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The relationship between age and reproductive performance is highly variable across species. Humans and some cetaceans exhibit an extreme form of reproductive senescence in that female reproduction ceases years or even decades before average life expectancy is reached. However, neither the existence of reproductive senescence in some taxa nor its absence in others is fully understood. Comparative data from other long-lived mammals may contribute to a more comprehensive understanding of the evolution of menopause, but data from wild primates, in particular, are scarce. We therefore investigated age-related female reproductive performance in two wild sympatric populations of Malagasy primates: Verreaux’s sifakas (Propithecus verreauxi) and redfronted lemurs (Eulemur rufifrons), which have a maximal longevity of more than 20 years. Based on 25 years of long-term demographic data, we extracted information on reproductive output of 38 female Verreaux’s sifakas and 42 female redfronted lemurs. We modeled variation in female reproductive performance and interbirth intervals as a function of age, the number of adult females within a group to account for female competition, and rainfall as a proxy for annual variation in food availability. We also compared our results for these two species with data on captive populations of the same two genera that are buffered from fluctuations in environmental variables. Our analyses disclosed statistical evidence for reproductive senescence in three out of four populations (captive Coquerel’s sifakas, wild redfronted lemurs, and captive red lemurs) but not for wild Verreaux’s sifakas. Compared to wild populations, reproductive senescence was therefore not less pronounced in captive animals, even though the latter are buffered from environmental adversities. In wild redfronted lemurs, mothers were more likely to give birth in years with more rainfall, but neither the number of co-resident females, nor annual rainfall did predict variation in the probability of giving birth in wild Verreaux’s sifakas. Thus, our study contributes valuable comparative information on reproductive senescence in a basal group of primates, and offers insights into the modulating effects of environmental, social and phylogenetic factors on patterns and dynamics of age-specific female reproduction.
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INTRODUCTION

The optimal allocation of reproduction and fertility across the lifespan constitutes a key life-history problem (Stearns, 1976; Roff, 1992; Healy et al., 2019). Theoretical frameworks that predict a trade-off between life-history traits therefore include reproductive senescence, i.e., a decline in reproductive performance, with age (Lemaître et al., 2015, Lemaître and Gaillard, 2017). While some authors have distinguished between aging (the process) and senescence (the outcome), we follow others (e.g., Monaghan et al., 2008; Lemaître et al., 2015) in not making this distinction and using only senescence below. In humans and a few other mammalian species, reproductive senescence terminates in menopause, i.e., the complete cessation of fertility before the average lifespan is reached (Walker and Herndon, 2008; Johnstone and Cant, 2010, 2019; Lieberman et al., 2021). Despite long-held skepticism (Medawar, 1952), there is now compelling evidence for the widespread existence of senescence in a variety of animal species (Monaghan et al., 2008; Nussey et al., 2013). Comparative studies based on long-term data from various wild vertebrate populations have confirmed the presence of early late life trade-offs, suggesting that resource limitation leads individuals to trade somatic maintenance later in life for high allocation to reproduction early in life (Lemaître et al., 2015), and have begun to identify environmental factors that modulate their timing and intensity (Gaillard and Lemaître, 2020). Studying intra- and interspecific variation in longevity and fertility, their complex relationship, as well as the factors modulating them, is therefore crucial for understanding variation in fitness, but our understanding of these processes remains limited, partly because data from very long-lived taxa remain scarce (Gaillard and Lemaître, 2020). Here, we present results of a comparative study exploring these patterns and sources of age-specific female reproduction in relatively long-lived basal primates to contribute to a redressal of this data gap.

As in the vast majority of mammalian species with relatively long lifespan (Lemaître et al., 2020), such as African elephants (Hayward et al., 2014), reproductive rates of female primates are expected to decline with age. Gestation and lactation are energetically demanding, and older female mammals should balance the successful rearing of current offspring against the probability to survive and to produce future offspring (Lemaître and Gaillard, 2017). Indeed, in wild, and thus unprovisioned, chimpanzees and yellow baboons, an age-related decline in female reproductive output was found, but only at relatively old maternal ages and at the same rate as the probability to survive declined (Thompson et al., 2007; Altmann et al., 2010). In some baboon populations, female reproductive activity even ceased before individuals reached their average lifespan (Packer et al., 1998). Further comparisons among six anthropoid (baboons, blue monkeys, capuchins, chimpanzees, gorillas, muriquis) and one lemur species (Verreaux’s sifakas) also suggested that reproductive senescence was present – at least in baboons and sifakas statistically significant effects could be demonstrated – but most individuals died before fertility cessation (Alberts et al., 2013). Another comparative study of 13 primate species showed that age-specific fertility declined with increasing age, also in captivity (Caro et al., 1995). Furthermore, in wild but provisioned rhesus macaques, rates of reproductive senescence were disproportionately higher than those of somatic decline (Lee et al., 2021). Finally, female muriquis, blue monkeys, baboons, gorillas and chimpanzees showed longer interbirth intervals (IBIs) in the oldest or youngest age classes, or both, and the oldest females also showed relatively fewer completed IBIs (Campos et al., 2022). Thus, under various conditions of food availability, reproductive senescence has been reported for various primate species. However, the majority of field studies used estimated or statistically modeled age classes and could not draw on known-aged individuals; one of the practical challenges of long-term field studies (Kappeler et al., 2012, 2017).

