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Abstract
Mechanistic insight into ageing may empower prolonging the lifespan of humans; 
however, a complete understanding of this process is still lacking despite a plethora 
of ageing theories. In order to address this, we investigated the association of lifespan 
with eight phenotypic traits, that is, litter size, body mass, female and male sexual ma-
turity, somatic mutation, heart, respiratory, and metabolic rate. In support of the so-
matic mutation theory, we analysed 15 mammalian species and their whole- genome 
sequencing deriving somatic mutation rate, which displayed the strongest negative 
correlation	with	 lifespan.	All	remaining	phenotypic	traits	showed	almost	equivalent	
strong associations across this mammalian cohort, however, resting heart rate ex-
plained additional variance in lifespan. Integrating somatic mutation and resting heart 
rate boosted the prediction of lifespan, thus highlighting that resting heart rate may 
either directly influence lifespan, or represents an epiphenomenon for additional 
lower- level mechanisms, for example, metabolic rate, that are associated with lifespan.
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1  |  INTRODUC TION

Understanding processes that drive ageing and determine the 
longevity of organisms, has been a subject of intensive research 
in	 the	 past	 100 years	 (Table 1)	 (Robin	 Harris	 &	 Korolchuk,	 2019; 
Harley, 1991; Harman, 1956; Kanungo, 1975; Kirkwood, 1977; 
López- Otín et al., 2013; Morley, 1995; Orgel, 1963; Rubner, 1908; 
Timiras,	2007; Vijg, 2000;	Weinert	&	Timiras,	2003;	Williams,	1957). 
Gaining mechanistic insight into ageing could provide us with the 
possibility to extend the lifespan of humans (Zhao et al., 2021). 
The	 definition	 of	 ageing	 is	 challenging	 as	 different	 types	 of	 ages	
are	known	(Balcombe	&	Sinclair,	2001): chronological age, which is 
defined as the time passed since birth; biological age, which is as-
sociated with the presence or absence of pathological processes; 
sociological age, which reflects the expected role of an individual 
within the society. In the last decades, the field agreed on a more 

general definition, namely that ageing represents a progressive ac-
cumulation of changes in the cells and organs with advancing age 
that lead to an increased risk of disease and death through a decline 
in	function	(Balcombe	&	Sinclair,	2001; Harman, 2003).

Numerous theories of ageing have been proposed trying to ex-
plain lifespan as a result of various factors on a molecular, cellular, 
system or evolutionary level (Marchionni et al., 2020; Proshkina 
et al., 2020;	Weinert	&	Timiras,	2003). Most of them aim to trace 
back the cause of ageing to a single factor (Table 1). In recent de-
cades, this view has changed as ageing is now considered a highly 
complex multifactorial process, that is, independently identified pro-
cesses of ageing are assumed to jointly orchestrate the normal pro-
cess	of	ageing	(Kowald	&	Kirkwood,	1996;	Weinert	&	Timiras,	2003). 
In particular, a large number of genes and proteins have been 
identified, which are associated with ageing and lifespan (López- 
Otín et al., 2013; Proshkina et al., 2020;	Weinert	&	Timiras,	2003). 

K E Y W O R D S
aging, animals, biology, biostatistics, female, humans, litter size, longevity, male, mammals, 
mutation, phenotype

TA B L E  1 Theories	of	ageing.	Shows	the	common	theories	of	ageing	split	by	molecular,	cellular	and	evolutionary	level.

