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Introduction

Recent years have witnessed significant attention 
directed towards understanding the mechanisms 
of ageing and its origins. Indeed, research into the 
basic processes of ageing is increasingly becom-
ing an accepted pillar within mainstream biomedi-
cal research (Mc Auley et al. 2017; Morgan and Mc 
Auley 2020; Keshavarz et al. 2023; Marx 2024). This 
contrasts sharply with previous circumstances, where 
biogerontologists operated on the margins of bio-
medical science. Individuals who now opt for a career 
in ageing research follow pioneering work. Nowhere 
better exemplifies this than the evolutionary biology 
of ageing, a subject which some of biogerontology’s 
most significant trailblazers have devoted consider-
able time to (Comfort 1964; Partridge and Barton 
1993; Rose 1994; Hayflick 1998; Kirkwood 2005; 
Finch 2010; Kenyon 2010). Understanding the evo-
lution of ageing requires a knowledge of Darwinian 
biology. It also necessitates conceptual clarity around 
two key biogerontological terms, which are relevant 
to this critical review. The first is senescence. Many 
definitions of senescence exist. However, a broadly 
accepted view from a life-history perspective is that 
senescence is the physiological deterioration of an 
organism that results in declining survival and/or 
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reproduction with age (Stearns 1998). The second 
term is ageing, which is also challenging to define. 
Despite this, most biogerontologists would agree that 
ageing is the cumulative impact of a series of delete-
rious biological processes which gradually renders an 
organism increasingly vulnerable to mortality with 
age (Mooney et al. 2016; López-Otín et al. 2023). It 
is apparent ageing and senescence are different. The 
reason for presenting this distinction is that in the 
biogerontology literature they are often conflated. In 
this review each will be explicitly referred to and the 
terms will not be used interchangeably to mean the 
same thing. This is particularly important when dis-
cussing evolutionary processes where changes in Dar-
winian fitness carry significant conceptual meaning.

Weismann first adopted Darwinian logic to under-
stand ageing. He reasoned it evolved to remove older 
individuals from a population, thus freeing resources 
for younger group members (Weismann 1891; Kirk-
wood and Cremer 1982). Weismann viewed ageing as 
an adaptive trait beneficial to the species rather than 
individuals. However, evolution is now understood to 
act at the level of genes, not populations or individu-
als (Dawkins 1976; Williams 2018; Ågren 2021). The 
notion of ageing as an adaptive process did not die 
with Weisman; ideas of this nature persist (Pamplona 
et  al. 2023). However, most theories regard ageing 
as a non-adaptive by-product of evolution which is 
due to a decline in the force of natural selection. This 
premise underpins the mutation accumulation (MA) 
(Medawar 1952), antagonistic pleiotropy (AP) (Wil-
liams 1957), and disposable soma (DS) (Kirkwood 
1977) theories. These three ideas constitute the clas-
sic evolutionary models of ageing. Empirical evi-
dence exists which supports each classic theory (Mc 
Auley 2021). However, it is important to note that this 
support is based largely on qualitative observations 
regarding processes such as the intensity of selection. 
Thus, a consensus remains to be fully established as 
to which theory best accounts for the evolution of 
ageing. This uncertainty has led to the development 
of arguments which advocate for alternative theoreti-
cal frameworks, some of which propose an adaptive 
origin for ageing, senescence, or death (Galimov and 
Gems 2021; Pamplona et  al. 2023). Other work has 
critically dissected the classic theories, or attempted 
to reinvent/unify them (Johnson et  al. 2019; Lemaî-
tre et  al. 2024). In contrast this review will evaluate 
how mechanisms beyond a unidirectional decline in 

natural selection affect the evolution of ageing. More-
over, I critically examine alternatives to the classic 
evolutionary theories, and pay particular attention to 
how the concept of evolutionary entropy (EE) relates 
to MA, AP and DS. The review concludes by intro-
ducing a pluralistic interpretation of the evolution of 
ageing.

The classic evolutionary theories of ageing

The foundations for the classic theories were laid 
by Fisher and Haldane, who understood that natu-
ral selection has a stronger impact on reproduction 
and survival in early years than it does later in life 
(Fisher 1930; Haldane 1942). This concept underpins 
the MA theory, which suggests ageing is due to the 
accumulation of harmful alleles, which escape natu-
ral selection, due to only being functionally expressed 
post reproductively (Medawar 1952). AP is an exten-
sion of MA. It proposes that alleles have antagonistic 
effects, which are beneficial during early life but are 
detrimental in later life (Williams 1957). According 
to AP the positive effect on fitness of an allele out-
weighs its negative effect, due to the greater intensity 
of natural selection early in life. Formal mathematical 
credence was given to the idea that natural selection 
declines with age by Hamilton and others (Hamil-
ton 1966; Rose 1994; Charlesworth 2000). And this 
principle was further used as the basis of the DS, 
underscoring that MA, AP and DS are not mutually 
exclusive concepts. However, subtle differences do 
distinguish DS from the other two theories. DS is a 
physiological idea suggesting ageing evolved as a 
result of the strategic partitioning of energy between 
somatic maintenance and reproduction (Kirkwood 
1977; Kirkwood and Holliday 1979). Energy is allo-
cated based on the life expectancy of the organism. 
Life expectancy is in turn moulded by parameters 
that influence extrinsic mortality, such as predation 
rate. The DS theory implicitly assumes that sufficient 
energy will be invested in somatic maintenance so 
that an organism reaches reproductive years, but it 
is not an optimal strategy to invest in somatic main-
tenance indefinitely if the rate of extrinsic mortality 
dictates that an organism will not live much beyond 
reproductive age. Conversely, intrinsic mortality is 
driven by life history decisions such as how much 
resources is allocated to reproduction.
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Empirical support for the classic ageing models

An evolutionary theory must be evaluated based on 
its success in explaining observed biological phe-
nomena. This test has been largely passed by the 
classic theories as they are empirically supported. It 
is beyond the scope of this review to discuss the evi-
dence in depth. This has been dealt with previously 
(Johnson et al. 2019; Mc Auley 2021). However, it is 
worth mentioning some recent studies which support 
the classic theories. A recent investigation provided 
some compelling evidence for MA by demonstrating 
how accurate mutation accumulation rate is between 
diverse species (Cagan et  al. 2022). Recent support 
for AP derives from an Apolipoprotein-ε4 (APOE-ε4) 
allele study (Trumble et  al. 2023). APOE is crucial 
to lipid metabolism (Yang et al. 2023). However, the 
APOE-ε4 allele is associated with increased risk of 
Alzheimer’s disease, increased risk of cardiovascular 
disease and decreased lifespan (Belloy et al. 2019). In 
the study by Trumble and colleagues it was observed 
that within a population of 795 women forager-hor-
ticulturalists (the Tsimane) those who possessed two 
copies of the APOE-ε4 allele gave birth to more chil-
dren than women with other allele combinations. This 
is consistent with the idea that APOE-ε4 is an AP 
gene. In the case of the Tsimane an increased risk of 
age-related morbidity and mortality is the evolution-
ary cost for increased fecundity. Some recent findings 
consistent with DS logic derive from canine inves-
tigations. In one study a reciprocal relationship was 
observed between reproductive investment in dogs 
and their lifespan (Bargas-Galarraga et al. 2023). Fur-
ther work observed an inverse relationship between 
life span and body size, with the authors arguing that 
the findings are conceptually close to DS (da Silva 
and Cross 2023).

Conceptual and empirical challenges to the classic 
models

As alluded to ample empirical support exists for 
the core elements of the classic theories. However, 
several conceptual and empirical challenges have 
emerged that question aspects of these theories. 
Firstly, both MA and AP treat ageing as the cumula-
tive manifestation of late acting alleles. This is a satis-
factory explanation for explaining why certain alleles 

are associated with age-related diseases (Byars and 
Voskarides 2020; Lockwood et  al. 2024). However, 
AP and MA distil ageing to essentially a genetic prob-
lem. Unfortunately this ignores the malleability of 
ageing, which has been experimentally demonstrated 
in a wide variety of organisms (Hwangbo et al. 2020; 
Keshavarz et  al. 2023). Some empirical evidence is 
also difficult to reconcile with the classic theories. 
For instance, MA may not be a significant cause of 
ageing. This is evidenced by work in saccharomy-
ces cerevisiae which has revealed that the number of 
mutations which accumulate with age are of an insig-
nificant level (Kaya et  al. 2015). Moreover, in some 
studies when mice were genetically manipulated to 
have high mutation rates this did not unduly impact 
their lifespan (Narayanan et  al. 1997). On a similar 
note, in some studies mice subjected to a high level 
of free radical induced somatic damage do not suffer 
from a significant reduction in lifespan (Van Remmen 
et  al. 2003; Lapointe and Hekimi 2008). Findings 
which are at odds with the notion that somatic impair-
ment drives ageing, something which is a core feature 
of DS. It is worth exploring in depth how some other 
factors present a challenge to the classic theories.