Whenever longitudinal data on reproductive rates are not available, cross-sectional data on IBI may provide relevant information on reproductive senescence because the probability of prolonged IBIs is predicted to increase with age. The current evidence for this effect is mixed, however. In Barbary macaques, for example, younger mothers wean their offspring indeed significantly earlier than older ones (Paul et al., 1993), indicating that the successful rearing of offspring is age-related, at least in some species (Atsalis and Margulis, 2008). In particular, IBIs were the longest for very young and very old females in this population (Paul et al., 1993). In chimpanzees, IBIs also increased significantly with maternal age, but the effect size was rather small and this effect was probably more due to individual maternal health, as IBI length in this species is closely related to somatic senescence (Thompson et al., 2007). In the comparative study of 13 captive primate species, the majority of correlations between IBIs and female age were negative, but only significant in humans, orangutans and chimpanzees (Caro et al., 1995). Female baboons seemed to experience shorter IBIs with advancing age in this study, but again this correlation was not significant. In wild capuchin, howler and spider monkeys, IBIs were not affected by age, but also not by parity, rank or body weight (Fedigan and Rose, 1995). Among several populations of captive common marmosets, Smucny et al. (2004) found a significant non-linear correlation between maternal age and IBI length. Thus, female primates appear to account for the increasing costs of reproduction with increasing age by adjusting IBIs in some cases.

If the detrimental age-effects cannot be fully compensated by reduced reproductive rates, infant survival may also be compromised. Even if females continue to reproduce at regular intervals throughout their lifetime, advanced maternal age may result in increased rates of miscarriages or negatively affect offspring survival because of reduced birth weights, milk production or other complications (Atsalis and Margulis, 2008; Lemaître and Gaillard, 2017; Comizzoli and Ottinger, 2021). In fact, infant survival in female olive baboons rapidly declined with age, and mothers beyond 21 years of age were more likely to experience a miscarriage (Packer et al., 1998). Yet, although the maternal age effect on offspring survival in semi-free ranging Barbary macaques was statistically not significant, infants of older mothers were more likely to survive than those of younger females (Paul et al., 1993). Thus, the efforts by senescence mothers to reproduce successfully may also be compromised by reduced infant survival.

The social system of a species may also have evolutionary consequences for age-dependent female reproductive strategies. Humans and beluga whales, killer whales, narwhales and short-finned pilot whales have evolved an extreme form of reproductive senescence (i.e., menopause), where the post-reproductive phase can last at least as long as the reproductive phase (Ward et al., 2009; Ellis et al., 2018; Johnstone and Cant, 2019). In these species, menopause appears to be the outcome of kin selection in social systems characterized by appreciable or effective female dispersal by reducing the costs of intergenerational reproductive conflict (Johnstone and Cant, 2019). Reproductive effort can also be compromised by competition with other females independent of age, however (Beehner and Lu, 2013). For example, in Hanuman langurs conception probability was lower and IBIs were longer in groups containing more females (Sommer and Rajpurohit, 1989; Sommer et al., 1992). Thus, the evolution of key life-history traits appears to be also shaped by features of the social system, including patterns of female kinship, mate quality and reproductive competition.

Other factors can modulate reproductive performance on more immediate levels and time scales. In the wild, animals are exposed to natural fluctuations in food availability, rainfall, temperature and parasites, all of which can have instantaneous consequences for the current or next reproductive cycle, and thus, for reproductive rates. These relationships can be investigated by either cross-sectional comparisons across multiple populations or groups, longitudinal contrasts across multiple seasons or years for the same individuals, or by comparing wild and captive populations of the same species or genus. In the present study, we will adopt the latter two approaches, focusing on two lemur genera in the wild and in captivity.

Long-term studies of wild populations are often compromised by practical challenges related to the longevity of the study subjects, which may exceed the academic lifespans of the researchers, and other practical difficulties (see above). In contrast, unmanaged captive populations represent a convenient opportunity to investigate the dynamics of maximal female reproductive rates under conditions of food abundance, veterinary care and reduced parasite exposure. Such effects might be far more significant and easier to detect in species with short lifespans and high reproductive rates (Tidière et al., 2016). Nonetheless, compared to their wild relatives, semi-captive ring-tailed lemurs did not seem to experience reproductive senescence (Lemaître and Gaillard, 2017). However, in two species of captive ruffed lemurs, litter size as well as infant survival follow an inverted U-shaped pattern, with a decreasing point after mothers reached the age of 9 and 11.5 years, respectively (Tidière et al., 2018). In Hanuman langur females, members of free-ranging populations exhibited a later onset of about 10 months of first conception than they do in captivity (Sommer et al., 1992). Similarly, the timing of first reproduction in wild female common marmosets was delayed by several months compared to their captive counterparts (Tardif et al., 2008). Comparisons of reproductive effort between wild and captive populations can therefore provide information about the magnitude of phenotypic plasticity in these traits, offering a benchmark for maximal reproductive effort to which data from populations with various environmental constraints can be compared.

Non-human primates share fundamental features of their life histories with humans (van Schaik and Isler, 2012), so that studying a basal group of primates can contribute valuable comparative information on the evolution of reproductive senescence in general and (human) menopause in particular. Despite their relatively long lifespans, slow development and reproductive rates, long-term field studies of primates have generated valuable demographic data for comparative studies of fundamental questions in life-history evolution (Bronikowski et al., 2011; Morris et al., 2011; Colchero et al., 2016, 2021; Campos et al., 2017, 2022). Lemurs, the endemic primates of Madagascar, have been underrepresented in these comparative studies because of the limited number of long-term study sites (Jolly, 2012; Kappeler and Fichtel, 2012a; Sussman et al., 2012; Wright et al., 2012; Kappeler et al., 2017). They are nonetheless interesting for studies of reproductive senescence because they tend to live longer than most anthropoid primates of similar body mass, with a remarkable maximum longevity of over 30 years for mammals of < 10 kg, at least in captivity (Zehr et al., 2014). Lemurs also exhibit impressive interspecific variation in age at first reproduction, litter size and reproductive rates (Kappeler, 1995, 1996; Ross, 1998; Tecot et al., 2013), but patterns and drivers of intraspecific variation have not yet been studied in great detail.