Theory Description of theory

Molecular Level

Somatic mutation (Morley, 1995; 
Vijg, 2000)

Accumulating	mutations	in	the	somatic	DNA	over	time	caused	by	endogenous	or	environmental	
factors cause functional decline

Gene regulation (Kanungo, 1975) Changes in the expression of genes that regulate the development of the organism also affect its 
lifespan

Error catastrophe (Orgel, 1963) Errors	in	the	proteins	involved	in	processing	genetic	information	(DNA	replication,	RNA	translation)	
contribute to an increase in the level of abnormal proteins, leading to functional decline

Cellular level

Cellular senescence (Harley, 1991; 
Timiras,	2007)

Cells enter cellular senescence and present a decline in function. Causes for this can be replicative 
senescence (by telomere loss) or stress induced senescence

Free radical theory (Harman, 1956) Reactive oxygen species (ROS) created by the respiratory enzymes of a cell cause ageing by damaging 
its	macromolecules	(DNA,	RNA,	proteins,	and	lipids)

Mitochondrial dysfunction (López- Otín 
et al., 2013)

Dysfunctional	mitochondria	generate	increased	levels	of	ROS	and	have	reduced	efficiency	in	ATP	
production, thereby contributing to ageing

System level

Rate of living (Pearl, 1928; Rubner, 1908) Lifetime energy expenditure per gram tissue is constant among species, therefore the is an inverse 
relationship between metabolism and lifespan

Neuroendocrine (López- Otín 
et al., 2013; Proshkina et al., 2020; 
Weinert	&	Timiras,	2003)

Changes in neuroendocrine control of homeostasis lead to a decreased ability to survive stress

Immunologic	(Robin	Harris	&	
Korolchuk, 2019;	Weinert	&	
Timiras,	2003)

A	dysregulation	of	the	immune	system	occurs	with	ageing,	giving	rise	to	cancer,	infectious	and	
autoimmune diseases

Evolutionary level

Disposable soma (Kirkwood, 1977) Selection favours the maintenance of somatic cells until reproductive age, after that the soma is 
disposal

Antagonistic	pleiotropy	(Williams,	1957) Genes selected by evolution for their beneficial effects in early life may have unselected unfavourable 
effects later
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Nevertheless, we are still lacking a universal theory of ageing which 
remains an actively and intensively investigated field of science.

A	recent	publication	by	Cagan	et	al.	has	provided	support	for	the	
somatic mutation theory of ageing (Cagan et al., 2022). By perform-
ing whole- genome sequencing of colorectal crypt cells in 16 differ-
ent species of mammals, Cagan et al. characterised the mutational 
landscape of these species. In particular, they reported a strong 
inverse relationship between somatic mutation rate per year and 
lifespan	of	the	species.	Their	analysis	highlighted	that	despite	a	30-	
fold variation in lifespan and a 40,000- fold variation in body mass, 
the somatic mutation burden at the end of the lifespan varied only 
around a factor of 3, a finding that supports the somatic mutation 
theory of ageing (Cagan et al., 2022).

The	strong	negative	correlation	between	lifespan	and	mean	so-
matic mutation rate presented by Cagan et al. inspired us to explore 
seven additional phenotypic traits for predicting lifespan, that is, 
litter size, body mass, female and male sexual maturity, heart, respi-
ratory, and mass- specific basal metabolic rate (mass- specific BMR). 
We	 hypothesised	 that	 (1)	 phylogenetic	 dependencies	may	 impact	
lifespan predictions, (2) all phenotypic traits may explain a similar 
amount of lifespan variance, and (3) that a multifactorial model will 
ultimately enhance predictive power.

2  |  RESULTS

In this study, we obtained from Cagan et al. the lifespan, body weight, 
litter size, mass- specific BMR, and somatic mutation rate of 15 mam-
malian species, that is, human, mouse, rat, giraffe, tiger, lion, cow, 
dog, cat, ferret, horse, black- and- white colobus, ring- tailed lemur, 
and naked mole- rat and rabbit. Harbour porpoise was excluded as 
this	species	lacked	a	sample	age	in	Cagan	et	al.	We	complemented	
the phenotypic trait data with missing mass- specific BMR, resting 
heart rate, respiratory rate estimates as well as female and male sex-
ual maturity (Section 4; Table S1j).	The	selection	of	phenotypic	traits	
used in our study occurred in a nonhypothesis driven manner, that is, 
determined	by	data	availability.	To	mitigate	the	risk	of	biassed	data	
collection, we leveraged phenotypic trait data from multiple studies 
when calculating the trait estimates (Section 4).

