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Abstract


Actuarial senescence (i.e., the age-specific increase in mortality rate) is pervasive across mammalian species, but our current understanding of the diversity of forms that actuarial senescence displays across species remains limited. Although several mathematical models have been proposed to model actuarial senescence, there is still no consensus on which model to use, especially when comparing mortality patterns among species. To fill this knowledge gap, we fitted and compared different forms of increase using models commonly used in senescence studies (i.e., Gompertz, Weibull, and logistic) across 61 species of mammalian captive populations using the Bayesian Survival Trajectory Analysis (BaSTA) approach. For as much as 79% of the species, a Gompertz increase of mortality with age was the most parsimonious model that satisfactorily described the shape of age-specific mortality changes in adults. This highlights that the form of the increase in mortality is mostly consistent across mammalian species and follows the Gompertz rule with some rare exceptions. The implications of that result are twofold. First, the Gompertz rate of mortality increase should be used in cross-species comparative analyses of mammals, as already done in some studies. Second, although the Gompertz model accurately describes actuarial senescence in most mammals, there are notable exceptions, and the factors causing this deviation from an exponential mortality increase during the adult stage warrant further investigation.
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1. Introduction


Pioneer analyses of human life tables several centuries ago have revealed that mortality risk undoubtedly increases with age in our own species [1]. However, it took years before the widespread occurrence of actuarial senescence (i.e., age-specific increase in mortality rate) among mammals in the wild becomes admitted [2]. One reason for this long latency may be found in the methodological difficulty of detecting actuarial senescence in nature. Obtaining reliable estimates of age-specific mortality changes in the wild is indeed far from an easy task for two main reasons. First, the exact age of individuals is required to build an accurate life table [3], and second, not accounting for imperfect detection leads to biased estimates of mortality [4]. The longitudinal monitoring of known-aged individuals is the golden standard to estimate reliably age-specific mortality in mammalian species [5]. The rise in these long-term research programs in mammalian populations [6] and the development of powerful statistical methods and softwares (E-SURGE [7]; Bayesian Survival Trajectory Analysis (BaSTA) [8]) allowed increasing evidence of actuarial senescence in the wild (see [2] for a review). Nowadays, the prevailing view is that the presence of actuarial senescence constitutes the rule rather than the exception in mammals [9]. In addition, while environmental conditions modulate age-specific mortality patterns (e.g., [10] in elk, Cervus elaphus canadensis), actuarial senescence has been reported under a wide range of environmental conditions (e.g., zoological gardens [11]; semi-captive populations [12]). Therefore, the current challenge in evolutionary biology of aging is not to assess the universality of senescence across species but to assess and understand the diversity of age-specific mortality patterns that have been identified across species [13]. In particular, the extent of variation in the shape of actuarial senescence has not been yet investigated, and current theories on the evolution of senescence (see [14,15] for reviews) do not allow launching any prediction about the shape of age-specific mortality changes.



Most mammalian case studies of actuarial senescence to date have assumed that the Gompertz model [1,16], involving an exponential increase of mortality with age at a constant rate, provides a satisfactory description of age-specific changes in mortality from a given threshold age [17]. While standard evolutionary theories assume that mortality should start to increase from the age at first reproduction onwards, empirical studies performed so far indicated that the threshold age is often delayed by several years [14]. For instance, while most females of large herbivores give birth for the first time at two or three years of age, the onset of actuarial senescence is consistently estimated at eight to 10 years of age [17]. This demonstrates that a Gompertz model is unlikely to capture the shape of age-specific mortality changes during the full adulthood period even in cases where it describes age-related mortality changes during late life well. Thus, the Siler model [18] has been proposed to model mortality changes over the entire lifespan with a bathtub-shaped mortality curve over ages, which includes a Gompertz increase in mortality from a given age. Overall, even if the Gompertz rate of actuarial senescence has been widely used in comparative analyses of aging (either estimated from a Gompertz model (e.g., [19]) or from a Siler model (e.g., [20])), other models could explain the rise of mortality with age. For instance, one of the best-known alternatives is the Weibull model [21], which is not often used in comparative analyses of aging across mammals (but see [22]).