Representatives of two lemur families (Indriidae and Lemuridae) that evolved diurnal activity, group living and single births independently (Kappeler, 1998; Kappeler and Pozzi, 2019), thus resembling anthropoid primates in key life-history features, have been subjected to long-term field studies. The available published information about lemur reproductive senescence can be summarized as follows (for wild mouse lemurs see Rina Evasoa et al., 2018; for captive lemurs: Zehr et al., 2014). First, one study of Milne Edward’s sifakas (Propithecus edwardsi) revealed that, although no overall effect of age on fertility could be found, offspring survival was significantly decreased in years with below-average rainfall during the lactation period, but the age classification in this study was based on estimates of tooth wear rather than known ages (Wright et al., 2008). Second, in wild Verreaux’s sifakas (P. verreauxi) at Beza Mahafaly, which were also assigned to one of 5 age classes based on tooth wear analyses, females began reproducing surviving infants with 5 years of age, followed by a sharp increase in reproductive rates over subsequent years and a steady phase of about a decade before a decline in average fertility set in around the age of 18 (Richard et al., 2002). Nonetheless, many females in their early 20 s continued to reproduce regularly, and the oldest mother was estimated to be 28 years old. Controlling for body mass, these sifakas had a greater age at last reproduction than 14 other primate species for which these data were available at the time. Female reproductive performance in this species was also related to unpredictable climate because a severe drought decreased birth rates by almost 20%, and only few offspring born that year survived (Richard et al., 1991, 2000). At Kirindy Forest, the proportion of female Verreaux’s sifakas reproducing varied widely across years, and part of this variation was explained by variation in the number of co-resident females (Kappeler and Fichtel, 2012a). Finally, wild female ring-tailed lemurs, which were also grouped into age-classes, reproduced irrespective of age, but birth rates declined in groups with larger numbers of females and in years with a drought (Gould et al., 2003). In another population, old female ring-tailed lemurs reproduced at slightly, but not significantly, reduced rates, presumably because most of them had already died or disappeared before a clear pattern could have been detected (Ichino et al., 2015).

Additional data from long-term studies of age-specific fertility in the wild are obviously needed to further investigate reproductive senescence and its underlying mechanisms in lemurs. Here, we present such data on sympatric wild Verreaux’s sifakas and redfronted lemurs (Eulemur rufifrons), offering an opportunity for contrasting the life histories of representatives of independently evolved lineages to identical (fluctuations in) environmental conditions. Both species live in small multi-male, multi-female groups and feed on a broad range of fruits and leaves (Koch et al., 2017). Verreaux’s sifakas are slightly larger than redfronted lemurs (2.9 vs. 2.2 kg), their groups are of similar size (6.1 vs. 5.4 individuals), female reproduction begins later (5 vs. 3 years), but both species typically produce singletons and can live well over 20 years (Richard et al., 2000, 2002; Kappeler and Fichtel, 2012a,2016; Zehr et al., 2014). Despite female philopatry in both species, female Verreaux’s sifakas occasionally emigrate into other groups (Kappeler and Fichtel, 2012a), and female redfronted lemurs very rarely succeed in immigrating into other groups after being evicted from their natal one (Kappeler and Fichtel, 2012b). In order to assess the effects of ecological challenges on female reproduction, we compare our results with data from closely related captive Propithecus and Eulemur species, for which the Duke Lemur Center (DLC) (Durham, NC, United States) has accumulated an impressive data set under uniform captive conditions (Zehr et al., 2014).

The main aims of our study are therefore to evaluate female reproductive output and IBIs in two sympatric wild lemur populations as a function of age, the number of adult females (to account for female competition) as well as rainfall as a proxy for variation in food availability. To further investigate the relationship between ecology and life-history dynamics, we compare data on wild and captive populations of the same two genera to account for annual environmental variation and its consequences for reproductive senescence in the unpredictable environment of Madagascar. In line with the relevant evolutionary theory, we expected reproductive senescence (i) to occur in these relatively long-lived small mammals, and (ii) to be less pronounced in captive animals because they are buffered from natural hazards.



MATERIALS AND METHODS

The data presented in this study come from two sources. First, we collected demographic and life-history data from sympatric populations of Verreaux’s sifakas and redfronted lemurs at Kirindy Forest, western Madagascar, a dry deciduous forest exposed to pronounced climatic seasonality (Kappeler and Fichtel, 2012a). Beginning in 1995 (sifakas) and 1996 (redfronted lemurs), members of several adjacent groups of both species, including immigrants and newborns, have been regularly captured, measured and individually marked with Passive Integrated Transponder (PIT) tags and unique nylon collars. One individual per group has been equipped with a radio collar to facilitate multiple censuses per week during which each group’s composition, including the number of co-resident adult females, has been recorded. Birth dates of newborn infants are therefore known with a precision of a few days; in most cases we know the exact birthday. Ages of individuals at the beginning of the study could be determined with an accuracy of a year because both species are strict annual breeders and juveniles of different ages clearly differ in body mass from each other; ages of adults during first captures were estimated based on patterns of tooth wear. We therefore created two data sets for the analyses of age-dependent reproductive rates of these two species: dataset A contains only individuals with exactly known ages; dataset B also includes females that were adults at the beginning of the study and whose ages have been estimated. Finally, because climatic data were not collected regularly during the early years of the study, we used published rainfall data from the CHIRPS (n.d.) data base to assess interannual variation on precipitation.