2.1  |  Phylogenetic dependencies of 
mammalian species

For highlighting the evolutionary relationship between the 15 mam-
malian	 species,	 we	 generated	 a	 phylogenetic	 tree	 based	 on	 DNA	
and fossil data (Figure 1a; Section 4) (Upham et al., 2019).	 The	
main branches corresponded to a set of mammalian orders, that 
is, Perissodactyla and Artiodactyla, Carnivora, Rodentia, Lagomorpha, 
and Primates (Vaughan et al., 2013).	 The	 differences	 between	 the	
branches were reflected in a clustered heatmap of the phenotypic 
traits (Figure 1b), where two main clusters of phenotypic traits were 
forming, which are anticorrelated with each other.

The	 clusters	 seen	 in	 the	 principal	 component	 analysis	 (PCA;	
Figure 1c) aligned well with the distances between the branches 
of the phylogenetic tree, whilst capturing expected outliers. For 
example, the naked mole- rat is an outlier amongst Rodentia, which 
has been studied extensively due to its extraordinary lifespan (5- 
times longer than expected by body mass) and apparent resilience 
to physiological decline that occurs in most mammals with ageing 
(Ruby et al., 2018).

First, we investigated the impact of phenotypic signals to pre-
dict lifespan, that is, predictive power of phenotypic similarity be-
tween species who share common ancestry (Revell et al., 2008). 
For this, we inspected the residuals from ordinary least squares 
(OLS) models and observed lacking patterns of autocorrelation 
(i.e., similar residuals of closely related species) and heterosce-
dasticity, which indicated no phylogenetic signal (Figure S1a– h) 
(Garamszegi, 2014; Revell, 2010). Furthermore, we found that fit-
ting a phylogenetic generalised least squares model (PGLS), which 
assumes a strong phylogenetic signal, did not impact the residual 
distribution compared to the OLS model (Figures S1, S2). In ad-
dition, phylogenetic trees with low numbers of species (n < 20)	
are expected to have low power to detect phylogenetic signal 
(Freckleton et al., 2002), thus OLS linear modelling without con-
sidering phenotypic signals is the appropriate method following 
Revell's best practice (Revell, 2010).

2.2  |  Predicting lifespan based on univariate 
phenotypic traits

First, we modelled lifespan as a function of individual pheno-
typic traits, which were extracted from multiple sources based 
on extensive literature search (Section 4).	 We	 observed	 signifi-
cant	correlations	 for	each	phenotypic	 trait	 (FDR <5%; Figure 2a– f; 
Table S4a), which is concordant with previous studies (de Magalhães 
et al., 2007; Levine, 1997; Ricklefs, 2010;	Roderick	&	Storer,	1961; 
Speakman, 2005). Somatic mutation rate showed the strongest 
negative Pearson correlation, followed by litter size, resting heart 
rate, and respiratory rate (Figure 2a– e), whereas mass- specific BMR, 
body mass, female and male time to sexual maturity displayed a 
positive correlation (Figure 2f– h).	 Although	 somatic	mutation	 rate	
proved to be the most correlated trait (Figure 2a), we demonstrated 
that all other traits displayed significant cocorrelations with lifespan.

2.3  |  Multifactorial model to predict lifespan

In the light of the strong association of somatic mutation rate and 
lifespan (Figure 3a; Table S4a), we investigated if any other pheno-
typic trait improves predictions of lifespan. In order to address this, 
we performed partial correlation analysis where we removed the 
variation in lifespan explained by somatic mutation rate, and tested if 
any of the remaining traits can explain additional residual variance in 
lifespan (Figure 3b; Table S4b). Our results showed that resting heart 
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rate was the only trait that explained significant further variance on 
top of somatic mutation rate (p = 0.0242;	FDR < 20%;	Table S4b).