Darwinian fitness

The classic models are built on the premise that pop-
ulation growth rate is the measure of Darwinian fit-
ness (Charlesworth 2000). This parameter does not 
take into consideration factors such as population size 
and ecological constraints (Dietz 2005). This limita-
tion has its origins in the quantitative work of Fisher 
and his treatment of the Euler-Lotka equation (Fisher 
1930). Fisher used this equation to represent an age-
structured population reproducing in continuous 
time. He suggested that such a group of individuals 
will reach an asymptotic exponential rate of popula-
tion increase, which is denoted as, r. Fisher referred 
to r as the Malthusian parameter of the population, 
and he proposed it to be the key measure of Darwin-
ian fitness (Fisher 1930; Rose 1994; Charlesworth 
2000). This way of defining Darwinian fitness is the 
foundation of classic evolutionary thinking (Charles-
worth 2000). However, the notion of r has been chal-
lenged analytically (Demetrius 2001). Based on this 
analytical work it is suggested that the rate at which a 
population returns to its original size after a random 
perturbation in the age-specific birth and death rates 
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is the key determinant of Darwinian fitness (Dem-
etrius 2001; Olshansky and Rattan 2005; Demetrius 
et  al. 2009). It has also been suggested that the rate 
at which a population returns to a steady state can be 
quantified by a demographic parameter, denoted as 
EE. In other words EE quantifies variability in the 
age individuals reproduce (iteroparity) and die (Dem-
etrius et  al. 2009). EE was recently used to account 
for the diversity of ageing patterns across the tree of 
life (Buescu et  al. 2023). Using EE as a measure of 
Darwinian fitness it was predicted that natural selec-
tion can be strong in both early and late life (a convex 
function). This contrasts sharply with the monotonic 
decline in natural selection which is the cornerstone 
of the classic theories (Flatt and Partridge 2018). 
This prediction is feasible as stochasticity is crucial 
to demographic processes, and EE is capable of rep-
resenting it as a key determinant of Darwinian fitness.

Extrinsic mortality an ongoing debate

A central tenet of the classic theories is that an 
increase in extrinsic mortality results in the evolu-
tion of a faster ageing rate (Caswell 2007; Dańko 
et  al. 2018). In fact, the close coupling of extrinsic 
mortality with life-span variation has been consist-
ently observed throughout nature (Reznick et  al. 
2002, 2004). Moreover, differences in extrinsic mor-
tality are suggested to account for lifespan plasticity 
among diverse species (Wilkinson and South 2002). 
A common example is birds where key features of 
their behaviour, and life history are associated with 
reduced extrinsic mortality rates, when compared to 
mammals of a similar size (Holmes and Austad 1994, 
1995; Wasser and Sherman 2010). An explanation 
for this phenomenon is that birds have a decreased 
rate of ageing compared to similar sized mammals, 
as flight lowers their predation rate (Pomeroy 1990). 
Similarly, it has been suggested that arboreality offers 
a protected environment which abrogates predation 
exposure, reducing extrinsic mortality and favour-
ing the evolution of increased lifespan (Shattuck and 
Williams 2010). Indeed, protective phenotypes (e.g. 
tortoise shells, arboreality, fossoriality etc.) were 
recently identified as key determinants of lifespan 
in tetrapods, in particular they were highlighted as 
particularly important to the evolution of longevity 
in bats, birds and naked mole rats. (Shilovsky et  al. 
2024).

It is crucial to note that a reduction in preda-
tion has not been universally observed to result in 
decreased ageing in all organisms (Pietrzak et  al. 
2020). Moreover, despite the empirical observations 
theoretical work has suggested that under certain con-
ditions a higher rate of extrinsic mortality results in 
the evolution of slower senescence (Abrams 1993; 
Williams and Day 2003; André and Rousset 2020). 
Moreover, it has been argued that for extrinsic mor-
tality to impact senescence it needs to do it in an age 
dependent way (Moorad et  al. 2019). Although this 
notion has been strongly contested (Day and Abrams 
2020). Despite this it is acknowledged that in certain 
species population density dependence introduces an 
additional layer of complexity which makes deter-
mining how extrinsic mortality influences senescence 
particularly challenging (Day and Abrams 2020). 
This line of thinking is supported by recent thought-
provoking work which convincingly argues that the 
effects of extrinsic mortality are closely tied to den-
sity dependence (de Vries et  al. 2023). Intriguingly, 
this work suggested that depending on the specific 
circumstance a change to extrinsic mortality may not 
result in faster/slower lifespan. The impact of con-
sidering density dependence was further emphasised 
recently when mathematical modelling was used to 
explore MA theory using a hypothetical population. 
The model predicted that density-regulated popula-
tions will end up semelparous or collapse due to the 
accumulation of deleterious mutations (Aubier and 
Galipaud 2024). This finding appears to reveal an 
inherent weakness of classic evolutionary thinking 
and in particular MA.

Negligible or negative senescence

The concept of negligible or negative senescence is 
based on observations in certain species which have 
revealed that risk of mortality may not change, or 
even decrease with chronological age (Finch 1994; 
Vaupel et  al. 2004). For instance, naked mole rats 
display virtually no increase in mortality risk with 
age, possess a delayed ageing phenotype through-
out their life-span, and show resistance to age asso-
ciated pathologies, such as cancer (Oka et al. 2023). 
Moreover, in a recent investigation involving turtles 
and tortoises who were kept in zoos it was observed 
that ~ 75% of 52 species exhibit slow or negligi-
ble senescence (da Silva et  al. 2022). Interestingly, 
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however, when negative senescence was quantita-
tively interrogated recently using mathematical mod-
elling, it was found that the magnitude of mortality 
increase has been significantly underestimated based 
on reported lifespans (Xia and Møller 2022). How-
ever, if the assumption is made that most observa-
tions of negligible/negative senescence are reliable, 
this generates a theoretical conundrum for the classic 
theories. Negligible/negative senescence is inconsist-
ent with the notion that the diminishing capacity of 
natural selection with advancing age favours trading-
off late-life fitness for early reproductive success. 
Although a solution may exist as to why selection 
does not decline with age in organisms that manifest 
negligible/negative senescence. Recent comparative 
work emphasized that population structure and repro-
ductive value are crucial to interpreting selection gra-
dients (Roper et  al. 2021). This study revealed how 
growth form, individual trade-offs, stage structure 
and social interactions influence various distributions 
of population structure and reproductive value. It 
was contested such factors have the potential to help 
understand why patterns of negligible/negative senes-
cence could be accounted for under the same evolu-
tionary models as ‘normal’ senescence.

Sexual selection and ageing patterns

Sexual selection influences natural selection. This 
impacts the classic theories because they are built 
on the assumption that ageing evolved under natural 
selection. However, unlike natural selection which 
results from differential fecundity and survival, sex-
ual selection is the outcome of variance in mating/
fertilization success (Trivers 1985; Rowe and Run-
dle 2021). Typically the strength of sexual selec-
tion is stronger in males than females (Borgia 1985; 
Emlen et  al. 2005; Clutton-Brock 2007; Dakin and 
Montgomerie 2013). Moreover, in certain organism’s 
males invest less in generating offspring than females 
(Trivers 2017). In theory this means males can direct 
additional resources to attracting females. Moreover, 
females can then choose a mate based on the effort’s 
males direct towards their sexual fitness (Shuker and 
Kvarnemo 2021). This may necessitate a male repro-
ductive strategy which deals with inter-male rivalry/
conflict (Le Boeuf 1974; Simmons and Emlen 2006).

In many species sexual selection mediates how 
males and females senesce (Carranza et  al. 2004; 

Gasparini et al. 2019). Indeed in several species males 
that invest more strongly in traits which help them 
win conflicts, or which make them more attractive to 
females benefit from increased reproductive success 
(Bagchi et al. 2021). The drawback is that male repro-
ductive strategies can be associated with an increased 
risk of extrinsic mortality, and thus a shorter lifespan 
(Bonduriansky et al. 2008). Indeed, in certain species 
male-male competition for early reproductive success 
can result in differential rates of senescence (Preston 
et al. 2011). Males may also possess traits that make 
them more attractive to females as their age increases 
(Lifjeld et al. 2022). Such instances potentially lead to 
the selection of alleles which favour male fitness and 
longevity (Brooks and Kemp 2001).

Female lifespan is also influenced by sexual selec-
tion. For instance, females may evolve ornamental 
features to attract a suitable mate. Such ornamenta-
tion requires resource investment which may influ-
ence female life-history schedules (Potti et al. 2013). 
Moreover, females can evolve sexual features which 
directly influence their longevity (Møller 1993). 
Of course, sexual conflict may also impact the evo-
lutionary relationship between males and females. 
Sexual selection can ‘drive’ a male trait beyond its 
naturally selected optima (Hosken and House 2011). 
This demonstrates that sexual selection can antago-
nistically oppose natural selection (Kirkpatrick 1982). 
Female fitness can also be impacted by male sexual 
selection which in turn can influence their lifespan. 
For instance, female Drosophila melanogaster which 
possess longer sperm receptacles (SR) have shorter 
lifespans (Miller and Pitnick 2003). This is thought 
to be a result of sexual conflict mediated by ejaculate 
toxicity. More recent work has found that male and 
female flies which possess giant sperm and long SR 
genotypes have increased longevity (Zajitschek et al. 
2019). Examples also exist in many species, includ-
ing humans, where certain females prefer to mate 
with older males (Côté and Hunte 1993; Kokko and 
Lindström 1996; Brooks and Kemp 2001; Conroy-
Beam and Buss 2019). This phenomenon could exist 
because older males have proven their capacity to 
survive, and provide females with access to resources 
(Kokko and Lindström 1996). Thus, sexual selec-
tion can drive a pro-longevity phenotype. However, 
an evolutionary cost can be associated with mating 
with older males. Recent epigenetic inheritance stud-
ies have observed that mating with an older male 
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can lower female fecundity and reduce offspring fit-
ness (Mc Auley 2023). Such observations add further 
intrigue to interpreting the eco-evolutionary dynam-
ics of sexual selection and its relationship with the 
classic ageing theories.