Second, in February 2022 we extracted life-history data from the published records of the Duke Lemur Center (DLC; Zehr et al., 2014), which houses captive colonies of sister species of the two species studied at Kirindy. Because P. verreauxi and E. rufifrons are not kept at the DLC, we extracted reproductive data (i.e., age at first reproduction, IBIs, age at all subsequent births) for Coquerel’s sifaka (P. coquereli) and red lemur (E. rufus) females of known ages. Both species are similar to P. verreauxi and E. rufifrons in body size, social system and also inhabit the dry deciduous forests of western Madagascar in the wild (Mayor et al., 2004; Razafindramanana et al., 2020).


Statistical Analyses


Comparison of Age at First and Last Reproduction Between Wild and Captive Populations

We compared the age at first reproduction of females with known age between the captive and wild populations using a Mann–Whitney U-test. Age at last reproduction was compared between captive and wild lemurs with known and estimated age using a Kruskal–Wallis test. Since age was estimated for only three captive red lemur females, we did not include them in this comparison.



Age-Specific Reproductive Performance

To estimate the effect of age on the likelihood of giving birth to an offspring, we fitted Generalized Linear Mixed Models (GLMM; Baayen, 2008) with binomial error structure and logit link function, with giving birth as the binary response (“yes” or “no”). For wild lemurs, we included as fixed effects, female’s age, the number of adult females present in the month of birth, and annual cumulative rainfall as control factors. Since reproductive senescence is a within-individual process, we separated within-individual aging patterns from between-individual heterogeneity, i.e., selective appearance or disappearance of individuals, by including longevity or age at first or last reproduction as additional control factors (van de Pol and Verhulst, 2006; Nussey et al., 2008). We fitted this model on each of the two data sets (A and B) for wild lemurs, one on all females including those for which the exact age was not known and the one including only females with known age. Longevity was included in the model including all females, whereas in the subset of females with known age, we included age at first and last birth to account for both, selective appearance and disappearance (van de Pol and Verhulst, 2006; Nussey et al., 2008). As random effects, we included female and group identity. For wild lemurs we included the random slopes of female’s age, the number of adult females and rainfall within mothers and groups. Originally, we also included correlations between random slopes and intercepts, but as the models did not converge, we had to exclude them again. As information on group composition as well as group identity was not available for data on captive lemurs, we included as fixed effects only female’s age and longevity because birth rates might have been influenced by husbandry decisions. Female’s age within the random slope of female’s identity was included as random factor. In Coquerel’s sifakas, we had to remove the correlation between random slopes and intercepts, as the models did not converge.

For each data set, we fitted three models, one including only “age,” one including “age and quadratic age,” and a threshold model (see Supplementary Material for a detailed description of the threshold model). Most, except three models, including age and quadratic age did not reveal a negative estimate for quadratic age, thus, not matching the expected inverted U-shape. Therefore, we report these models only in the Supplementary Material (Supplementary Tables 1–4). For models where the estimate for quadratic age was negative, we compared AIC values between the model including only age and age as well as quadratic age, and present the models with a delta AIC < 2 in the main text. Since the results of all threshold models, except one, revealed negative estimates for both, the lower threshold age as well as the upper threshold age, not matching the roughly expected inverted U-shape, we do not report model outputs. Finally, we explored whether females experienced reproductive completion. Females, that lived longer than the mean IBI + 2*SD after having given birth to the last live infant were considered as having completed reproduction (Alberts et al., 2013).

We compared all models to a null model, comprising all random and fixed effects except for age, with a likelihood ratio test (Schielzeth and Forstmeier, 2009). This full-null model serves to avoid “cryptic multiple testing” (Forstmeier and Schielzeth, 2011). Sample sizes for the reproductive output models can be found in Tables 1, 4.


TABLE 1. Overview of life-history milestones and sample sizes of wild Verreaux’s and captive Coquerel’s sifakas.
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Interbirth Intervals

To determine whether female age has an effect on IBIs, we fitted Generalized Linear Mixed Models with a Gamma-distribution and a log link. For the two wild populations, we used IBIs as the response and female’s age, number of adult females present at birth, annual cumulative rainfall and longevity or age at first and last birth as fixed effects, as well as individual and group identity as random effects. For Verreaux’s sifakas we included the random slopes of age, the number of adult females and rainfall within mothers as well as age, longevity and rainfall within groups without correlations between random slopes and intercepts. For wild redfronted lemurs, we included the random slopes of age, the number of adult females and rainfall within mothers as well as age, the number of adult females, longevity and rainfall within groups. As in the reproductive output models, we estimated a model including only “age” and one including “age” and “quadratic age,” respectively. Similar to the reproductive output models, we compared AIC values of models including age or age and quadratic age, when the estimate of quadratic age was positive. In addition, all full models were compared to a null model, comprising all random and fixed effects except for age, and we checked for overdispersion, which revealed that all models were highly underdispersed. Therefore, we did not fit additional threshold models. Sample sizes for IBI models can be found in Table 1. For the two captive populations, we did not estimate whether IBIs were influenced by mothers age because some females were put on contraception due to husbandry decisions.