To	further	 investigate	the	benefits	of	 including	additional	phe-
notypic traits, we compared a univariate linear regression model 
predicting lifespan from somatic mutation rate to multivariate re-
gression models that include an additional trait as a second inde-
pendent variable next to mean somatic mutation rate (Figure 3c; 
Table S4c). Leveraging OLS regression models we confirmed that 
resting heart rate was the only trait significantly improving the pre-
diction of lifespan from adj. R2 0.84– 0.89 (p- value <0.05). In addi-
tion, we validated the stability of this finding based on bootstrapping 
(Section 4; Figure S16), underpinning that resting heart rate can ex-
plain additional variance in lifespan on top of somatic mutation rate.

3  |  DISCUSSION

In this study, we discovered that somatic mutation rate is the strong-
est	predictor	of	mammalian	 lifespan.	We	 investigated	eight	pheno-
typic traits across 15 mammalian species, and found that each trait 

was independently associated with lifespan, which is anticipated and 
concordant with literature (de Magalhães et al., 2007; Levine, 1997; 
Ricklefs, 2010;	 Roderick	 &	 Storer,	 1961; Speakman, 2005). 
Reproducing established associations highlighted the reliability of our 
approach. In essence, we benchmarked the association strength of 
each phenotypic trait with lifespan, which revealed that the somatic 
mutation rate had the highest correlation.

The	hallmark	study	of	Cagan	et	al.	(Cagan	et	al.,	2022) provided us 
with the somatic mutation rate (Table S1), and observed an associa-
tion between somatic mutation rate and lifespan (Cagan et al., 2022). 
However, Cagan et al. predicted the somatic mutation rate of mamma-
lian	species,	whilst	we	predicted	their	lifespans.	The	distinct	method-
ological difference is that we modelled lifespan as a dependent variable 
of phenotypic traits. In more detail, we predicted lifespan based on so-
matic	mutation	rate	and/or	other	phenotypic	traits.	This	enabled	us	to	
compare and jointly analyse phenotypic traits in the context of ageing, 
thus being complementary to the Cagan et al study.

Furthermore, we showed that the combination of somatic muta-
tion rate and resting heart rate (RHR) best explained lifespan across 
mammals. By performing partial correlation analysis, we removed 

F I G U R E  1 Characterisation	of	species.	(a)	Phylogenetic	tree	of	the	15	species.	The	main	branches	corresponding	to	orders	of	species	
are indicated with different colours. (b) Heatmap of the data clustered by phenotypic traits (columns are scaled to Z- scores), (c) Principal 
Component	Analysis	(PCA)	plot	of	the	data	with	all	phenotypic	traits	included	in	the	calculation	of	the	principal	components.
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somatic mutation rate's effect from lifespan prediction and found 
that RHR was the only trait that explained additional variance. 
Therefore,	 integrating	 RHR	 and	 somatic	 mutation	 rate	 boosted	
the prediction of lifespan (adj. R2 = 0.89)	compared	to	a	model	con-
taining somatic mutation rate alone (adj. R2 = 0.84).	These	results	
demonstrated that resting heart rate may either directly influence 
lifespan, or be an epiphenomenon for one or more lower- level 
mechanisms, which are complementary to somatic mutation rate.