Genetic drift and gene flow

Genetic drift, founder effects, and gene flow are 
important evolutionary forces that have contributed 
significantly to evolution (Simon and Coop 2024). 
Genetic drift is recognised as one way in which iso-
lated human populations such as those in Okinawa 
and elsewhere may have developed extreme longevity 
phenotypes (Bendjilali et al. 2014). However, genetic 
drift is not universally associated with the evolution 
of longevity phenotypes. In Daphnia magna, it has 
been observed that genetic drift is synonymous with 
an increased ageing rate and a reduction in lifespan 
(Lohr et al. 2014). Of course, genetic drift intersects 
with other evolutionary forces such as sexual and nat-
ural selection. Species who practice sexual polygamy 
are suggested to be more impacted by genetic drift 
(Charlesworth 2009). Moreover, longevity in polyga-
mous species could be counteracted by the persistence 
of deleterious alleles which are maintained by sexual 
selection because of their benefit to the other sex 
(Arnqvist and Rowe 2005). Gene flow into a popula-
tion can oppose gene frequency changes; conversely 
it introduces genetic variation, which is the substrate 
for evolution by natural selection (Lenormand 2002). 
However, restricting gene flow out of a population has 
evolutionary benefits. A narrow niche breadth (NB) 
increases the likelihood of fixing beneficial alleles, 
reduces the frequency of deleterious alleles drifting 
to fixation, and diminishes mutation load (Whitlock 
1996). However, interestingly from the perspective of 
the classic theories an increase in population density 
can result in a decrease in NB (Nicholson et al. 2006), 
while changes to NB can impact lifespan (Roff 2002; 
Jervis et al. 2007).

The effects of dietary restriction

Empirical evidence in a range of organisms over the 
last number of decades has identified dietary restric-
tion (DR) as a robust intervention for extending 
both health-span and lifespan in many model organ-
isms (Duan et  al. 2024). It remains unknown how 

the effects of DR reconcile with the classic theories 
(Moatt et  al. 2020). What is known however is that 
a key feature of the classic theories is that they are 
underpinned by a trade-off between survival and 
reproduction. This trade-off has been used as the 
basis of an evolutionary explanation for the pro-
longevity effects of DR. It is parsimoniously sug-
gested that there is a metabolic shift towards somatic 
maintenance at the expense of reproduction (Kirk-
wood and Shanley 2005). This idea is known as the 
resource reallocation hypothesis (RRH), and it is 
theoretically underpinned by DS (Shanley and Kirk-
wood 2000). Evidence exists which is consistent with 
the RHH (Mc Auley 2022). However, the intricacies 
of this relationship are not completely clear. This is 
evidenced by a recent study which found that fasting 
increased investment in the soma of zebrafish upon 
refeeding at the expense of gamete quality (Ivimey-
Cook et al. 2023). Other, studies have suggested that 
during DR in some organisms the trade-off between 
survival and reproduction can be uncoupled by alter-
ing the intake of different dietary nutrients such as 
cholesterol, amino acids, and carbohydrates (Grandi-
son et  al. 2009; Zanco et  al. 2021). This has led to 
alternative evolutionary ideas to RHH (Adler and 
Bonduriansky 2014; Speakman 2020). A further con-
ceptual puzzle for RHH centres on studies which have 
shown that DR can have inter- (one generation) or 
trans-generational (multi-generational) effects on sur-
vival and fitness (Ivimey-Cook et al. 2021; Camilleri 
et al. 2024; Jimenez-Gonzalez et al. 2024). Thus, DR 
and its intersection with epigenetic inheritance have 
yet to be satisfactorily reconciled with the classic 
theories.

Can non-genetic inheritance be reconciled with 
ageing evolutionary theory?

Biogerontology is being significantly influenced 
by progress in epigenetics (Mc Auley et  al. 2018; 
Morgan et  al. 2018, 2020; Larson et  al. 2019; Zag-
kos et al. 2021; Seale et al. 2022; Phyo et al. 2024). 
DNA methylation (DNAm) clocks have necessitated 
a revaluation of the proximate causes of ageing (Hor-
vath 2013; Zheng et  al. 2024). Moreover, emerging 
findings from epigenetic inheritance (EI) studies have 
stimulated debate about the ultimate cause of ageing 
(Woodhouse and Ashe 2020; Ghai and Kader 2022). 
EI implies that non-genetic mechanism(s) could 
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influence evolution. It must be emphasized however, 
that EI is controversial; and it remains to be fully 
established as to how it reconciles with Darwinian 
theory let alone the classic evolutionary models of 
ageing. Some recent work did however, address this 
burgeoning theoretical conundrum (Mc Auley 2023). 
It was broadly concluded that the examples of EI and 
its impact on offspring longevity mainly derive from 
canonical organisms such as worms and flies. Fur-
thermore, some evidence was highlighted that implies 
epigenetic patterns can be transmitted to gametes 
from the soma. Although, it is important to reiterate 
that the evidence for EI and its potential role in the 
evolution of ageing is very much an open question 
for biogerontology despite the emergence of some 
intriguing recent findings.

Social modulation of ageing evolution

The concept of inclusive fitness (IF) helps explain 
social behaviour from an evolutionary perspective 
(Hamilton 1964). Arguably, however, IF has yet to be 
fully reconciled with the classic evolutionary theo-
ries. Indeed, when Hamilton predicted that the force 
of natural selection decreases with age, this work did 
not include IF (Hamilton 1966). Rather the model 
included general fitness as a parameter and did not 
consider IF as a contributor to the moulding of senes-
cence. This omission is significant because arguably 
the 1964 work of Hamilton is the foundation which 
is used to support the main premise of the classic 
theories. Consequently the classic theories are defi-
cient at describing how species-specific ageing pat-
terns evolve in social organisms (Korb and Heinze 
2021). A central issue is that in certain species soci-
ality is associated with a reversal of the suggested 
trade-off between longevity and fecundity which fea-
tures prominently in classic thinking about how age-
ing rates evolve (Page and Peng 2001; Blacher et al. 
2017; Cohen et al. 2020).

Social populations experience age-associated 
selective pressures which act on social phenotypes. 
For instance, in certain species later-life reproductive 
senescence is suggested to be due solely to the effect 
of population composition (Rodrigues 2018). Such 
findings make reconciling sociality with the clas-
sic theories problematic. However, some worthwhile 
attempts have been made to integrate sociality with 
the classic theories. Ideas have primarily focused 

on eusocial organisms such as termites, wasps, ants, 
bees, and naked mole rats (Bourke 2007; Lucas and 
Keller 2020; Korb and Heinze 2021). Using the spe-
cialized morphological castes which is synonymous 
with these animals it has been argued that unlike 
workers, queens are shielded from external dangers, 
consequently natural selection optimizes their fitness 
into advanced age (Keller and Genoud 1997; Ruep-
pell et  al. 2015). Some evidence for this concept 
derives from the termite Reticulitermes speratus, 
where it has been observed that workers suffer from 
greater oxidative damage than queens (Tasaki et  al. 
2018). This phenomenon may not hold for all euso-
cial species, as queens and workers in naked mole rats 
do not display significant differences in lifespan, even 
if queens have been determined to have a slower epi-
genetic age (Horvath et  al. 2022). However, another 
way to reconcile eusocial insects with the classic evo-
lutionary theories centres on viewing them as a super-
organism. According to this idea infertile workers 
are deemed ‘disposable’ (akin to a soma), because of 
their decreased lifespan, while the queen is viewed as 
the germline because she is protected (Rascón et  al. 
2012). However, insect species such as Temnotho-
rax rugatulus exhibit caste plasticity, whereby work-
ers who become fertile express genes which increase 
their lifespan (Negroni et al. 2021). Thus, the superor-
ganism analogy does not align with the behaviour of 
all eusocial species.

Mathematical modelling has been used to examine 
sociality. One study predicted that restricted dispersal 
and social interactions indirectly produces AP pat-
terns which affects survival and fecundity at different 
ages (Ronce and Promislow 2010). Another model 
was based on the assumption that AP mutations oper-
ate within or between castes (Kreider et  al. 2021). 
According to this framework antagonistic effects 
originated due to caste antagonism, or indirectly due 
to genetic influences between castes. The model pre-
dicted that mutations with antagonistic fitness effects 
within castes reduced the lifespan of both castes. In 
between caste mutations decreased worker lifespan 
to a greater extent than queens. It was concluded 
this undermines the role extrinsic mortality has been 
afforded in the caste‐specific ageing of eusocial 
organisms. It was also posited that AP effects castes 
differentially due to reproductive monopolization by 
queens. Other work investigated cooperative breed-
ing and ageing (Kreider et  al. 2022). Cooperative 
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breeders do not have castes. They temporarily forgo 
reproduction to become helpers. Simulations pre-
dicted natural selection favours delaying senescence 
in cooperative breeders. It was reasoned they delay 
age of first reproduction because helpers wait to 
become a breeder. It was also predicted that reduced 
genetic relatedness causes the evolution of longer 
lifespans. This was explained as selection being 
weaker against higher mortality when death decreases 
competition for breeding between relatives.