Analyses were conducted using R (version 4.1.0; R Core Team, 2020), applying the function glmer and lmer from the package “lme4” (version 1.1-21; Bates et al., 2015). We centered all quantitative predictors to a mean of zero and a standard deviation of one before including them into the models, to facilitate model convergence. All theoretically identifiable random slopes were included to avoid Type I errors (Barr et al., 2013). Confidence intervals were obtained for all models by means of parametric bootstraps using the function “bootMer” of the package “lme4,” applying 1000 parametric bootstraps. We checked for collinearity by determining Variance Inflation Factors (VIF; Dobson and Barnett, 2018) for a standard linear model without random effects using the package “car” (version 3.0.11; Field, 2005). VIF values were smaller than 1.9 in all cases. We estimated model stability by dropping levels of the random effect one at a time from the data set and compared the obtained estimates to the estimates obtained for the full data set. This revealed that all models exhibited good stability.





RESULTS


Wild Verreaux’s Sifakas

In total, 38 wild sifaka females gave birth to 225 singleton infants across 25 years. All females, except three, gave birth to more than one infant during our study. The exact age was known for 13 females, born 1995 or later, who had an age at first reproduction of 5.56 ± 1.06 (mean ± SD; Table 1) years. Of these 13 females, seven had already died at the time of this study. These females had an age at last reproduction of 11.65 ± 4.39 years. Of the other females (N = 25), for which we estimated age, one was still alive, and the remaining 24 females had an age at last reproduction of 11.97 ± 4.88 years. Only two of these females lived longer than the mean IBI + 2*SD after having given birth to the last live infant (Figure 2A). They were 11.98 and 21.08 years old, respectively. Two females that were still alive also experienced a long IBI, but they were rather young, about 8 years each, indicating that these long IBIs might have been due to other reasons than reproductive completion.

Overall, Verreaux’s sifaka females gave birth to 5.92 ± 3.83 infants during their entire lifespan, with a range of 1 and 16 infants. Focusing on females of known reproductive lifespan only (N = 7), we found that they produced on average 5.86 ± 3.49 infants. The average IBI for all females was 1.25 ± 0.44 years (Table 1). Following 74% of births, females gave birth again after about 1 year later, in 22% of cases they gave birth again about 2 years later, and only in two cases (2%) females gave birth again after 3 years (Figure 1C). The latter two cases occurred toward the end of the reproductive lifespan (i.e., at 9 and 11 years, respectively).


[image: image]

FIGURE 1. Probability of giving birth as a function of mother’s age for (A) wild Verreaux’s sifakas and (B) captive Coquerel’s sifakas. (C) Frequency distribution of interbirth intervals of wild Verreaux’s sifakas (light gray; N = 193) and captive Coquerel’s sifakas (dark gray; N = 161). Dashed lines represent the regression lines, gray polygons represent the 95% confidence intervals, and dots represent the number of observations with the area of dots being proportionate to the number of observations per binned age (Verreaux’s sifakas: range 2–33, Coquerel’s sifakas: 2–26). Note that the dots in panels (A,B) are not to the same scale.



[image: image]

FIGURE 2. Number of (A) wild Verreaux’s sifaka and (B) captive Coquerel’s sifaka females that gave birth (orange) or not (yellow) in their last year of life or observation (age in years).


In the model including all females, the probability of giving birth was independent of female’s age, the number of co-resident females, annual rainfall and longevity (Figure 1A and Table 2A). Including quadratic age in the model did not result in a better fit (AIC: age = 312, age and quadratic age = 318). In the subset of females with known age, the probability of giving birth was also independent of female’s age, the number of co-resident females, annual rainfall, and age at first or last birth (Table 2B). Adding quadratic age did not improve the model fit (AIC: age = 127, age and quadratic age = 133).


TABLE 2. Results of the models in wild Verreaux’s sifakas on (A) the probability of giving birth for all females, (B) for female’s with known age, and variation in interbirth intervals (C) for all females and (D) for females with known age.
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The models on variation in IBIs including age revealed a better fit than those including age and quadratic age (AIC: all females: age = 155, age and quadratic age = 159; females with known age: age = 61, age and quadratic age = 67). Variation in IBIs was neither predicted by mother’s age, nor number of adult females in a group, rainfall or longevity (Table 2C). Similarly, in the subset of females with known age, variation in IBIs was neither predicted by mother’s age, number of adult females in a group, rainfall nor age at first or last birth (Table 2D). Both models where highly under-dispersed (all females: dispersions parameter = 0.074, p = 1, females with known age: dispersions parameter = 0.078, p = 1), so that results should be treated cautiously. Hence, our analyses revealed no evidence for wild Verreaux’s sifakas to experience reproductive senescence, neither in the probability of giving birth, nor in terms of extending their IBIs.



Captive Coquerel’s Sifakas

In total, 35 captive sifaka females gave birth to 196 singleton infants across 41 years. The exact age was known for all females. Age at first reproduction was on average 5.85 ± 1.96 years, which did not differ between captive and wild sifakas (Mann–Whitney U-test: z = 0.034 P = 0.972; Table 1). Four females gave birth only once, three of them were alive at the time of the census, and one had already died. Thirty-one females gave birth to more than one infant. Of those, 15 females were still alive at the time of the census and 16 had already died. The latter subsample had an age at last birth of 13.21 ± 4.20. Age at last reproduction did not differ among captive and wild sifakas with known or estimated age (Kruskal–Wallis: χ2 = 0.317, P = 0.853). After having given birth to the last live infant, six females lived longer than the mean IBI + 2*SD (Figure 2B). One of them died at an age of 11.91 years and gave birth to the last live infant 4.99 years before. The other five females were still alive, two were 5 and 7 years old, and three between 9 to 13 years, suggesting that the latter three ones might have already experienced reproductive completion. However, since we do not know whether some females failed to give birth because of management decisions, these IBIs should be treated with caution. Therefore, we did not estimate whether variation in IBIs covaried with mother’s age.