Previous research found an inverse relationship between RHR 
and lifespan. Levine (Levine, 1997) demonstrated this inverse re-
lationship in mammals and showed that the total number of heart-
beats in a lifetime is within an order of magnitude across mammals 
despite the 40- fold difference in their lifespan. Based on these re-
sults, a study conducted on mice (Gent et al., 2015) hypothesised 
that a decrease in resting heart rate should result in an equal growth 
in	lifespan.	The	results	showed	a	median	lifespan	increase	of	6.2%	

F I G U R E  2 Phenotypic	traits	associated	with	lifespan.	(a)	Somatic	mutation	rate,	(b)	litter	size,	(c)	resting	heart	rate,	(d)	respiratory	rate,	
and (e) mass- specific BMR are negatively correlated with lifespan. By contrast, (f) body mass, (g) female and (h) male sexual maturity are 
positively	correlated	with	lifespan.	All	traits	are	significantly	associated	with	lifespan,	that	is,	five,	two,	and	one	with	p < 0.001,	p < 0.01,	and	
p < 0.05,	respectively.
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by the administration of life- long ivabradine (heart rate reduction 
14%), underpinning the inverse relationship between RHR and 
lifespan, although the effect size was not translated in a 1:1 ratio. 
Similar values were observed in the prospective Copenhagen City 
Heart Study, where ~6500 healthy participants were followed for 
18 years.	Here,	a	19%	lower	RHR	was	associated	with	an	increase	
of	life	expectancy	of	4.6	and	3.6 years	for	men	and	women,	respec-
tively	(Jensen,	2019).

Research investigating heart rate's direct effects on mortality 
implicates that elevated heart rate plays a causal role in the devel-
opment of atherosclerotic lesions and arterial stiffness via altered 
hemodynamics (Custodis et al., 2010). In humans, atherosclerosis 
has a strong impact on mortality, it represents the commonest 
cause of death (Varki et al., 2009), frequently affecting coronary 
arteries. However, this is not the case for other mammals, where 
signs of spontaneous atherosclerosis are present (Dangerfield 

F I G U R E  3 Combining	heart	and	somatic	mutation	rate	improves	lifespan	prediction.	(a)	Correlations	of	phenotypic	traits	with	lifespan.	
(b)	Partial	correlation	which	corrects	for	somatic	mutation	rate.	The	corresponding	significance	levels	of	the	correlation	coefficients	are	
visualised with, *, **, and *** if they are below 0.1, 0.05, 0.01, and 0.001, respectively. (c) Combining somatic mutation and resting heart rate 
in a multivariate regression model improves lifespan prediction from adj. R2 = 0.84–	adj.	R2 = 0.89.
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et al., 1976; Finlayson et al., 1962), but it rarely appears in coronary 
arteries or leads to fatal events (Kawanishi et al., 2019). Rodents 
further corroborated this finding, as they show a relative resis-
tance	to	atherosclerosis	 (Getz	&	Reardon,	2012; Ritskes- Hoitinga 
&	Beynen,	1988)	despite	having	an	elevated	RHR.	This	highlights	
that although the inverse relationship between heart rate and lifes-
pan seems to be universal among mammals, the exact mechanisms 
of how heart rate directly influences lifespan may vary between 
mammalian species.

Previous studies established that metabolic rate is a strong 
determinant of heart rate (Hulbert et al., 2007; Smith et al., 1976; 
Wolff,	2008). It has been shown that both at rest and during ex-
ercise	cardiac	output	(Wolff,	2008) and therefore heart rate (Smith 
et al., 1976) are determined by metabolic rate (Smith et al., 1976), 
which is established to display a negative correlation with lifespan 
(Hulbert et al., 2007). More evidence of heart rate being a proxy for 
metabolic rate has been recently provided by Escala (Escala, 2019), 
who proposed that metabolic rate is a linear function of heart rate, 
body mass, and controlling factors (temperature and O2- absportion). 
By leveraging this new metabolic rate relation and assuming that the 
total number of respiration cycles per lifetime across species is fixed 
(to generalise for animals without hearts), he showed empirical sup-
port for the rate of living theory (Escala, 2022), suggesting that basic 
energetics of respiration predetermine lifespan via a fixed number 
of	cardiorespiratory	cycles	per	lifetime.	These	findings	strongly	sup-
port the fact that heart rate can be viewed as a proxy for metabolic 
rate, and being valid for resting conditions, that is, RHR ∝ basal met-
abolic	rate.	This	may	drive	the	correlation	between	resting	heart	rate	
and lifespan after correcting for somatic mutation rate's effect.

