virtually all currently available data on sex ratios of wild lemurs are
based on cross-sectional reports of average group compositions or studies of short duration, or stem from populations subject to
poaching [65-71]. In this study, we present the first long-term data on sex ratio dynamics of a wild lemur population, filling a
significant gap in the current sex ratio literature.

We have been studying a population of individually marked red-fronted lemurs (Eulemur rufifrons) in Kirindy Forest since
1996. In this sexually dichromatic species, the sex of infants can only be determined visually at about three months, when the
coats of female infants change from the male to the female phenotype [72]. In the first 7 years of our long-term study, the ASR
was male-biased and the infant sex ratio at 12 weeks was even, but age- and sex-specific disappearance could not be determined
with the sample size available at the time [73]. Their BSR remains unknown, but we discovered that maternal oestrogen levels
during late gestation vary as a function of infant sex [74], offering an opportunity to non-invasively determine a key milestone
in sex ratio dynamics and to exclude early-life mortality during the first three months in this population. Here, we combine
demographic data on 302 wild red-fronted lemurs with non-invasively collected hormone samples to determine their BSRs
and age-specific disappearance rates, including death and dispersal and eviction events, of both sexes across the lifespan. To
explain the male-biased ASR, we explore two hypotheses: one posits strongly male-biased BSRs followed by typical mammalian
post-natal disappearance patterns; the other suggests even BSRs with subsequent higher disappearance rates for juvenile and/or
adult females.

2. Material and methods

(a) Study population

Red-fronted lemurs live in small cohesive groups (mean 2.6 adult females and 3.3 adult males) with on average male-biased
ASRs [51,73]. Despite similar body mass between males (1490 + 400 g (mean =+ s.d.), n = 178) and females (1501 + 412 g (mean
+s.d.), n = 132; t-test: t = 0.24, d.f. = 275.56, p = 0.81), they exhibit striking sexual dichromatism (electronic supplementary
material, figure S1). Sexual maturity is attained in the third year of life. Philopatric females usually produce single infants
annually thereafter, which they exclusively care for, as no paternal, communal or cooperative caregiving has been observed in
this species. On average, females give birth to 4.83 + 3.52 (mean + s.d.) infants during their lifetime, with the first reproduction
occurring at 3.59 + 0.82 years (mean =+ s.d.) and a decline in birth probability after 8.22 + 4.22 years (mean =+ s.d.) [75]. Maximum
lifespan in the wild is about 25 years, while in captivity, males and females can live up to 32.1 years and 32.6 years, respectively
[59].

Data for this study are based on 27 years of demographic census observations of a population of red-fronted lemurs in
Kirindy Forest, western Madagascar. Since 1996, all members of seven groups have been individually marked with RFID
transponders and unique nylon or radio collars [76], facilitating near-daily censuses, during which the composition of each
group was recorded. For all immigrants not born into our study groups, we estimated ages based on tooth wear and body mass.
Apart from births and deaths, group sex ratios are modified by male dispersal (emigration/immigration) and female evictions
[58,76]. Such events were recorded if an individual was absent for a minimum of four consecutive weeks, re-sighted in another
group or remains were discovered.
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(b) Prenatal sex ratio determination

Because all infants are born with the male phenotype (electronic supplementary material, figure S1), it only becomes possible
to visually distinguish male from female infants at about 12 weeks of age [72]. Yet, infant mortality can be high [77], and
the loss of an offspring of one or the other sex might bias the BSR value determined by visual inspections and thus the
starting point for subsequent survival analyses. To accurately assess BSRs and potential sex-specific mortality within the first
three months, we determined offspring sex prenatally based on maternal excreted oestrogen metabolite measurements during
late pregnancy [74,78,79]. Faecal samples for oestrogen metabolite analyses were available from 2015 until 2022 and were
measured for concentrations of immunoreactive oestrone, the major faecal oestrogen in the red-fronted lemur [74], using an
enzyme immunoassay for oestrone conjugates (E1C) as described in [80]. We re-validated the method (electronic supplementary
material, Method re-validation) and foetal sex could be assessed with 100% accuracy because only mothers with a male
offspring had markedly elevated oestrogen levels during the last six weeks of gestation (figure 1). We combined individual
numbers of male and female offspring generated from the demographic and hormonal data sets and calculated the BSR for this
population using the following equation:

BSR = (Nmale offspring) (21)
(N male offspring + Nfemale offspring)

Confidence intervals for BSR were obtained using bootstrap resampling, applying 1000 parametric bootstraps.