Overall, Coquerel’s sifaka females gave birth to an average of 5.6 ± 3.88 infants, with a range between 1 and 13 infants (Table 1). Mothers of known reproductive lifespan (N = 16) produced on average 6.77 ± 3.83 infants. The average IBI was 1.21 ± 0.7 years and they did not exhibit such a clear annual pattern as wild sifakas (Table 1 and Figure 1C). The model fitting the probability of giving birth in captive sifakas revealed a better fit when was age included in comparison to age and quadratic age (AIC: age = 270, age and quadratic age = 273). Older females were less likely to give birth, and birth rates were influenced by longevity only by trend (Figure 1B and Table 3). Hence, captive Coquerel’s sifakas appear to have experienced reproductive senescence.


TABLE 3. Results of the models in captive Coquerel’s sifakas on the probability to give birth.
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TABLE 4. Overview of life-history milestones and sample sizes of wild redfronted lemurs and captive red lemurs.
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Wild Redfronted Lemurs

In total, 42 redfronted lemur females gave birth to 201 singleton infants, and one female gave birth to twins across 25 years. Eight females gave birth to only one infant during our study period. The exact age was known for 26 females, who had an age at first reproduction of 3.59 ± 0.82 years (Table 4). Of these 26 females born in 1996 or later, 24 had already died by the time of this study. They had an age at last reproduction of 8.22 ± 4.22 years. Of the other females (N = 16), for which we estimated their age, one was still alive, and the remaining 15 females had an age at last reproduction of 8.24 ± 4.67 years. After having given birth to the last live infant, seven females lived longer than the mean IBI + 2*SD (Figure 3A). Their age ranged between 5.75 and 20.54 years, with only two females being older than the mean age of last reproduction. They were 18.50 and 20.54 years old at the time of death and gave birth to their last infant at an age of 16.07 and 18.04 years, respectively. Hence, these two mothers may have completed reproduction but were reproductively active until a very old age.
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FIGURE 3. Number of (A) wild redfronted and (B) captive red lemur females that gave birth (orange) or not (yellow) in their last year of life or observation (age in years).


Overall, redfronted lemur females gave birth to 4.83 ± 3.52 infants, with a range between 1 and 17 infants. Females of known reproductive lifespan (N = 24), produced on average 4.75 ± 3.19 infants. The average IBI was 1.20 ± 0.50 years (Figure 4C and Table 4). Following 83% of births, females gave birth again after about 1 year later, in 14% of cases they gave birth again about 2 years later, and only in five cases (3%) females gave birth again after 3 years or more. One case occurred already at age of 3.99 years, whereas the other four cases occurred toward the end of the reproductive lifespan (i.e., at 8, 11, 18 and 15 years, respectively). Hence, wild redfronted lemurs might have experienced an effect of reproductive senescence, but average IBIs did not change with age (Figure 4C).
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FIGURE 4. Probability of giving birth as a function of mother’s age for (A) wild redfronted lemur and (B) captive red lemur. (C) Frequency distribution of interbirth intervals of wild redfronted lemurs (light gray; N = 132) and captive red lemurs (dark gray; N = 103). Dashed lines represent the regression lines, gray polygons represent the 95% confidence intervals, and dots represent the number of observations with the area of dots being proportionate to the number of observations per binned age (redfronted lemurs: range 2–23, red lemurs: 2–26). Note that the dots in panels (A,B) are not to the same scale.


The model including age provided a better fit than the model including age and quadratic age (AIC: all females: age = 259, age and quadratic age = 263). The probability of giving birth was influenced by female’s age and rainfall (Figure 4A and Table 5A). Older females were less likely to give birth and females were more likely to give birth in years with more rainfall. Longevity did not influence the probability of giving birth. In the subset of females with known age, the probability of giving birth was also better predicted by the model including age than by the one including age and quadratic age (AIC: all females: age = 189, age and quadratic age = 194). Older females were less likely to give birth, and females were more likely to give birth when more adult females were in the group as well as in years with more rainfall (Table 5B). Age at first and last infant did not co-vary with the probability of giving birth. In both data sets (all females, females with known age), variation in IBIs was better explained by the model including age and quadratic age than only age (AIC: all females: age = 158, age and quadratic age = 129, females with known age: age = 125, age and quadratic age = 121). In the model including all females, interbirth length was not influenced by female’s age, number of adult females, longevity but by rainfall. IBIs were longer in years with less rainfall (Table 5C). In the data set including only females with known age, interbirth length was influenced by none of the factors, and rainfall influenced the length of IBIs only by trend (Table 5D). Since both models were highly under-dispersed (all females: dispersions parameter = 0.09, p = 1, females with known age: dispersions parameter = 0.11, p = 1) and only by trend significantly different from the null model (Tables 5C,D), results should be treated with caution.