Resting heart rate (RHR) was the only significantly correlated 
trait with lifespan after correcting for somatic mutation rate. It 
might be surprising that mass- specific basal metabolic rate (BMR) 
did not achieve significance after correction (Figure 3b), since there 
is a strong causal linear relationship between mass- specific BMR and 
RHR (Escala, 2019; Smith et al., 1976;	Wolff,	2008).	We	also	 vali-
dated the stability of this finding based on bootstrapping (Section 4; 
Figure S17).	Therefore,	we	reasoned	that	RHR	must	contain	a	met-
abolic rate- driven and metabolic rate- independent component con-
tributing to lifespan prediction.

We	hypothesise	the	metabolic	rate-	driven	component	of	RHR	is	
regressed out by correcting for somatic mutation rate. Mass- specific 
BMR is known to affect further cellular processes parallel to deter-
mining	 heart	 rate:	 it	 shows	 linear	 correlation	with	 oxidative	DNA	
damage	 in	 mammals	 (Adelman	 et	 al.,	 1988), possibly contributing 
to	a	specific	somatic	mutational	signature	(Alexandrov	et	al.,	2020) 
via	reactive	oxygen	species	(ROS)	(Martin	&	Palumbi,	1993), and is 
also known to affect lifespan via oxidative damage to membrane 
lipids and proteins (Hamon et al., 2015; Hulbert et al., 2007;	 Juan	
et al., 2021). By removing the effect of somatic mutation rate, the 
correlation of mass- specific BMR with lifespan is diminished.

Metabolic rate- independent correlates of RHR that display cor-
relation with lifespan have been identified in human population 
studies, that is, blood pressure, physical activity, sleep, and smoking 

(Olshansky et al., 2022; Rabbia et al., 2002;	Zhang	&	Kesteloot,	1999). 
As	 these	 correlations	 may	 not	 necessarily	 generalise	 to	 all	 mam-
mals and lack deep mechanistic understanding, further research is 
needed to verify and discover novel metabolic rate- independent 
phenomena that contribute both to RHR and lifespan.

Limitations of our study came from data sparsity: as only re-
cent technological developments made it possible to assess somatic 
mutations in healthy tissues (Cagan et al., 2022), thus the number 
of species with available somatic mutation rate data in the public 
domain is limited (Cagan et al., 2022).	As	sequencing	technology	is	
getting more affordable, larger datasets in the near future will raise 
statistical power and provide the opportunity to generalise our anal-
ysis	to	other	animal	classes.	Another	aspect	of	data	sparsity	was	the	
unbalanced phenotypic characterisation between species, which 
limited	the	number	of	accessible	phenotypic	traits.	We	mitigated	the	
risk of biassed data collection by leveraging phenotypic trait data 
from multiple studies and calculating ensemble estimates, where the 
unbalanced number of subjects between species and studies may 
constitute a limiting factor for phenotypic trait calculations.

Another	 challenge	we	 encountered	was	 the	 lack	 of	 standardi-
sation. Heart rate variability (HRV) is reflecting the long- term (i.e., 
circadian cycle, core body temperature, and metabolism) and short- 
term (i.e., autonomic, cardiovascular, and respiratory system) regu-
latory	mechanisms	that	control	heart	rate	(Shaffer	&	Venner,	2013) 
and has been linked to human longevity (Hernández- Vicente 
et al., 2020) and postinfarction mortality (Buccelletti et al., 2009). 
Human HRV measurements are well standardised enforcing com-
patibility (Malik, 1996) and are available in abundance. However, 
data and standardisation was lacking for most other mammalian 
species included in our study (García- González et al., 2009; Manzo 
et al., 2009), thus HRV was not considered. It is our belief that RHR 
captures all information content of HRV, since HRV provides infor-
mation	about	controlling	mechanisms	of	heart	rate.	This	is	supported	
by strong linear correlations observed between HRV and heart rate 
in humans (Kazmi et al., 2016) and rats (Kazmi et al., 2016; Mangin 
et al., 1998).