Intergenerational resource transfer

Intergenerational resource transfer could influence 
the evolution of ageing. This phenomenon is not 
part of the classic theories. However, a solid ration-
ale exists for its inclusion, as intergenerational trans-
fers of adult surplus, information, and pedagogy can 
indirectly contribute to offspring fitness (Gurven 
et  al. 2012; Davison and Gurven 2022). Modelling 
has also proved useful at exploring this phenomenon 
(Lee 2003). In a recent study it was used to represent 
transfers between age classes as the per capita net 
contribution of all helpful or harmful social behav-
iours (Roper et  al. 2023). By embedding this theo-
retical adjunct to a model of IF it was revealed that 
the force of selection on age-specific reproduction 
does not always decline monotonically from birth, but 
instead depends on the balance of costs and benefits 
of increasing reproduction to both direct and indirect 
fitness.

Stochasticity and the evolution of ageing

It is possible that stochasticity has influenced the 
evolution of ageing (Mc Auley and Mooney 2015). 
This is underscored by recent work which con-
cluded that individual variability was responsi-
ble for different ageing patterns in the long-tailed 
tit Aegithalos caudatus (Roper et  al. 2022). Fur-
ther work emphasises how stochasticity can influ-
ence the evolution of differences in lifespan. It was 
observed that genetically identical female Drosoph-
ila melanogaster that live long, where found to pro-
duce long lived daughters, but generated less off-
spring (Drake and Simons 2023). It was suggested 
this was due to an apparent trade-off which was 
solely the result of stochastic effects. It was also 
suggested that trade-offs such as the one between 

reproduction, and lifespan may be less widespread 
than predicted by evolutionary biology of ageing 
and may instead stem from stochasticity rather than 
the partitioning of investment between reproduc-
tion and somatic maintenance. Fluctuations in the 
environment also effect evolution. Phenotypic plas-
ticity is the evolutionary adaptation which allows 
an organism to respond to environmental hetero-
geneity (Kawecki and Stearns 1993; McHugh and 
Burke 2022). Phenotypic plasticity is also known 
to effect longevity in animals (Borges 2009). This 
makes sense because an inflexibility genome is not 
very useful, particularly if an animal lives in a fine-
grained environment.

Do the classic theories account for senescence in 
bacteria and plants?

The classic theories provide satisfactory arguments 
for the evolution of ageing and age-related disease 
in eukaryotic, iteroparous species. Arguably how-
ever, they do not account for senescence in plants 
and bacteria. This could be significant because 
some evidence suggests plant senescence has its 
origins within programmed cell death which is a 
feature of primaeval unicellular photoautotrophs 
(Bhattacharjee et al. 2024). Plant senescence is gen-
erally regarded to be programmed and the mecha-
nistic underpinning of this phenomenon requires 
elucidation (Thomas et  al. 2009; Thomas 2013). 
Likewise, the evolution of ageing in bacteria needs 
further exploration. This assertion is consolidated 
by experimental work which suggests bacteria are 
a worthwhile comparative model for studying age-
ing (Florea 2017; Łapińska et  al. 2019; Steiner 
2021). For instance, some bacteria exhibit a trade-
off between survival and proliferation in a subtle 
balancing act between reproduction and longevity 
(Abram et  al. 2021). This is similar to the trade-
off for resources some higher organisms devote to 
reproduction/growth versus that allocated for cellu-
lar maintenance, which is central to the DS theory 
(Hammers et  al. 2013). Bacteria can also undergo 
programmed cell death, during nutritional stress 
(Nyström 2003). Thus, it is possible ageing may 
have evolved differently in bacteria from other spe-
cies, nonetheless it is worth examining it, if only for 
comparative reasons.



Biogerontology            (2025) 26:6  Page 9 of 20     6 

Vol.: (0123456789)

Alternative evolutionary ideas

Gerontogenes, vitagenes and homeodynamics

Many alternatives to the classic paradigms exist. 
Some ideas have persisted while others have not. 
Recently it was argued Weismann’s idea was “mostly 
correct”, and it is only necessary to reconsider how 
adaptive ageing originated (Melkikh 2023). Such 
arguments are perhaps unsurprising given empiri-
cal data continues to emerge from canonical organ-
isms, which make this line of thinking conceptually 
attractive (Kern et al. 2023). For instance, it has been 
argued that adapted death has evolved in certain 
organisms which display a high degree of relatedness 
(Galimov and Gems 2021). Similarly it has been sug-
gested that ageing can be positively selected when kin 
selection and directional selection are closely coupled 
(Szilágyi et al. 2023). Another recent proposal theo-
rized ageing evolved due to selection reducing the 
environmental risk of death (Omholt and Kirkwood 
2021). It was posited natural selection could create 
this adaptation, by using a genetic programme that 
ensures somatic maintenance remains low.

Theories of programmed ageing depend on the 
selection of genes for senescence. Clearly such ideas 
run counter current to the general consensus that age-
ing is a non-adaptive by product of evolution. How-
ever, this does not mean genes aren’t involved in the 
regulation of senescence, despite not being directly 
selected for the purpose of ageing. Rattan refers to 
these genes as virtual gerontogenes (Rattan 1985). To 
understand how gerontogenes fit with evolutionary 
theory it is necessary to introduce the essential lifes-
pan (ELS) of a species. ELS is the time needed by a 
species to grow, develop, mature and reproduce (Rat-
tan 2018). Accordingy to this framework evolution 
has selected for longevity assurance genes (LAGs) 
that determine the ELS of a species (Rattan 2018). 
It is suggested gerontogenes are vital for maintaining 
germ line continuity as hypothesised by both AP and 
the DS theories (Rattan 1995).Crucially, Rattan elo-
quently and convincingly emphasises that it is impor-
tant not to conflate gerontogenes with genes associ-
ated with the heritability of lifespan, such as those 
described in twin studies, those attributed to prema-
ture ageing syndromes, or those genes which have 
been identified in canonical organisms that result in 
extended life-span (Rattan 2024). The key point being 

is that it cannot be convincingly argued that these are 
gerontogenes which were selected by evolution to 
cause ageing or death (Rattan 2024).

It is vital to acknowledge that ageing is likely to 
be an emergent property of a species. Within this 
line of thinking, ageing can be viewed as a complex 
network of LAGs. Rattan refers to these as vitagenes 
(Rattan 1998). The concept of vitagenes also relies 
on homeodynamics. Homeodynamics attempts to 
bridge the gap between physics and biology (Yates 
1994). It stipulates that biological processes are in a 
state of dynamic equilibrium, constantly undergoing 
flux. Adaptation and flexibility are key to homeody-
namics, ensuring effective responses to perturbations. 
Homeodynamics involves non-linear mechanisms 
where small perturbations can lead to significant 
changes involving non intuitive, multilevel, feedback 
processes which give rise to emergent behaviour. 
Pathways considered part of homeodynamics, centre 
on maintenance processes, including those involved 
in DNA repair, heat shock, antioxidant defence, apop-
tosis, and removal of protein damage. It is theorized 
optimal homeodynamics is essential for an organism’s 
growth, development, and maturation (Rattan 2018). 
According to Rattan the homeodynamic property of 
a biological system is a function of the vitagene net-
work (Rattan 1998). It acts as a longevity assurance 
process which is moulded by the evolutionary history 
of the species(Rattan 2007). Homeodynamic space 
is an extension of this idea, it includes both adaptive 
homeostasis, and allostasis (Rattan 2007). Homeody-
namic space emphasizes the importance to survival 
and longevity of stress response induced maintenance 
and repair, damage regulation rate, and immune 
remodelling, which are defined by the evolutionary 
history of the organism.

Quasi programmed theories which centre on growth

It has been proposed that ageing evolved due to a 
quasi-programme which is underpinned by growth 
which extends into adulthood. This has been referred 
to as the hyperfunction theory (HFT) (Blagosklonny 
2006; Gems 2022). According to HFT growth con-
tinues due to the hyperfunctioning of signalling path-
ways. This makes some sense because many species 
that display deterministic growth (growth to a spe-
cific adult size) have been observed to senesce, while 
species displaying indeterminate growth have been 
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associated with negative senescence (Vaupel et  al. 
2004). The converse of hyperfunction is hypofunc-
tion. Hypofunction is speculated to occur if a devel-
opmental pathway is shut off /under expressed in later 
life (de Magalhães and Church 2005). Collectively 
hyperfunction and hypofunction have been referred to 
as the developmental theory of ageing (DTA) (Lemaî-
tre et  al. 2024). Recently an attempt was made to 
unite the classic theories with DTA (Lemaître et  al. 
2024). It was posited that both hyperfunction and 
hypofunction are equally possible avenues for the 
evolution of ageing. Development is key some other 
emerging ideas. A recent hypothesis suggests evolu-
tion has a bias which is directed towards introduc-
ing innovations at the end of development (Fontana 
and Kyriazis 2024). Known as the evolvable soma 
theory it postulates that ageing is beneficial as it 
provides a period whereby innovations can be tested 
during a time where their impact on the fitness land-
scape is less significant. Another hypothesis which 
focuses on growth suggests negative senescence is a 
fitness neutral trait which evolved as a byproduct of 
a more important adaptation (Gems and Kern 2024). 
This is based on the notion of spandrels (Gould and 
Lewontin 1979; Gould 1997). It suggests AP, biologi-
cal constraint and associated “quasi-programming” 
cause age related disease (spandrels). Indeed, other 
work has suggested ageing is a spandrel. A compre-
hensive literature survey concluded that in certain 
species ageing may have evolved due to a trade-off 
between successful land colonisation and longevity 
(Bilinski et al. 2021).