TABLE 5. Results of the models in wild redfronted lemurs on (A) the probability of giving birth for all females, (B) for female’s with known age, and variation in interbirth intervals (C) for all females and (D) for females with known age.
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Captive Red Lemurs

In total, 35 captive red lemur females gave birth to 130 singleton infants and five mothers gave birth to 11 twins across 56 years. Six females gave birth to only one infant. The exact age was known for all females, which had an age at first reproduction of 3.64 ± 3.493 years. In comparison to wild redfronted lemurs, captive red lemurs were on average slightly older at first reproduction (Mann–Whitney U-test: z = 2.456, p = 0.014). Of these 35 females, 17 are known to have already died at the time of this study. These females had an age at last reproduction of 6.91 ± 5.81 years. Age at last reproduction did not differ between captive and wild redfronted lemurs with known or estimated age (Kruskal–Wallis: χ2 = 2.037, P = 0.361). After having given birth to the last live infant, 18 females lived longer than the mean IBI + 2*SD (Figure 3B). They were between 6.79 and 32.67 years old (mean = 20.02, SD = 7.66), with almost all females being older than the age of last reproduction of females with known reproductive lifespan, i.e., 6.91 ± 5.81 years. Since we do not know whether some females failed to give birth because of management decisions, these IBIs should be treated with caution. Therefore, we did not estimate whether variation in IBIs covaried with mother’s age.

Overall, red lemur females gave birth to 4.34 ± 4.65 infants, with a range between 1 and 19 infants. Females of known reproductive lifespan (N = 17) produced on average 3.71 ± 4.01 infants. The average IBI was 1.39 ± 1.11 years (Figure 4C and Table 4). The model on the probability of giving birth in red lemurs including age revealed a better fit than the one including age and quadratic age (AIC: age = 330. age and quadratic age = 354). We found an effect of female’s age but not of longevity on the probability of giving birth, with older females being less likely to give birth (Figure 4B and Table 6). Hence, captive red lemurs might also have experienced an effect of reproductive senescence.


TABLE 6. Results of the models in captive red lemurs on the probability to give birth.
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DISCUSSION

Previous research indicated that lemurs do not experience any form of reproductive cessation and thus, are principally capable of reproducing until death (Wright et al., 2008), whereas other studies revealed reproductive senescence late in life (Alberts et al., 2013). The present analyses revealed strong evidence that females in three out of four populations experience reproductive senescence, thereby offering a basis for an exploration of the sources and dynamics of age-specific female reproduction in independently evolved lineages under different environmental conditions. In line with our first prediction, we did find evidence for reproductive senescence in three populations of these relatively long-lived small mammals. In wild redfronted lemurs, captive red lemurs and captive Coquerel’s sifakas, the probability of giving birth decreased with mother’s age, but it was unaffected by maternal age in wild Verreaux’s sifakas. While the pattern observed in the first three of our study populations corresponds to the pattern also observed in about 70% of mammalian species to date (Lemaître et al., 2020), the absence of evidence for reproductive senescence in Verreaux’s sifaka is intriguing, also because it only partly corroborates results of previous studies with data from another population of this species, which reported reproductive senescence (Alberts et al., 2013) but no change in IBIs with age (Campos et al., 2022). Thus, populations may vary in patterns of reproductive senescence and/or different components of reproductive senescence may vary independently.

This outcome across populations rejects our second prediction, stating that reproductive senescence might be less pronounced in captive animals because they are buffered from external adversities. With respect to the relative importance of age in modulating reproductive rates, we found that neither the number of co-resident females, nor annual rainfall did predict variation in the probability of giving birth in wild Verreaux’s sifakas either. In wild redfronted lemurs, in contrast, mothers were more likely to give birth in years with more rainfall. Finally, birth rates did not co-vary with any proxy indicating potential selective appearance or disappearance in the population. i.e., longevity or age at first or last reproduction (van de Pol and Verhulst, 2006; Nussey et al., 2008). Only in captive Coquerel’s sifakas longevity co-varied by trend with birth rates, suggesting that longer-lived females might have been more efficient at giving birth throughout their life.


Prediction 1: Age Effects

Precise age estimates of relatively long-lived mammals like these lemurs require year- or even decade-long investment into long-term field studies. Because such studies are rare or challenging to sustain long enough (Kappeler et al., 2012, 2017), age has also been estimated from tooth wear or other morphological traits, or individuals have been grouped into coarse age classes. While estimates are clearly a less preferred, albeit often unavoidable option, the magnitude of the discrepancies between the two approaches remain poorly known. Our study offered a rare opportunity to compare classes of females of the same populations with either precisely known or estimated ages. In both Verreaux’s sifakas and redfronted lemurs, age at first or last reproduction as well as total number of infants did not differ widely between these groups of females, suggesting that their ages can be reliably estimated and that the age effects found in studies that relied on age estimates (see above) are probably robust.

In wild Verreaux’s sifakas, four females were still alive after having given birth for at least an IBI + 2*SD, which is suggestive of reproductive completion (Alberts et al., 2013), but two of them were only about 8 years old, indicating that these long IBIs might be due to other reasons, like poor health or undetected abortions. Only one very old captive Coquerel’s sifaka female did not reproduce, and her long IBI is also difficult to interpret because it might have been the result of husbandry decisions. In wild and captive Eulemur populations, we found differences in the number of females reaching various ages as well as in the proportion of them giving birth in their respective last year of life, with females in the wild reproducing almost every year until very old age. Also, after having given birth to the last live infant, only five wild redfronted lemur females lived beyond the mean IBI + 2*SD. In captive red lemur females, even 18 females lived longer than the mean IBI + 2*SD, but because of management interventions, these data have to be treated with great caution (see below). In any event, there is evidence to suggest that – as in many other mammals – there is little scope for these lemur females to exhibit grandmaternal care, but we do not know at present whether females live on average longer than males; a pattern found among the few species with grandparental care (Péron et al., 2019). The significant decline in reproductive rates in wild redfronted lemurs contrasts with previous reports for other members of both, the Lemuridae (Gould et al., 2003; Ichino et al., 2015) and Indridae (Richard et al., 2002; Wright et al., 2008), making it difficult at present to derive general conclusions about this aspect of life-history evolution in this basal group of primates.