Further challenges are that correlations do not imply causation. 
The	low	number	of	species	and	sparse	trait	data	permitted	the	iden-
tification of significant correlations, however, causal inference and 
gaining mechanistic insights remains challenging. In order to detan-
gle the relationships between high- level traits used in this study and 
to obtain a deeper understanding of the processes of ageing, inclu-
sion of further lower- level mechanisms would be necessary.

In summary, we found that all phenotypic traits were signifi-
cantly associated with lifespan, whilst somatic mutation rate was 
the most significant one. Interestingly, integrating somatic mutation 
and resting heart rate became the most predictive model of lifespan, 
which	 underpinned	 that	 ageing	 is	 multifactorial.	 We	 hypothesise	
that resting heart rate is partially driven by metabolic rate and a met-
abolic rate- independent component. Nevertheless, for detangling 
correlations and causality, further mechanistic studies are required 
to derive a global theory of ageing, which ultimately may pave the 
way to prolong human lifespans.
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4  |  METHODS

4.1  |  Data acquisition

Lifespan data was obtained from Cagan et al. (Cagan et al., 2022) 
Species 360/Human Mortality Database. Identical to the original 
publication, the age at which 80% of the species had died was used 
as	 a	 proxy	 for	 lifespan,	 excluding	 infant	mortality.	 To	 remove	 the	
effect of extrinsic mortality, the data were acquired for individuals 
under human care. Values for litter size, adult mass, mass- specific 
basal metabolic rate, female and male sexual maturity were mostly 
extracted	 from	 the	 established	 AnAge	 consensus	 database	 (de	
Magalhães	 &	 Costa,	 2009) (Table S1) in concordance with Cagan 
et al. (Cagan et al., 2022).	Exceptions	lacking	AnAge	data	are	male	
sexual maturity of rabbits and naked mole rats, which were extracted 
from literature (Table S1). Mass- specific basal metabolic rate of six 
species (ferret, dog, cat, giraffe, ring- tailed lemur, and horse) were 
also	 lacking	AnAge	data,	therefore	were	completed	with	 literature	
estimates based on three to 11 individuals per species (Table S1,S3). 
The	Cagan	et	al.	study	provided	somatic	mutation	rate,	 leveraging	
at least one individual per species (Cagan et al., 2022). Estimates of 
resting heart rate and respiratory rate were extracted from up to 
12 independent sources per species resulting in a minimum of eight 
and up to 12,147 individuals for calculating these phenotypic traits 
(Section 4; Tables S1c,d, S2). Detailed summary statistics of all phe-
notypic traits, their respective sources and number of individuals are 
contained in Tables S1– S3.

Most studies used for the calculation of estimates were not re-
porting	the	exact	age	of	subjects.	To	mitigate	the	risk	of	age	bias,	we	
only used data of adult animals ranging from early to late adulthood, 
thereby	increasing	the	reliability	of	estimates.	To	increase	compara-
bility between studies, phenotypic traits were estimated based on 
control group animals in resting states. For species posing danger to 
humans, for example, tiger or lion, the resting state data were derived 
from sedated subjects.

4.2  |  Heart and respiratory rate

To	estimate	heart	and	respiratory	rate,	we	collected	mean	heart	and	
respiratory rates from multiple publications (Table S2). Between 
eight	and > 12 k	 individuals	per	species	were	leveraged	to	estimate	
heart and respiratory rate (Table S2).	The	exception	is	the	black-	and-	
white colobus where due to a lack of data we used estimates based 
on its average weight (Table S1).	We	calculated	the	weighted	mean	
and standard deviation over the collected heart and respiratory rates 
according to the number of subjects measured per study group.