Until now, the only comparisons between the fits of different sets of models were mainly performed on populations with large sample sizes (e.g., [23] in humans and [24] in fruit flies), with the Gompertz model being most of the time the best one to explain the senescent stage. However, very few studies have assessed the shape of actuarial senescence across different species of mammals by comparing a set of plausible models of age-dependence in mortality during the adult stage (but see [11] for a comparison between Gompertz and Gompertz–Makeham models, [25] for a comparison among particular cases of the Siler model). We aim here to fill this knowledge gap by providing a first comprehensive analysis of the shape of actuarial senescence across mammals by using the highly flexible and powerful Bayesian Survival Trajectory Analysis (BaSTA) R package to analyze a large set of mammalian life tables collected in captive populations.




2. Materials and Methods


2.1. Dataset


Demographic data on captive mammals were retrieved from previous studies [11] using data from the Species360 non-governmental organization (https://www.species360.org/). This organization collates and standardizes information from approximately 6.5 million individuals belonging to >21,000 species (mostly vertebrates) across >1000 zoological and aquaria institutions in over 90 countries. For each species, we got access to the age at death of individuals. Following previous works using the same dataset [11,25], we restricted our analyses to extinct cohorts where the age at death was known for each zoo-housed individual. In this study, we only performed the analysis on females that survived to the age at first reproduction. We included species with at least 50 individuals still alive at the age at first reproduction to have a large enough sample size to ensure reliable estimates of mortality at old ages. A total of 61 mammalian species, encompassing a wide range of Orders, were included in our analysis.




2.2. Age-Dependent Models of Mortality Changes during the Adult Stage


Three types of models have been widely used in the literature to analyze the increase of mortality with age associated to actuarial senescence.



	(1)

	
The Gompertz model [1] is a two-parameter model in which the hazard of mortality follows an exponential increase with age (see Equation (1) and Figure 1a,d).


  µ ( x )   =    b 0   e   b 1  x    



(1)




where µ(x) is the hazard of mortality for the Gompertz model with    b 0    representing the basal mortality rate and    b 1    representing the exponential rate of increase.




	(2)

	
The Weibull model [21] is also a two-parameter model, but it is characterized by an exponential increase with the logarithm of age (see Equation (2) and Figure 1b,e).


µ(x) = b0b1b0xb0−1



(2)




where µ(x) is the hazard of mortality for the Weibull model with b1 representing the scale parameter and b0 representing the shape parameter.




	(3)

	
The logistic model [26] is a three-parameter model that is equivalent to the Gompertz model at young age but with a rate of increase that decreases with age (see Equation (3) and Figure 1c,f). This model is often used to model a Gompertz increase associated with a strong selective disappearance occurring in a population (i.e., populations with heterogeneous mortality rates among individuals resulting in an increase of the proportion of high-quality individuals with increasing age [27]).


  µ  ( x )  =    e   b 0  +  b 1  x     1 +    b 2   e  b 0      b 1   (   e   b 1  x   − 1  )       



(3)




where µ(x) is the hazard of mortality for the logistic model with b0 and b1 corresponding to the parameters a and b of the Gompertz model, respectively, and b2 describing the rate of deceleration of the speed of mortality increase.







However, it is known that the increase of mortality associated with senescence does not always begin right after the age at first reproduction [14,25] and thus could lead to inadequate fitting of the different models. The package BaSTA [8] in R version 4.0.1 [28] proposes 3 different structures of Bayesian models to account for this issue: the ‘simple’ models corresponding to the 3 basal models (i.e., Gompertz, Weibull, logistic) described above, the ‘Makeham’ model in which a positive constant c is added to each of the three basal models, and the ‘bathtub’ model in which both a constant c (to represent potential age-independence during the prime-age stage) and a declining mortality following a Gompertz model (to represent potential decreasing mortality early in life) is added to the 3 models described above (see Equation (4)).


µ(x) = a0e−a1x + c + µS(x)



(4)




where µ(x) is the hazard of mortality of bathtub models with a0e−a1x representing the declining early life mortality following a Gompertz model, c representing the Makeham constant, and µS(x) representing the senescent part (either Gompertz, Weibull, or logistic).