Extended phenotypes and the evolution of ageing

The concept of an extended phenotype hypothesis 
as introduced by Dawkin’s, suggests an organisms’ 
genes exert their influence beyond their immediate 
biological boundaries (Dawkins 1982). An example is 
the gut microbiome, where it has become increasingly 
recognized that the microbiome is a pivotal deter-
minant of host phenotype (Dapa et  al. 2023). This 
reveals a key limitation of the classic theories as they 
do not consider how animal–microbiome interactions 
have influenced the evolution of ageing. This requires 
addressing in the future because considerable interest 
has been generated recently as to the role the microbi-
ome has played in the evolution of humans and other 
species (Fellows Yates et al. 2021; Dapa et al. 2023). 

Interestingly, however there has been some specula-
tion as to how microorganisms have influenced the 
evolution of ageing. An idea known as the age-dis-
torter hypothesis (ADH), suggests that ‘age distorters, 
including viruses, microorganisms, or multicellular 
organisms affect host ageing for their own evolution-
ary benefit. This is an intriguing perspective given 
that changes to the gut microbiome/virome have been 
revealed to have a significant impact on the trajec-
tory of human health (Cao et al. 2022; Salvadori and 
Rosso 2024).

Towards a pluralistic view of the evolution 
of ageing

It is undeniable certain challenges remain difficult to 
reconcile with the classic theories. One solution to 
this problem is to view the evolution of ageing plu-
ralistically (Mc Auley 2022, 2023). To do this, it is 
necessary to understand what pluralism is. Pluralism 
can mean many things, however, in this context plu-
ralism is best thought of as the acknowledgement that 
many different systems or approaches are appropri-
ate for understanding complex problems (Ruthenberg 
and Mets 2020). Pluralism has been successfully used 
to reappraise the tree of life hypothesis (Doolittle and 
Bapteste 2007). In this context Doolittle and Bapt-
este define pluralism as: “the recognition that differ-
ent evolutionary models and representations of rela-
tionships will be appropriate, and true, for different 
taxa or at different scales or for different purposes”. 
This definition could equally apply to the evolution 
of ageing. Crucially it underscores that an evolution-
ary model is context dependent. This perspective is 
inconsistent with the conventional notion that a sin-
gle theory exists which can explain different patterns 
of ageing across all taxa. This is particularly relevant 
given that the intensity of ageing, and its trajectory 
appear to be context and taxa specific (Lemaître et al. 
2020). This also applies to emerging theories. Nas-
cent ideas contribute to the discourse on the origins 
of ageing, however arguing that a new theory com-
pletely supersedes the classic theories is inadvisable. 
Thus, this pluralistic approach does not represent 
a testable theory of ageing in itself but it alters the 
way we perceive the existing evolutionary theories of 
ageing, and it may provoke us to conceive different 
ways of exploring ageing that are not possible to do 
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by restricting ourselves to one particular evolution-
ary theory. This is akin to Dawkins idea of the Necker 
cube (Dawkins 1982).

It is necessary to reiterate again that the pluralistic 
framework espoused here is not an effort to amalgam-
ate the classic theories. It is the opposite, and con-
trasts with recent work which attempted to integrate 
the classic theories by examining resource alloca-
tion strategies across a range of taxa (Suvorov 2022). 
It also differs from recent work which suggests the 
evolutionary theories need to be expanded to better 
account for symbioses and interactions throughout 
the web of life (Bapteste et  al. 2023). Indeed, there 
are instances where the classic theories need to be 
adjusted to account for scenarios, however in most 
instances, it should be possible to explain an obser-
vation using one of, or a combination of the classic 
theories. Moreover, according to this interpretation 
of pluralism it is unlikely that a general framework, 
which describes the evolution of ageing can be iden-
tified for all organisms based on the integration of 

several theories. This does not mean however that 
some generalities cannot be derived about the proxi-
mate mechanisms which regulate ageing. Indeed, 
some evidence exists that the mechanisms underlying 
exceptional longevity may be consistent across taxa 
(Treaster et al. 2021). Different evolutionary patterns 
of ageing clearly exist; thus, the question becomes 
what are the universal proximate drivers of senes-
cence which might exist in all species regardless of 
how ageing evolved.

Figure 1 illustrates the proposed framework. Each 
theory has the potential to account for the evolution 
of ageing, however some are more suited to explain-
ing the evolution of ageing within certain ecological 
contexts. It underscores that the classic theories are 
not mutually inclusive and may operate simultane-
ously or synergistically to bring about different evo-
lutionary patterns of ageing. Thus, in most cases their 
expansion is not necessary, and it is merely important 
to recognise that one single model does not describe 
the evolution of ageing across the tree of life. Indeed, 

Fig. 1  The evolution of ageing: a pluralistic framework. 
Within this framework it is acknowledged that different models 
are appropriate for different taxa and depend on the ecological 

context. This version of pluralism also recognises the impor-
tant role other disciplines, including physics and social science 
can contribute to our understanding of ageing
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convincing evidence exists for the evolution of lifes-
pan being a species specific trait (Shilovsky et  al. 
2022). For instance, based on the pluralistic frame-
work outlined in Fig.  1 an explanation of primate 
ageing might involve different aspects of the classic 
theories. To this end MA and AP are well supported 
logical models which provide a coherent explana-
tion as to why certain genetic polymorphisms such 
as APOE4 are linked with ageing, while arguably 
DS provides a reasonable explanation of the nexus 
between DR and the evolution of ageing in primates.

This framework also includes alternatives to the 
classic theories. This is important because compli-
mentary ideas, such as virtual gerontogenes, ELS 
and homeodynamic space can be assimilated within 
classic evolutionary thinking. The inclusion of vir-
tual gerontogenes recognises that ageing genetic 
entities can exist that were not originally selected as 
genes/alleles either for or against ageing. Moreover, 
a pluralistic approach which, provides scope for the 
inclusion of ideas around ELS and homeodynamic 
space acknowledges that the evolution of ageing is a 
dynamic, emergent and ultimately malleable process 
(Chmielewski 2020). At the same time a pluralistic 
approach provides scope for the inclusion of adaptive 
evolutionary arguments. However, it is necessary to 
acknowledge that it is unlikely ageing is genetically 
programmed simply because it proceeds towards a 
final state in a predictable fashion. Such an observa-
tion may simply indicate the biological system is built 
in a particular way and so always fails in more or less 
the same manner each time, due to thermodynamic 
constraints.

Figure 1 illustrates that it is important to consider 
the role of other disciplines such as mathematics, 
physics, chemistry, demography and social science 
can play in improving our understanding of age-
ing from a pluralistic perspective. Applying physi-
cal principles to biology can generate novel insights 
(Kinsey et  al. 2023). As outlined in section  "Dar-
winian fitness" statistical thermodynamics has been 
effectively applied to age structured populations in 
the form of EE, which offers a more concrete way 
of representing Darwinian fitness. Recognising that 
senescence and death are subject to the laws of ther-
modynamics, enables EE to be used within a plural-
istic framework. If this is the case then the force of 
natural selection becomes a function of age (Dem-
etrius and Ziehe 2007). And, including EE, helps to 

overcome a major limitation of the classic theories, 
namely that they do not include population size as a 
critical component of the process of selection (Dietz 
2005; Brink et al. 2009). Moreover, the models MA, 
AP and DS all invoke the same measure of fitness. 
Thus, the theories based on MA, AP, and DS can be 
considered as limiting cases of the theory based on 
EE, and their relationship with EE serve to empha-
size its universality (Demetrius and Legendre 2013). 
Consequently, a pluralistic model-based around EE as 
a measure of Darwinian fitness has the potential to be 
more expansive than the classic models of ageing on 
their own, which utilise the Malthusian parameter as a 
measure of Darwinian fitness. The importance of EE 
as a measure of Darwinian fitness cannot be under-
stated as a concept, in fact it would be worthwhile to 
see it combined with other recent ides such as an idea 
proposed by Lissek and colleagues which suggested 
that adaptive processes e.g. transcription, epigenetic 
remodelling, and metabolic plasticity drive maladap-
tation and cause the diseases of ageing (Lissek 2024). 
Known as the adaptation-maladaptation theory, this 
idea resonates with thermodynamic thinking, as at its 
core is the notion that adaptive processes dysregulate 
biological systems.