(c) Event-history analysis

A population overview revealed that a skewed sex ratio is only present in the adult stage (=30 months of age), with higher
numbers of males across almost all 27 years (electronic supplementary material, figure S2). Using a data set, including visually
and hormonally determined infant sexes, we fitted a Cox proportional hazards (CPH) model, using the survival [81] and
survminer [82] packages in R (v. 4.3.0; [83]), to examine whether the probability of staying in a group is predicted by sex.
Individual histories ending with the final census date were assigned 0, i.e. right-censoring.

(d) Population projection model

To evaluate how changes in individual matrix elements influence the ASR, a numerical sensitivity analysis was conducted.
We parameterized a population projection model using the Kaplan—-Meier method to derive average survival rates, calculated
across all years. Mean annual fecundity rates were calculated for female and male offspring separately. These rates informed a
Leslie matrix with four age-sex classes, providing insights into the relative impact of each demographic process (e.g. survival,
reproduction) on the ASR. Details of the model structure, parameterization and calculations are provided in the electronic
supplementary material, Demographic additions.

3. Results
(a) Life-history data

Over 27 years, we recorded 193 births (83 females, 74 males, 36 unknown sexes) by 41 different females. In total, 266 individuals
disappeared, either due to confirmed death (13 females, 13 males, two unknown sexes; n = 28), confirmed male emigration (n =
78), confirmed female eviction (n = 32) or unknown causes (58 females, 70 males; n = 128). The oldest male and female in this
study population reached an age of 17 and 23 years, respectively.

(b) Prenatal sex ratio determination

Between 2015 and 2022, we analysed faecal hormone data of 20 females and detected 43 pregnancies. We prenatally determined
21 female and 22 male fetuses (figure 1), with an average sex ratio of 0.51 (after equation (2.1)). Combining the numbers of
visually and hormonally determined female (1 = 88) and male (1 = 79) offspring from 201 confirmed pregnancies (34 unknown
sexes), we obtained a BSR of 0.47, with a 95% confidence interval ranging from 0.38 to 0.54 (electronic supplementary material,
table 54).

(c) Demographic analyses

Censuses between 1996 and 2023 yielded life-history data of 159 males (79 natal, 80 immigrants) and 109 females for this study.
A total of 34 individuals disappeared before they could be sexed, indicating that about 20% of offspring likely died within
the first three months of age. Individuals that left a group were characterized as ‘1" despite successful dispersal because we
were mainly interested in whether sex predicts individual disappearance. Overall, sex did not predict individual disappearance
(likelihood ratio test = X*> = 1.2, d.f. = 1, p = 0.3, sex (male): coef = -0.2, s.e. = 0.14, p = 0.267), but hazards were not proportional
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Figure 1. Foetal sex and maternal faecal oestrogen (E1C) concentrations in red-fronted lemurs. Box plots include visually confirmed pregnancies (black circles) and
hormonally confirmed pregnancies (red circles), where births have not been observed. The horizontal dashed line indicates a threshold at 2 s.d., separating mean
oestrogen values of mothers with female infants (pink background) from those carrying male infants (blue background).