For each species, 9 different models were fitted (simple, Makeham, or bathtub associated with either Gompertz, Weibull, or logistic mortality functions, see Appendix A for the full equations of each model). From now on, the fact that the model is either simple, Makeham, or bathtub is referred to as the structure of the model and the fact the last part is either Gompertz, Weibull, or logistic is referred as the form of actuarial senescence. Each model fitted was run for 100,000 iterations with a burn-in of 1000 and a thinning of 50. The convergence of each model was assessed visually (for two species (Mandrillus Sphinx and Odocoileus hemionus), we were unable to reach convergence for the Gompertz–Makeham model, but we chose to keep those species in our analysis because convergence was reached for all the other models). For each model, the Deviance Information Criterion (DIC) was calculated [29], which provides a measure of the predictive power of a given model analog to the Aikake Information Criterion (AIC) value. The retained model was selected based on the lowest DIC. For each species, we reported the retained model using two trinary traits corresponding to the structure of the model (simple, Makeham, or bathtub) and to the form of the mortality curve during the senescent phase (Gompertz, Weibull, or logistic). (See Table S1 for all the DIC associated with each model and the final model selected for each species.)




2.3. Statistical Analysis


We first sought to identify the model structure and form that provided the best fit to the age-specific mortality data of each species. The structure and the form of age-dependent mortality were analyzed independently for each species. Then, we assessed whether the phylogenetic relatedness among species accounted for the distribution of the levels of model complexity among species. We used the method presented in [30], which was developed especially for discrete traits with more than 2 states to compute delta, which is a measure of the phylogenetic signal (i.e., the tendency for more closely related species to have more similar trait values). The higher the delta was, the higher the phylogenetic signal. To assess the statistical significance of the phylogenetic signal, we simulated 1000 trait distributions with no phylogenetic signal (i.e., random sampling). For each distribution, delta was computed, which allowed us to compare the delta obtained in our analysis to the distribution of deltas expected under the assumption of no phylogenetic signal. We concluded to a statistically significant phylogenetic signal when the delta computed was outside the 95% quantiles of the distribution of deltas expected without a phylogenetic signal. Following [30], delta was transformed using log(delta + 1). The phylogenetic tree used for the analyses was extracted from [31].



Then, we looked for detecting the life history or methodological traits that could potentially explain the observed variation in structure and form across mammalian species. Among these, the total sample size (i.e., the number of individuals monitored for a given species) is likely to affect the form of the model. Thus, the decrease of mortality associated with the logistic model has been mainly found in populations with a very high sample size, allowing them to get a very accurate mortality value at very old ages (e.g., in humans [32] and in fruit flies [24]). From a biological viewpoint, the species ranking along the slow–fast continuum of life histories [33] is likely to affect the structure or form of age-dependent adult mortality because a low mortality early in the adulthood should be associated with a weak actuarial senescence [34]. We computed the life expectancy from the age at first reproduction for each species (which corresponds to the mean age at death from the age at first reproduction) to assess the species-specific rank along the slow–fast continuum because we did not have access to measures of generation times (a more appropriate metric [33]) for those populations. All combinations of multinomial logistic regression models including sample size, life expectancy, and the possible interaction between sample size and life expectancy were fitted (N = 5 models) and compared using the function multinom in R. For each model, the AIC value was computed, and the most appropriate model was selected based on the lowest AIC value and on the number of parameters when similar fit quality was observed [35].





3. Results


3.1. Form of the Senescent Phase


Out of the 61 mammalian species included in this study, the Gompertz model was selected for 48 species, the Weibull model was selected for six species, and the logistic model was selected for seven species (see Figure 2). Thus, the vast majority of the mammalian species we analyzed displayed a senescent stage during which mortality increased exponentially with age as predicted by the Gompertz model (79%, 10%, and 11% of the species for Gompertz, Weibull, and logistic, respectively). There was no evidence that the phylogenetic relatedness affected the likelihood to observe a specific form of the senescent phase for a given set of species (see Appendix B). Moreover, there was no detectable effect of the number of adults monitored nor of the life expectancy from age at first reproduction on the probability to find different forms of actuarial senescent, as the null model was consistently selected (See Table 1a).