Discussion and conclusions

Over the millennia considerable thought has been 
invested into understanding why organisms age. 
However, it was only when natural selection was 
introduced that a meaningful theoretical framework 
could be used to solve this problem. Natural selec-
tion forms the core of three classic evolutionary the-
ories which have attempted to explain why this pro-
cess occurs. The three classic theories are competing 
yet not mutually exclusive as they assume that age-
ing is the result of the declining efficacy of natural 
selection. These theories have endured for over half 
a century. In this time a reasonable body of experi-
mental data has been identified which supports vari-
ous aspects of the classic theories. However, emerg-
ing evidence has called into question the suitability of 
the classic theories. Considering this the overarching 
aim of this paper was to discuss the classic theories 
from the perspective of their limitations. A further 
objective was to discuss the classic theories in light 
of emerging theoretical alternatives. The final goal of 
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the paper was to introduce a more pluralistic view of 
the evolution of ageing.

In terms of examining the limitations of the clas-
sic theories this work uncovered some noteworthy 
problems which present genuine theoretical and 
experimental challenges for the classic theories. It 
was outlined how using EE is potentially a more 
effective way of representing Darwinian fitness than 
using the Malthusian parameter. Circumstances were 
also highlighted whereby an increase in extrinsic 
mortality may not result in the evolution of decreased 
lifespan. It was also revealed that negative/neutral 
senescence is difficult to reconcile with the clas-
sic theories. Moreover, it was illustrated how the 
interplay between natural and sexual selection can 
impact the evolution of senescence in both males and 
females. However, it is crucial to stress that signifi-
cant controversy remains over the role many of these 
issues play within classic evolutionary thinking.

Arguably a shortcoming of this review is that it did 
not outline every conceptual difficulty currently faced 
by the classic theories. Undoubtably this would have 
resulted in an extended manuscript, which may have 
failed to capture the key challenges to the classic the-
ories. Despite this however, it is worth briefly men-
tioning some mechanisms which were not discussed 
that intersect with the challenges explored in this 
work. For instance, the suggested pleiotropic action of 
genes featured prominently in our discussion of AP. 
However, antagonism is merely one form of pleiot-
ropy (Zhang 2023). Pleiotropy comes in many guises. 
An example is positive pleiotropy, which is consid-
ered to influence the evolution of ageing (Maklakov 
et al. 2015). A compelling case of positive pleiotropy 
can be found in Drosophila where the Indy mutation 
is associated with both a slower ageing and a normal 
fecundity rate (Marden et al. 2003). Similar examples 
of positive pleiotropy exist in other canonical organ-
isms used in ageing research. Moreover, an area that 
requires careful consideration in future is how dif-
ferent forms of pleiotropy have influenced the evo-
lution of ageing. However, this is a complex under-
taking which will perhaps only be solved by using 
computational analysis. Computational approaches 
have proved effective recently at elucidating other 
complex problems in evolution such as primate evo-
lution (Shao et  al. 2023). Computational analysis is 
relevant to another point raised in this review. It was 
revealed that the classic models do not consider how 

animal–microbiome interactions may have influenced 
the evolution of ageing. The inherent biological com-
plexity of microbiomes presents a significant chal-
lenge to the classic theories. It has been suggested 
that it is necessary to integrate the microbiome into 
quantitative genetics to help disentangle the com-
plexities of host-microbiome evolution (Henry et  al. 
2021). This is important for any theoretical interpre-
tation of the evolution of ageing, as it suggests that 
dynamic genetic multidirectional symbiotic ensem-
bles are an important evolutionary force.

The issues raised above together with the dif-
ficulties presented in the main body of this review 
are challenging for the classic theories to solve. 
This is the reason the final section of this review 
was devoted to advocating for a more pluralistic 
interpretation of the evolution of ageing. This ver-
sion of pluralism introduced here is conceptually 
close to the emerging field of biodemography which 
recognises the importance of an interdisciplinary 
approach to understanding the evolutionary origins 
of disease (Hernández-Pacheco et al. 2023). It also 
emphasises the importance of using EE as a meas-
ure of Darwinian fitness as opposed to relying on 
models which depend on the Malthusian parameter. 
Such an approach is needed to better understand the 
evolution of ageing. The rationale for introducing 
this pluralist approach was to infuse the evolution of 
ageing with a more fluid framework, given that the 
evolution of different rates of ageing are very much 
species and context dependent. However, it is worth 
acknowledging that pluralism may not be the best 
way to gain a better understanding of the evolution 
of ageing. It is theoretically possible the classic the-
ories, and their alternatives can be reduced to a final 
unified theory. Indeed, given that nascent theories 
continue to emerge this could be a possibility. In the 
meantime, however, pluralism represents a flexible 
alternative which can accommodate both classic 
and emerging ideas.

Acknowledgements The author would like to thank Dr. Amy 
Morgan for providing constructive feedback on Fig.  1.  The 
author is also grateful to Dr David Pye and Professor Niroshini 
Nirmalan for supporting my attendance at the British Soci-
ety for Research on Aging annual meeting. This provided the 
thinking space for completion of the work.

Author contribution MTA conceived and drafted this 
manuscript.



 Biogerontology            (2025) 26:6     6  Page 14 of 20

Vol:. (1234567890)

Data availability No datasets were generated or analysed 
during the current study.

Declarations 

Conflict of interest The author declares that there are no con-
flicts of interest

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Abram F, Arcari T, Guerreiro D, O’Byrne CP (2021) Evolu-
tionary trade-offs between growth and survival: the deli-
cate balance between reproductive success and longevity 
in bacteria. Adv Microb Physiol 79:133–162

Abrams PA (1993) Does increased mortality favor the evolu-
tion of more rapid senescence? Evolution 47:877–887

Adler MI, Bonduriansky R (2014) Why do the well-fed appear 
to die young? A new evolutionary hypothesis for the 
effect of dietary restriction on lifespan. BioEssays 
36:439–450. https:// doi. org/ 10. 1002/ bies. 20130 0165

Ågren JA (2021) The gene’s-eye view of evolution. Oxford 
University Press

André J-B, Rousset F (2020) Does extrinsic mortality acceler-
ate the pace of life? A bare-bones approach. Evol Hum 
Behav 41:486–492

Arnqvist G, Rowe L (2005) Sexual conflict. Princeton Univer-
sity Press

Aubier TG, Galipaud M (2024) Senescence evolution under the 
catastrophic accumulation of deleterious mutations. Evol 
Lett 8:212–221. https:// doi. org/ 10. 1093/ evlett/ qrad0 50

Bagchi B, Corbel Q, Khan I et al (2021) Sexual conflict drives 
micro-and macroevolution of sexual dimorphism in 
immunity. BMC Biol 19:114

Bapteste E, Huneman P, Keller L et al (2023) Expanding evo-
lutionary theories of ageing to better account for symbi-
oses and interactions throughout the Web of Life. Ageing 
Res Rev 89:101982. https:// doi. org/ 10. 1016/j. arr. 2023. 
101982

Bargas-Galarraga I, Vilà C, Gonzalez-Voyer A (2023) High 
investment in reproduction is associated with reduced life 
span in dogs. Am Nat 201:163–174. https:// doi. org/ 10. 
1086/ 722531

Belloy ME, Napolioni V, Greicius MD (2019) A quarter cen-
tury of APOE and Alzheimer’s disease: progress to date 

and the path forward. Neuron 101:820–838. https:// doi. 
org/ 10. 1016/j. neuron. 2019. 01. 056

Bendjilali N, Hsueh W-C, He Q et  al (2014) Who are the 
Okinawans? Ancestry, genome diversity, and implica-
tions for the genetic study of human longevity from a 
geographically isolated population. J Gerontol A Biol Sci 
Med Sci 69:1474–1484. https:// doi. org/ 10. 1093/ gerona/ 
glt203

Bhattacharjee S, Singh P, Bhardwaj A, Mishra AK (2024) 
Cell death in photoautotrophs. In: Stress biology in pho-
tosynthetic organisms: molecular insights and cellular 
responses. Springer, pp 385–410

Bilinski T, Bylak A, Kukuła K, Zadrag-Tecza R (2021) Senes-
cence as a trade-off between successful land colonisation 
and longevity: critical review and analysis of a hypoth-
esis. PeerJ 9:e12286

Blacher P, Huggins TJ, Bourke AFG (2017) Evolution of age-
ing, costs of reproduction and the fecundity-longevity 
trade-off in eusocial insects. Proc Biol Sci 284:20170380. 
https:// doi. org/ 10. 1098/ rspb. 2017. 0380

Blagosklonny MV (2006) Aging and immortality: quasi-pro-
grammed senescence and its pharmacologic inhibition. 
Cell Cycle 5:2087–2102. https:// doi. org/ 10. 4161/ cc.5. 18. 
3288

Bonduriansky R, Maklakov A, Zajitschek F, Brooks R (2008) 
Sexual selection, sexual conflict and the evolution of age-
ing and life span. Funct Ecol 22:443–453. https:// doi. org/ 
10. 1111/j. 1365- 2435. 2008. 01417.x

Borges RM (2009) Phenotypic plasticity and longevity in plants 
and animals: Cause and effect? J Biosci 34:605–611

Borgia G (1985) Bower quality, number of decorations and 
mating success of male satin bowerbirds (Ptilonorhyn-
chus violaceus): an experimental analysis. Anim Behav 
33:266–271

Bourke AF (2007) Kin selection and the evolutionary theory of 
aging. Annu Rev Ecol Evol Syst 38:103–128

Brink TC, Demetrius L, Lehrach H, Adjaye J (2009) Age-
related transcriptional changes in gene expression in 
different organs of mice support the metabolic stability 
theory of aging. Biogerontology 10:549–564. https:// doi. 
org/ 10. 1007/ s10522- 008- 9197-8