Table 1. Output of the CPH model. Males younger than 8 years have a lower probability of disappearing from a group.

term coefficient s.e. p

sex (male) 0.33 0.30 0.282
younger than 8 years 6.59 1.06 <0.007***
sex(male): younger than 8 years -1.06 0.34 0.002**

Significant effects in bold. Significance codes: 0 “***"0.001 **"0.01* 0.05 7 0.1""1

(sex: X*=14.6, d.f. =1, p <0.001, global: X* = 14.6, d.f. = 1, p < 0.001). As there was a sex-specific change in the probability of
staying in a group below and above an age of 8 years (figure 2), we included an interaction between sex and a term consisting
of two levels, i.e. ‘<8 years’ and ‘8 years’, resulting in proportional hazards for all terms (sex: X*=0.1, d.f. =1, p = 0.75, <8 years:
X?=0.08, d.f.=1, p=0.77, sex: <8 years: X*=0.02, d.f. =1, p = 0.88, global: X*=0.9, d.f. = 3, p = 0.83). This CPH analysis indicated
that, during the first 8 years of life, males were more likely to remain in a group compared with females (p = 0.002; Wald test
=52.77, d.f. = 3, p < 0.001; likelihood ratio test: X*> = 254.3, d.f. = 3, p < 0.001; table 1; figure 2), even though male natal dispersal
usually begins in the third year of life [73]. At around 8 years of age, male and female disappearance rates were about equal.

The sensitivity analysis revealed that adult male survival had the greatest positive effect on the ASR, with increases in these
rates significantly raising the proportion of males in the population (electronic supplementary material, Results and table S3),
resulting in a moderately male-biased ASR (0.61; see also electronic supplementary material, table S4).

4. Discussion

Our study of a wild population of red-fronted lemurs not only confirmed the existence of an even sex ratio at birth but
also found that, unlike in most non-monogamous mammals [44], the BSR shifted towards male-biased ASRs due to higher
female disappearances within the first 8 years of life. We were able to pinpoint this crucial time window and the direction of
the subsequent sex difference in disappearance for understanding the unusual lemur ASR because we assessed early infant
mortality via hormonal prenatal sex determination. The hormonally and visually determined foetal and infant sex ratios
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Figure 2. Sex- and age-specific disappearances of red-fronted lemurs. Males have a higher probability of staying in a group until about 8 years of age. ‘Number at risk’
indicates the number of individuals who have not yet experienced the event of disappearance.

revealed a congruent lack of sex bias and provided a reliable baseline for subsequent analyses of their sex ratio dynamics. In this
study, BSRs had to be established as a starting point for the following demographic analyses because of high early mortality of
yet unsexed infants. Thus, the prenatally determined sex ratio, the even BSR and the subsequent female disappearance bias are
new key pieces of the lemur sex ratio dynamics puzzle.

Prior to this study, comprehensive sex ratio data were available for three members of the Indriidae family. In Propithecus
verreauxi, BSR was apparently heavily male-biased, but infants have only been sexed as yearlings [66]. Later on, young adult
females experienced higher mortality than males, but this pattern reversed around age 12 [66]. In P. edwardsi, the sex ratio
was female-biased at birth, became male-biased at about 3 years and female-biased again from age 18 onwards [70]. Between
the ages of 2 and 18 years, males enjoyed higher survival than females, but this sex difference quickly reversed afterwards.
However, sample sizes for older adults were small, and the ages of most males in the study were estimated. In Indri indri,
the sex ratio of yearlings was female-biased, and life expectancy at age 2 was similar in both sexes, but males suffered from
marginally higher age-independent mortality [71]. For the Lemuridae, the other family with group-living taxa, only preliminary
age- and sex-specific demographic data are available for four of the 21 species. In Lemur catta and E. flavifrons, data were either
not sex-specific [65,69] or limited to females [84]. In E. macaco, sex ratios were male-biased at birth, for juveniles and for adults,
with males having higher survival rates, but this population was subject to poaching and only studied for seven months [67].
In another E. rufifrons population, BSR and infant survival were male-biased, but sex-specific mortality remained unknown for
later ages [68]. Thus, previous data could not identify a uniform pattern in sex ratio dynamics of group-living lemurs.