3.2. Structure of the Model


The distribution of the model structures across mammalian species was much more balanced than the one observed with the different forms, with 13, 17, and 31 species showing respectively a simple, Makeham, and bathtub structure. However, the high frequency of a bathtub structure indicates that the onset of actuarial senescence started later than the age at first reproduction in about half the species. There was no phylogenetic signal associated with the probability to find different structures across species (see Appendix B). As reported for the form of actuarial senescence, neither sample size nor the life expectancy from the age at first reproduction affected the probability to find a specific structure (null model selected, See Table 1b).





4. Discussion


We demonstrate in this study that for a large majority of mammalian species in captive conditions, late mortality generally follows the Gompertz model rather than a Weibull or logistic model. This finding fits our current knowledge on actuarial senescence in mammals and has two major implications.



First, the use of the Gompertz model to assess the intensity of actuarial senescence and compare it across mammal species (e.g., [19,20]) can be advocated. One of the major appeals of the Gompertz model is the ease with which the b1 parameter can be interpreted biologically (i.e., as the exponential rate of mortality increase), which can have promising implications for the comparative biology of aging (see [20] for a recent example). Thus, it is not surprising that the b1 parameter has been repeatedly used as a measurement of the rate of actuarial senescence in comparative analyses. Here, we validate the use of that metric when comparing senescence patterns across mammalian species. However, while our analyses clearly indicate that the Gompertz model generally describes age-related changes during the senescence stage, the presence of an onset of actuarial senescence has to be specifically accounted for when modeling age-specific mortality throughout adulthood. Indeed, the common assumption issued from evolutionary theories of senescence that actuarial senescence should begin at the age at first reproduction [34,36] was not fulfilled in about half the species we analyzed.



Second, age-related changes in mortality during the senescent stage were best described by a logistic function in a few species, without any association with phylogeny, number of adults monitored, or pace of life (measured by life expectancy from the age at first reproduction in our analyses). This indicates that in these species, a mortality plateau or at least a decrease in senescence rate is occurring at very late ages. A mortality plateau has been reported in humans, for which only the early part of the senescent stage follows a Gompertz increase, while mortality changes at very old ages (>80 years of age) display a plateau or even a decrease (when including the eldest humans) of the rate of senescence. Thus, in centenarians, the mortality rate is almost constant with age at about 0.50 [32]. The occurrence of a mortality plateau is often interpreted as the result of selective disappearance that leads a population to include only the most robust individuals at old ages [27]. Whether this is the case for the mammalian species shown to follow a logistic shape of mortality changes with age during the senescent stage will require further investigation. However, this pattern seems to be far from the rule in mammals. As a caution note, we have to consider that the number of adults monitored to assess the form of the age-dependence from zoo-housed species were by far smaller than the number of individuals generally analyzed in human demography. For instance, the largest sample size we got was 1018 adult females in Panthera leo, whereas the number of humans included in mortality analyses generally exceeds one million easily. This limitation prevents us from making a suitable comparison of age-specific mortality at old ages between humans and other mammals. We can only state that based on the current available information, the age-related changes in mortality during the senescent stage follow a Gompertz increase in most mammals, which is in line with what is observed during the early senescent stage in humans. Moreover, in some species, a Weibull model provided the best fit of age-related changes in mortality during the senescent stage. As the amount of increase in mortality with age is weaker when following a Weibull rather than a Gompertz model (mortality hazard scaling to the logarithm of age for Weibull vs. to age for Gompertz), one might have expected a Weibull model to best fit mortality patterns in slow-living species. It was not the case, and as observed for the logistic function, neither phylogeny, the number of adults monitored, nor the pace of life allowed predicting the occurrence of a Weibull form of age-related mortality changes.