4.3  |  Mass- specific basal metabolic rate (BMR)

The	majority	of	metabolic	data	was	collected	from	the	AnAge	data-
base	(de	Magalhães	&	Costa,	2009) as mass- specific basal metabolic 

rate (W/g). Estimates for mass- specific BMR of species not available 
in	 the	AnAge	database	 (Table S3) were collected from other stud-
ies, that is, ring- tailed lemur, calculated by converting mass- specific 
basal oxygen consumption to energy units via the conversion rate 
1 Litre O2 = 20.1 kJ (Escala, 2022) (i.e., dog, horse, and giraffe) or con-
verted	mass-	specific	metabolic	rates	from	W/kg0.75 and kcal/kg0.75/
day	units	 to	W/g	using	 the	weight	of	 the	studied	animals	 (i.e.,	 fer-
ret) or the average weight of the studied group of animals (i.e., cat). 
At	 least	 three	 individuals	were	assessed	per	 species	 (Table S3). In 
order to address variation in the mass of the different dog species 
we took the metabolic rate estimates of the grey wolf (Canis lupus), 
hence	according	to	AnAge	database	the	domesticated	dog	is	the	de-
scendant of the grey wolf and is “technically not an individual spe-
cies”	 (de	Magalhães	&	Costa,	2009).	The	average	mass	of	the	grey	
wolf group we used for estimation (~35 kg)	is	close	to	the	adult	mass	
of the domestic dog (~40 kg)	 taken	 from	AnAge	 (de	Magalhães	&	
Costa, 2009).

4.4  |  Phylogenetic tree construction

We	acquired	credible	sets	of	phylogenetic	trees	(10,000	trees	con-
taining the 15 species assessed in this paper) as a single nexus file 
from vertl ife.org, which is a platform for downloading subsets of 
mammalian phylogenetic trees created by Upham et al. (2019) using 
DNA	and	fossil	data.	We	chose	“Birth- death tip- dated complemented 
trees” from vertl ife.org,	as	this	 leverages	both	DNA	and	fossil	data	
for creating the tips of the phylogenetic trees (Upham et al., 2019). 
For the construction of a consensus phylogenetic tree from the 
10,000 trees we used the consensus. edge() function of the phytools 
R package. For further analysis, we rooted the consensus tree by the 
midpoint rooting method, as the tree is balanced and lacking estab-
lished outgroups (Kinene et al., 2016).

4.5  |  Phylogenetically corrected linear model

For our analysis we used caper	R	package.	We	compiled	the	rooted	
tree and the phenotypic dataset into a comparative dataset for caper 
and fitted a phylogenetic generalised least squares model with the 
pgls() with strong phylogenetic signal.

4.6  |  Statistical analysis

Statistical analyses were conducted in R. For the log10– log10 allo-
metric regression models, a linear model lm() was fitted to the log10 
values of the specific trait and the specie's lifespan, respectively. 
Pearson correlations and partial correlations were obtained from 
log10	values,	with	the	exception	of	litter	size.	The	computations	were	
executed with cor.test() and pcor.test()	using	the	Pearson	method.	All	
p- values were obtained from two- tailed t	 tests.	We	 corrected	 for	
multiple	 testing	 using	 the	 Benjamini–	Hochberg	method.	 The	 final	

http://vertlife.org
http://vertlife.org
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predictive model for the log10 lifespan using the mutation rate and 
heart beat in the log10 space was fitted with lm() as well and evalu-
ated with the broom library.

4.7  |  Bootstrapping analysis

We	 created	 a	 set	 of	 bootstrapped	 data	 by	 resampling	 our	 origi-
nal dataset n = 1000	 times	with	 replacement.	 For	 this	we	 use	 the	
sample_n() function of the dplyr package in R, setting the “size” pa-
rameter to the number of species used in the study (n = 15).	Further	
analyses performed on the bootstrapped datasets were carried out 
in the same manner as described in the Section 4.6.
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