Sexing lemur infants at birth is hampered by two main problems. First, in some genera (Lemur, Hapalemur, Prolemur,
Varecia, Indri), males and females have sexually monomorphic coats and —because of an enlarged clitoris—cannot be reliably
distinguished visually at young ages. Second, nine of the 12 Eulemur species are sexually dichromatic as adults, but infants
are born with the same coat coloration [72,85], also obstructing visual sexing during the first months of life. As early infant
mortality in lemurs is generally high [77], sex ratio estimates later in infancy might be misleading, especially if early mortality is
sex-biased [38,60,86]. Sexing by physiological instead of visual methods is therefore essential for accurate assessments of BSRs.
While this can be achieved by DNA analysis [87], such samples are usually difficult to obtain from infants. Moreover, since
DNA sampling may not be possible in cases of abortions, stillbirths or very early infant disappearances, this method has limited
reliability for determining a potential sex bias in early life mortality, an important aspect when studying sex ratio dynamics
in wild animal populations. To overcome these caveats, we assessed offspring sex prenatally through non-invasive analyses
of maternal hormone concentrations during gestation [74,78,79,88-90]. To our knowledge, our study is the first to utilize this
approach to assess BSRs and examine the degree of sex-specificity in early life mortality at a population level, highlighting its
potential for non-invasively assessing BSRs and pregnancy failure in wild mammals, once species-specific endocrine correlates
have been established.

Solid evidence for an even BSR and absence of sex-specific mortality very early in life allowed us to explore the subsequent
sex ratio dynamics. In stark contrast to the pattern characterizing the vast majority of polygynous mammals, our analyses
revealed higher male survival rates that inherently imply an increased risk for females to disappear in the first 8 years of
life, driving the observed male bias in ASR. Previous studies on lemur sex ratios and sexual monomorphism have focused
on alternative mechanisms of male competition to explain the apparent lack of increased adult male mortality [55,91,92]
because sexual selection theory offers an evolutionary framework for analysing adaptive sex differences in health and mortality.
Accordingly, male, but not female, reproductive success in mammals is thought to be limited by mating access, generating
a trade-off between reproduction and maintenance [43]. In particular, investment in reproduction early in life will have
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detrimental effects on somatic maintenance later in life [93]. The fact that female competition is widespread and can have
similar evolutionary effects has only recently been acknowledged, however [94].

Specifically, studies of a few species that also deviate from this typical mammalian pattern (Marmota marmota [95]; S. suricatta
[40]; Equus ferus caballus [96]) helped to refine the sexual selection hypothesis for explaining sex biases in ASR. They demon-
strated that appreciation of selection pressures generated by intrasexual competition in both sexes offers better explanations
for sex-biased mortality than crude mating system categories (see also [45]). Female reproduction in this red-fronted lemur
population declined indeed massively after an average of 8 years [75], coinciding with the onset of more balanced disappear-
ance probabilities among the sexes. Investment in intrasexual reproductive competition entails costs to somatic maintenance,
leading to higher rates of senescence in the sex experiencing stronger reproductive competition, as has been demonstrated in
European badgers (Meles meles [97]). In addition, the mortality risk of red-fronted and some other lemur females is elevated
by eviction, an extreme form of intrasexual competition, in which females are forced to leave their natal group [58,76]. As in
bottlenose dolphins (Tursiops aduncus), these costs of female reproduction, including sexual coercion and competition, may be so
high that they affect sex ratios across the lifespan, closing or even reversing sex gaps in mortality hazards [38].

By illuminating the mechanisms driving sex-specific patterns in wild mammal species, we can obtain insights into the
adaptive strategies of both sexes, sex-specific causes of disappearance and sex ratio dynamics across the complete lifespan.
Such a comparative approach may also contribute to a broader understanding of sex-specific mortality patterns in other
mammals. We know most about the underlying mechanisms in humans, where female reproductive effort is also costly [98], but
other proximate drivers, including immune system responses, hormonal effects and cellular senescence, as well as risk-taking
behaviours and unhealthy lifestyles [15,24], may outweigh these costs. Our findings therefore underscore the significance of
understanding species- and sex-specific causes of disappearance or mortality to broaden our comprehension of demographic
and evolutionary processes related to mortality patterns.
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