Although the Gompertz model generally provided the best fit of age-specific adult mortality in mammals, we warn researchers to consider alternative models in addition to the Gompertz function when studying actuarial senescence. For instance, to consider the deceleration of mortality at old ages, we only included the logistic model in this study, which is similar to a Gompertz mortality-associated gamma frailty model [27] and is the most commonly used models including selective disappearance. However, other models (e.g., frailty models with log-normal distribution, [37] compound Poisson distribution [38]) can account for this deceleration, which could better describe the form of the mortality curve at old ages. Moreover, other alternatives than standard models of actuarial senescence have been proposed to describe the shape of the entire survival curve, such as the beta distribution [39]. While these models that have not yet been applied to assess age-specific mortality during the adult stage only could allow getting a reliable description, the lack of a parameter indexing the rate of senescence strongly limits its usefulness to study senescence patterns. As the demographic knowledge of mammalian species is steadily increasing [40] thanks to detailed long-term population studies covering an increasingly wider diversity of species, it is likely that we could find more diverse and complex forms, especially when the number of very old individuals increases or when looking at the mortality of very fast species such as small rodents, which are absent from our dataset (the fastest species from our dataset is Tupaia glis with a life expectancy at adulthood of 3.25 years). Likewise, the diversity of the model structures to describe best the age-specific mortality changes in adult mammals supports that the age at which senescence starts is highly variable [17]. Thus, we encourage researchers to fit consistently bathtub models (as we did here), threshold models [25], or non-parametric models [41], even when the analysis is restricted to adult individuals older than the age at first reproduction. Thus, only 21% of the species included in the analyses supported a simple structure when considering only adult females. Thus, considering only simple models can lead to biased estimates of the senescence rate.
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Appendix A. Equations of the Mortality Hazard for the Nine Different Mortality Models Fitted Sequentially for Mammal Species (see the Main Text for More Details on the Meaning of Each Parameter)




	Gompertz models



	    Simple    :    µ   (  x  )  =   b  0    e     b  1   x      



	    M a k e h a m    :    µ   (  x  )  =  c  +   b  0    e     b  1   x      



	    B a t h t u b    :    µ   (  x  )  =   a  0    e   −   a  1   x    +  c  +   b  0    e     b  1   x      



	Weibull models



	    S i m p l e    :    µ   (  x  )  =   b  0    b  1       b  0      x     b  0  − 1     



	    M a k e h a m    :    µ   (  x  )  =  c  +   b  0    b  1       b  0      x     b  0  − 1     



	    B a t h t u b    :    µ   (  x  )  =   a  0    e   −   a  1   x    +  c  +   b  0    b  1       b  0      x     b  0  − 1     



	Logistic models



	    S i m p l e    :    µ   (  x  )  =     e     b  0  +   b  1   x      1 +     b  2    e     b  0        b  1   (    e     b  1   x    − 1  )        



	    Makeham    :    µ   ( x )  = c +    e   b 0  +  b 1  x     1 +    b 2   e   b 0       b 1   (   e   b 1  x   − 1  )        



	    B a t h t u b    :    µ   (  x  )  =   a  0    e   −   a  1   x    +  c  +     e     b  0  +   b  1   x      1 +     b  2    e     b  0        b  1   (    e     b  1   x    − 1  )        







Appendix B. Phylogenetic Signal Associated with the Form of Age Dependence during the Senescent Stage and the Model Structure
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Figure A1. Distribution of the deltas with a random distribution of the model structure. Dotted black lines correspond to the 95% quantiles of the distribution. As the value of the phylogenetic signal found for the structure (red bar) is included in the 95% quantiles, there is no statistically significant phylogenetic signal. 






Figure A1. Distribution of the deltas with a random distribution of the model structure. Dotted black lines correspond to the 95% quantiles of the distribution. As the value of the phylogenetic signal found for the structure (red bar) is included in the 95% quantiles, there is no statistically significant phylogenetic signal.
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Figure A2. Distribution of the deltas with a random distribution of the form of age-dependence during the senescent stage. Dotted black lines correspond to the 95% quantiles of the distribution. As the value of the phylogenetic signal found for the structure (red bar) is included in the 95% quantiles, there is no statistically significant phylogenetic signal. 






Figure A2. Distribution of the deltas with a random distribution of the form of age-dependence during the senescent stage. Dotted black lines correspond to the 95% quantiles of the distribution. As the value of the phylogenetic signal found for the structure (red bar) is included in the 95% quantiles, there is no statistically significant phylogenetic signal.
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Figure 1. Plot of the three standard models used to describe age-dependent changes of mortality throughout the adult stage. (a) Hazard of mortality as a function of age from a Gompertz model, in (d), the log of the hazard of mortality increases linearly with age. (b) Hazard of mortality as a function of age from a Weibull model, in (e), the log of the hazard of mortality increases linearly with the log of age. (c) Hazard of mortality as a function of age from a logistic model, in (f), the logistic model is close to a Gompertz model at early adult ages (dashed line), but the rate of increase gradually decelerates with increasing adult age. 