Prediction 2: Effects of (Reduced) Adversities

In captivity, animals are buffered from fluctuations and limitations of food availability as well as from adverse environmental factors like droughts, extreme temperatures and parasitism. In addition, veterinary care contributes to improved health, so that overall, more energy should be available for growth and reproduction. As a result, captive females should be able to sustain higher reproductive rates, which should be reflected by shorter IBIs and attenuated or delayed reproductive senescence. Because the most common cause of environmentally driven mortality in the wild, i.e., predation, is essentially eliminated in captivity, females should on average also live longer than in the wild.

These predictions were only partially supported empirically in our study. In the Eulemur species, reproductive senescence occurred independent of the environmental conditions they found themselves in. However, although captive and wild sifakas did not differ in their maximal ages at reproduction or IBIs (Figure 2), reproductive senescence occurred only in captive, but not in the wild sifakas. The latter finding is in contrast to findings of reproductive senescence in another wild population of Verreaux’s sifakas in Beza Mahafaly (Richard et al., 2002; Alberts et al., 2013; Campos et al., 2022). At Beza Mahafaly, older females were less likely to give birth and they were less likely to close long IBIs by having another offspring; an aspect that we did not explicitly model in our approach. The differences between the two populations might be due to differences in sample size (Beza: 116 females; Kirindy: 38 females, 228 births), but a targeted comparison would be required to test this notion explicitly. These two populations differ, however, in the abundance of the fosa, which is absent at Beza Mahafaly, but common in Kirindy Forest (Kappeler and Fichtel, 2012b). Hence, at Kirindy, more older females, which are likely in a less good condition, might have fallen victim to predation, thereby obscuring potential effects of reproductive senescence. This notion is supported by a study of wild female Edward’s sifakas, where the fosa is also abundant, but where no indication of a decline in fertility in dentally senescent (aged > 18 years) females was found (Wright et al., 2008). Thus, variation in predation risk needs to be acknowledged in future demographic studies of wild primates.

Whereas more captive red lemurs lived indeed beyond 20 years than wild redfronted lemurs, their IBIs did not differ, and reproductive rates declined with age in both populations (Figures 4A,B). IBIs were longer in the captive population, which might be due to husbandry decisions. In the wild, however, IBIs did not co-vary with female’s age. Overall, the IBIs of wild and captive congers in our study nevertheless exhibited generally similar frequency distributions, with the vast majority of females giving birth every year. IBIs may exhibit such limited plasticity because of the photoperiodic control of lemur reproduction (Rasmussen, 1985; Heldstab et al., 2021), which limits ovulations to a narrow time window of 2–3 months, presumably as an adaptation to pronounced seasonality of most lemur natural habitats (Meyers and Wright, 1993).

Data on reproductive performance in captivity have to be treated with caution, however. Hormonal birth control and management decisions have presumably impacted the data on the onset of reproduction and individual fertility. Females that are capable of reproducing and housed with an adult male, but are not recommended to breed, receive contraception, but these decisions are re-evaluated every year. Thus, these data should therefore be treated and interpreted carefully and serve to illustrate the general point about shortcomings and limitations of life-history data from captive animals.



Effects of Ecology and Sociality

The present study revealed that neither the number of co-resident females nor annual rainfall predicted variation in the probability of giving birth for wild Verreaux’s sifakas. Reproductive rates of wild redfronted lemurs were higher in years with more rainfall, but unaffected by the number of co-resident females. There is evidence that lemur reproduction is challenged by resource availability (reviewed in Kappeler and Fichtel, 2015, Kappeler et al., 2022), so that more rain may improve food availability for reproducing females. The different responses by Verreaux’s sifakas and redfronted lemurs might be due to the fact that sifaka reproduction at Kirindy is embedded within an 8-month dry season (Kappeler and Fichtel, 2012b) with little phenological tree activity, whereas redfronted lemur lactation coincides with the onset of the production of flowers and young leaves by most trees, which may benefit from more rain. Similarly, birth rates of ring-tailed lemurs, Milne Edward’s sifakas and Verreaux’s sifakas at Beza Mahafaly also exhibited some reduction in response to low rainfall or droughts (Richard et al., 2000; Gould et al., 2003; Wright et al., 2008).

Competition by other females did not impact reproductive rates in Verreaux’s sifakas. However, in the redfronted lemur data set of females with known age, we found a positive effect on the probability of giving birth with an increase in the number of adult females, even though a previous analysis (Kappeler and Fichtel, 2012b) indicated an increase in the intensity of female competition with increasing numbers of resident females. Thus, more data from other species and study sites are required for a more robust assessment, but, overall, the effect of age on female reproduction appears to be more pervasive than those of ecological and social factors, for which this study revealed no consistent effects.




CONCLUSION

We investigated effects of age, female competition and variation in food availability on female reproductive performance and IBIs in two sympatric wild populations of true lemurs and sifaka and compared these data with captive populations of the same two genera to identify consequences for reproductive senescence. We found some negative effects of age on reproductive performance in three out of four populations. Wild and captive populations did not differ in these life-history traits in the predicted manner, but data from the captive populations were presumably compromised by husbandry decisions. In the wild, only some females live long beyond their last birth, offering no evidence for fertility completion in these basal primates, but reproductive senescence appears to set in shortly before the end of their natural lifespan. Our study contributes additional data on age-related life-history adaptations in monotocous primates and, hence, to a more comprehensive appraisal of reproductive senescence.
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