Brooks R, Kemp DJ (2001) Can older males deliver the good 
genes? Trends Ecol Evol 16:308–313

Buescu J, Oliveira HM, Sousa M (2023) Growth rate, evolu-
tionary entropy and ageing across the tree of life. J Biol 
Dyn 17:2256766. https:// doi. org/ 10. 1080/ 17513 758. 
2023. 22567 66

Byars SG, Voskarides K (2020) Antagonistic pleiotropy in 
human disease. J Mol Evol 88:12–25

Cagan A, Baez-Ortega A, Brzozowska N et  al (2022) 
Somatic mutation rates scale with lifespan across mam-
mals. Nature 604:517–524. https:// doi. org/ 10. 1038/ 
s41586- 022- 04618-z

Camilleri T-L, Piper MD, Robker RL, Dowling DK (2024) 
Sex-specific transgenerational effects of diet on offspring 
life history and physiology. Proc R Soc B 291:20240062

Cao Z, Sugimura N, Burgermeister E et  al (2022) The gut 
virome: a new microbiome component in health and 
disease. EBioMedicine 81:104113. https:// doi. org/ 10. 
1016/j. ebiom. 2022. 104113

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/bies.201300165
https://doi.org/10.1093/evlett/qrad050
https://doi.org/10.1016/j.arr.2023.101982
https://doi.org/10.1016/j.arr.2023.101982
https://doi.org/10.1086/722531
https://doi.org/10.1086/722531
https://doi.org/10.1016/j.neuron.2019.01.056
https://doi.org/10.1016/j.neuron.2019.01.056
https://doi.org/10.1093/gerona/glt203
https://doi.org/10.1093/gerona/glt203
https://doi.org/10.1098/rspb.2017.0380
https://doi.org/10.4161/cc.5.18.3288
https://doi.org/10.4161/cc.5.18.3288
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1111/j.1365-2435.2008.01417.x
https://doi.org/10.1007/s10522-008-9197-8
https://doi.org/10.1007/s10522-008-9197-8
https://doi.org/10.1080/17513758.2023.2256766
https://doi.org/10.1080/17513758.2023.2256766
https://doi.org/10.1038/s41586-022-04618-z
https://doi.org/10.1038/s41586-022-04618-z
https://doi.org/10.1016/j.ebiom.2022.104113
https://doi.org/10.1016/j.ebiom.2022.104113


Biogerontology            (2025) 26:6  Page 15 of 20     6 

Vol.: (0123456789)

Carranza J, Alarcos S, Sánchez-Prieto CB et al (2004) Dispos-
able-soma senescence mediated by sexual selection in an 
ungulate. Nature 432:215–218. https:// doi. org/ 10. 1038/ 
natur e03004

Caswell H (2007) Extrinsic mortality and the evolution of 
senescence. Trends Ecol Evol 22:173–174

Charlesworth B (2000) Fisher, Medawar, Hamilton and the 
evolution of aging. Genetics 156:927–931

Charlesworth B (2009) Fundamental concepts in genetics: 
effective population size and patterns of molecular evo-
lution and variation. Nat Rev Genet 10:195–205. https:// 
doi. org/ 10. 1038/ nrg25 26

Chmielewski PP (2020) Human ageing as a dynamic, emer-
gent and malleable process: from disease-oriented to 
health-oriented approaches. Biogerontology 21:125–
130. https:// doi. org/ 10. 1007/ s10522- 019- 09839-w

Clutton-Brock T (2007) Sexual selection in males and 
females. Science 318:1882–1885. https:// doi. org/ 10. 
1126/ scien ce. 11333 11

Cohen AA, Coste CF, Li X et al (2020) Are trade-offs really 
the key drivers of ageing and life span? Funct Ecol 
34:153–166

Comfort A (1964) Ageing. The biology of senescence. Age-
ing the biology of senescence. Holt, Rinehart and Win-
ston, Inc., New York.

Conroy-Beam D, Buss DM (2019) Why is age so important 
in human mating? Evolved age preferences and their 
influences on multiple mating behaviors. Evol Behav 
Sci 13:127

Côté IM, Hunte W (1993) Female redlip blennies prefer 
older males. Anim Behav 46:203–205. https:// doi. org/ 
10. 1006/ anbe. 1993. 1179

da Silva J, Cross BJ (2023) Dog life spans and the evolution 
of aging. Am Nat 201:E140–E152

da Silva R, Conde DA, Baudisch A, Colchero F (2022) Slow 
and negligible senescence among testudines chal-
lenges evolutionary theories of senescence. Science 
376:1466–1470

Dakin R, Montgomerie R (2013) Eye for an eyespot: how iri-
descent plumage ocelli influence peacock mating suc-
cess. Behav Ecol 24:1048–1057

Dańko MJ, Burger O, Argasiński K, Kozłowski J (2018) 
Extrinsic mortality can shape life-history traits, includ-
ing senescence. Evol Biol 45:395–404

Dapa T, Wong DP, Vasquez KS et  al (2023) Within-host 
evolution of the gut microbiome. Curr Opin Microbiol 
71:102258

Davison R, Gurven M (2022) The importance of elders: 
extending Hamilton’s force of selection to include 
intergenerational transfers. Proc Natl Acad Sci USA 
119:e2200073119. https:// doi. org/ 10. 1073/ pnas. 22000 
73119

Dawkins R (1982) The extended phenotype. Oxford Univer-
sity Press, Oxford

Dawkins R (1976) The selfish gene, 2nd edn. Oxford Univer-
sity Press

Day T, Abrams PA (2020) Density dependence, senescence, 
and Williams’ hypothesis. Trends Ecol Evol 35:300–
302. https:// doi. org/ 10. 1016/j. tree. 2019. 11. 005

de Magalhães JP, Church GM (2005) Genomes opti-
mize reproduction: aging as a consequence of the 

developmental program. Physiology (Bethesda) 
20:252–259. https:// doi. org/ 10. 1152/ physi ol. 00010. 
2005

Demetrius L (2001) Mortality plateaus and directionality 
theory. Proc Biol Sci 268:2029–2037. https:// doi. org/ 
10. 1098/ rspb. 2001. 1739

Demetrius L, Legendre S (2013) Evolutionary entropy 
predicts the outcome of selection: competition for 
resources that vary in abundance and diversity. Theor 
Popul Biol 83:39–54. https:// doi. org/ 10. 1016/j. tpb. 
2012. 10. 004

Demetrius L, Ziehe M (2007) Darwinian fitness. Theoret Popul 
Biol 72:323–345

Demetrius L, Legendre S, Harremöes P (2009) Evolutionary 
entropy: a predictor of body size, metabolic rate and 
maximal life span. Bull Math Biol 71:800–818. https:// 
doi. org/ 10. 1007/ s11538- 008- 9382-6

Dietz K (2005) Darwinian fitness, evolutionary entropy and 
directionality theory. BioEssays 27:1097–1101. https:// 
doi. org/ 10. 1002/ bies. 20317

Doolittle WF, Bapteste E (2007) Pattern pluralism and the Tree 
of Life hypothesis. Proc Natl Acad Sci USA 104:2043–
2049. https:// doi. org/ 10. 1073/ pnas. 06106 99104

Drake ED, Simons MJP (2023) Stochasticity explains non-
genetic inheritance of lifespan and apparent trade-offs 
between reproduction and aging. Aging Biol 1(1):1–6. 
ISSN 2994-2578

Duan H, Li J, Yu L, Fan L (2024) The road ahead of dietary 
restriction on anti-aging: focusing on personalized nutri-
tion. Crit Rev Food Sci Nutr 64:891–908. https:// doi. org/ 
10. 1080/ 10408 398. 2022. 21100 34

Emlen DJ, Hunt J, Simmons LW (2005) Evolution of sexual 
dimorphism and male dimorphism in the expression 
of beetle horns: phylogenetic evidence for modularity, 
evolutionary lability, and constraint. Am Nat 166(Suppl 
4):S42-68. https:// doi. org/ 10. 1086/ 444599

Fellows Yates JA, Velsko IM, Aron F et al (2021) The evolu-
tion and changing ecology of the African hominid oral 
microbiome. Proc Natl Acad Sci USA 118:e2021655118. 
https:// doi. org/ 10. 1073/ pnas. 20216 55118

Finch CE (1994) Longevity, senescence, and the genome. Uni-
versity of Chicago Press

Finch CE (2010) The biology of human longevity: Inflamma-
tion, nutrition, and aging in the evolution of lifespans. 
Elsevier

Fisher RA (1930) The genetical theory of natural selection. 
Clarendon

Flatt T, Partridge L (2018) Horizons in the evolution of 
aging. BMC Biol 16:93. https:// doi. org/ 10. 1186/ 
s12915- 018- 0562-z

Florea M (2017) Aging and immortality in unicellular species. 
Mech Ageing Dev 167:5–15. https:// doi. org/ 10. 1016/j. 
mad. 2017. 08. 006

Fontana A, Kyriazis M (2024) Why evolution needs the old: 
a theory of ageing as adaptive force. arXiv preprint 
arXiv:2401.16052