Figure 1. Plot of the three standard models used to describe age-dependent changes of mortality throughout the adult stage. (a) Hazard of mortality as a function of age from a Gompertz model, in (d), the log of the hazard of mortality increases linearly with age. (b) Hazard of mortality as a function of age from a Weibull model, in (e), the log of the hazard of mortality increases linearly with the log of age. (c) Hazard of mortality as a function of age from a logistic model, in (f), the logistic model is close to a Gompertz model at early adult ages (dashed line), but the rate of increase gradually decelerates with increasing adult age.



[image: Diversity 12 00354 g001]







[image: Diversity 12 00354 g002] 





Figure 2. Phylogenetic tree representing the diversity of structure and form of actuarial senescence across 61 species of mammals. 
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Table 1. AIC (Akaike Information criterion) rankings for the multinomial logistic models associated with (a) the form of the mortality curve during the senescent phase and (b) the structure of the mortality model. The model selected is presented in bold. ‘*’ means interactive effect between the two factors involved.
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(a) Form of the Senescent Phase

	






	
Model

	
k

	
AIC

	
ΔAIC




	
Log(E) + Log(N)

	
3

	
84.9497

	
0




	
NULL

	
1

	
85.1474

	
0.1977




	
Log(E)

	
2

	
85.2748

	
0.3251




	
Log(N)

	
2

	
86.0621

	
1.1124




	
Log(E) * Log(N)

	
4

	
87.2107

	
2.2610




	
(b) Structure of the Model

	




	
Model

	
k

	
AIC

	
ΔAIC




	
NULL

	
1

	
129.6015

	
0




	
Log(E)

	
2

	
130.9753

	
1.3738




	
Log(N)

	
2

	
131.0201

	
1.4186




	
Log(E) + Log(N)

	
3

	
132.1048

	
2.5033




	
Log(E) * Log(N)

	
4

	
135.4106

	
5.8091












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



























media/file4.png
1

Aouanbaig

log(1+delta)





nav.xhtml


  diversity-12-00354


  
    		
      diversity-12-00354
    


  




  





media/file2.png
Aouanbaid

1.5

1.0

0.5

0.0

log(1+delta)





media/file5.jpg
< - =
.
4
do o Wo R B b o
R
s .
a0 w0 o Ra BT b Fr—
Auevow jo prezer lepow jo piezeH)6o]

Log(Age)





media/file3.jpg
fouanbasy

log(1+delta)





media/file9.png





media/file1.jpg
fouanbasy

15

T
10

05

00

log(1+delta)





media/file7.jpg
Swuctre  Fom
Msmoe [l Gomperz

1 vakonam [l Logisic

sanub [l Webul





media/file8.png
Structure Form
. Simple . Gompertz

. Makeham . Logistic

Bathtub [ Weibull

[
—I__%
=

T B | ] STTT

Tupaia glis

Pan troglodytes
Erythrocebus patas
Theropithecus gelada
Mandrillus sphinx
Macaca fascicularis
Macaca mulatta
Macaca fuscata






media/file6.png
=
— o0
— O
/ B
—
Q
—
I I I _ I I
0L0 BOO 900 OO 200 O
=
/ B
— O
— =
—
5 |
~ —
_ _ _ _ _ _
0LD 800 500 wOO 200 O
= =
J...rr...rr...r.r/
.xf// e
— O
— =
—
©
N—" — O
0L0 800 3900 OO SO0 O

Alljelow jo piezeH

Age

Age

Age

2
— 20
— D
— =
— 0l
G—
~ . - O
| | |
L'0 00 L00'0
/ B
\, O
N\
AN EpS
. o
N
@ f.f.fr m
- S
| | | (-
L'0 ¢0L'L 0L 1
=
— 20
— D
",
— =
— 0l
o)
N — 2
| | |
L'0 L00 L000

(Ajijelow jo piezeH )60

Age

Log(Age)

Age