Galimov ER, Gems D (2021) Death happy: adaptive age-
ing and its evolution by kin selection in organisms with 
colonial ecology. Philos Trans R Soc Lond B Biol Sci 
376:20190730. https:// doi. org/ 10. 1098/ rstb. 2019. 0730

https://doi.org/10.1038/nature03004
https://doi.org/10.1038/nature03004
https://doi.org/10.1038/nrg2526
https://doi.org/10.1038/nrg2526
https://doi.org/10.1007/s10522-019-09839-w
https://doi.org/10.1126/science.1133311
https://doi.org/10.1126/science.1133311
https://doi.org/10.1006/anbe.1993.1179
https://doi.org/10.1006/anbe.1993.1179
https://doi.org/10.1073/pnas.2200073119
https://doi.org/10.1073/pnas.2200073119
https://doi.org/10.1016/j.tree.2019.11.005
https://doi.org/10.1152/physiol.00010.2005
https://doi.org/10.1152/physiol.00010.2005
https://doi.org/10.1098/rspb.2001.1739
https://doi.org/10.1098/rspb.2001.1739
https://doi.org/10.1016/j.tpb.2012.10.004
https://doi.org/10.1016/j.tpb.2012.10.004
https://doi.org/10.1007/s11538-008-9382-6
https://doi.org/10.1007/s11538-008-9382-6
https://doi.org/10.1002/bies.20317
https://doi.org/10.1002/bies.20317
https://doi.org/10.1073/pnas.0610699104
https://doi.org/10.1080/10408398.2022.2110034
https://doi.org/10.1080/10408398.2022.2110034
https://doi.org/10.1086/444599
https://doi.org/10.1073/pnas.2021655118
https://doi.org/10.1186/s12915-018-0562-z
https://doi.org/10.1186/s12915-018-0562-z
https://doi.org/10.1016/j.mad.2017.08.006
https://doi.org/10.1016/j.mad.2017.08.006
https://doi.org/10.1098/rstb.2019.0730


 Biogerontology            (2025) 26:6     6  Page 16 of 20

Vol:. (1234567890)

Gasparini C, Devigili A, Pilastro A (2019) Sexual selection and 
ageing: interplay between pre-and post-copulatory traits 
senescence in the guppy. Proc R Soc B 286:20182873

Gems D (2022) The hyperfunction theory: an emerging 
paradigm for the biology of aging. Ageing Res Rev 
74:101557. https:// doi. org/ 10. 1016/j. arr. 2021. 101557

Gems D, Kern CC (2024) Biological constraint, evolutionary 
spandrels and antagonistic pleiotropy. Ageing Res Rev 
101:102527. https:// doi. org/ 10. 1016/j. arr. 2024. 102527

Ghai M, Kader F (2022) A review on epigenetic inheritance of 
experiences in humans. Biochem Genet 60:1107–1140

Gould SJ (1997) The exaptive excellence of spandrels as a 
term and prototype. Proc Natl Acad Sci USA 94:10750–
10755. https:// doi. org/ 10. 1073/ pnas. 94. 20. 10750

Gould SJ, Lewontin RC (1979) The spandrels of San Marco 
and the Panglossian paradigm: a critique of the adap-
tationist programme. Proc R Soc Lond B Biol Sci 
205:581–598. https:// doi. org/ 10. 1098/ rspb. 1979. 0086

Grandison RC, Piper MDW, Partridge L (2009) Amino-acid 
imbalance explains extension of lifespan by dietary 
restriction in Drosophila. Nature 462:1061–1064. https:// 
doi. org/ 10. 1038/ natur e08619

Gurven M, Stieglitz J, Hooper PL et al (2012) From the womb 
to the tomb: the role of transfers in shaping the evolved 
human life history. Exp Gerontol 47:807–813. https:// doi. 
org/ 10. 1016/j. exger. 2012. 05. 006

Haldane JBS (1942) New paths in genetics. George Allen & 
Unwin

Hamilton WD (1964) The genetical evolution of social behav-
iour. II. J Theoret Biol 7:17–52

Hamilton WD (1966) The moulding of senescence by natural 
selection. J Theor Biol 12:12–45

Hammers M, Richardson D, Burke T, Komdeur J (2013) The 
impact of reproductive investment and early-life environ-
mental conditions on senescence: support for the dispos-
able soma hypothesis. J Evol Biol 26:1999–2007

Hayflick L (1998) How and why we age. Exp Gerontol 33:639–
653. https:// doi. org/ 10. 1016/ s0531- 5565(98) 00023-0

Henry LP, Bruijning M, Forsberg SKG, Ayroles JF (2021) 
The microbiome extends host evolutionary poten-
tial. Nat Commun 12:5141. https:// doi. org/ 10. 1038/ 
s41467- 021- 25315-x

Hernández-Pacheco R, Steiner UK, Rosati AG, Tuljapurkar 
S (2023) Advancing methods for the biodemography of 
aging within social contexts. Neurosci Biobehav Rev 
153:105400. https:// doi. org/ 10. 1016/j. neubi orev. 2023. 
105400

Holmes DJ, Austad SN (1994) Fly now, die later: life-history 
correlates of gliding and flying in mammals. J Mammal 
75:224–226

Holmes DJ, Austad SN (1995) The evolution of avian senes-
cence patterns: implications for understanding primary 
aging processes. Am Zool 35:307–317

Horvath S (2013) DNA methylation age of human tissues and 
cell types. Genome Biol 14:R115. https:// doi. org/ 10. 
1186/ gb- 2013- 14- 10- r115

Horvath S, Haghani A, Macoretta N et al (2022) DNA methyl-
ation clocks tick in naked mole rats but queens age more 
slowly than nonbreeders. Nat Aging 2:46–59. https:// doi. 
org/ 10. 1038/ s43587- 021- 00152-1

Hosken DJ, House CM (2011) Sexual selection. Curr Biol 
21:R62-65. https:// doi. org/ 10. 1016/j. cub. 2010. 11. 053

Hwangbo D-S, Lee H-Y, Abozaid LS, Min K-J (2020) Mecha-
nisms of lifespan regulation by calorie restriction and 
intermittent fasting in model organisms. Nutrients 
12:1194. https:// doi. org/ 10. 3390/ nu120 41194

Ivimey-Cook ER, Sales K, Carlsson H et al (2021) Transgen-
erational fitness effects of lifespan extension by dietary 
restriction in Caenorhabditis elegans. Proc Biol Sci 
288:20210701. https:// doi. org/ 10. 1098/ rspb. 2021. 0701

Ivimey-Cook ER, Murray DS, de Coriolis J-C et  al (2023) 
Fasting increases investment in soma upon refeeding 
at the cost of gamete quality in zebrafish. Proc Biol Sci 
290:20221556. https:// doi. org/ 10. 1098/ rspb. 2022. 1556

Jervis MA, Ferns PN, Boggs CL (2007) A trade-off between 
female lifespan and larval diet breadth at the interspecific 
level in Lepidoptera. Evol Ecol 21:307–323

Jimenez-Gonzalez A, Ansaloni F, Nebendahl C et al (2024) 
Paternal starvation affects metabolic gene expression 
during zebrafish offspring development and lifelong fit-
ness. Mol Ecol 33:e17296

Johnson AA, Shokhirev MN, Shoshitaishvili B (2019) 
Revamping the evolutionary theories of aging. Ageing 
Res Rev 55:100947. https:// doi. org/ 10. 1016/j. arr. 2019. 
100947

Kawecki TJ, Stearns SC (1993) The evolution of life histories 
in spatially heterogeneous environments: optimal reac-
tion norms revisited. Evol Ecol 7:155–174

Kaya A, Lobanov AV, Gladyshev VN (2015) Evidence that 
mutation accumulation does not cause aging in Sac-
charomyces cerevisiae. Aging Cell 14:366–371. https:// 
doi. org/ 10. 1111/ acel. 12290

Keller L, Genoud M (1997) Extraordinary lifespans in 
ants: a test of evolutionary theories of ageing. Nature 
389:958–960

Kenyon CJ (2010) The genetics of ageing. Nature 464:504–
512. https:// doi. org/ 10. 1038/ natur e08980

Kern CC, Srivastava S, Ezcurra M et  al (2023) C. elegans 
ageing is accelerated by a self-destructive reproductive 
programme. Nat Commun 14:4381. https:// doi. org/ 10. 
1038/ s41467- 023- 40088-1

Keshavarz M, Xie K, Schaaf K et  al (2023) Targeting the 
“hallmarks of aging” to slow aging and treat age-
related disease: fact or fiction? Mol Psychiatry 
28:242–255

Kinsey LJ, Beane WS, Tseng KA-S (2023) Accelerating an 
integrative view of quantum biology. Front Physiol 
14:1349013. https:// doi. org/ 10. 3389/ fphys. 2023. 13490 13

Kirkpatrick M (1982) Sexual selection and the evolution of 
female choice. Evolution 36:1–12. https:// doi. org/ 10. 
1111/j. 1558- 5646. 1982. tb050 03.x

Kirkwood TB (1977) Evolution of ageing. Nature 270:301–304
Kirkwood TBL (2005) Understanding the odd science of aging. 

Cell 120:437–447. https:// doi. org/ 10. 1016/j. cell. 2005. 01. 
027

Kirkwood TB, Cremer T (1982) Cytogerontology since 1881: 
a reappraisal of August Weismann and a review of mod-
ern progress. Hum Genet 60:101–121. https:// doi. org/ 10. 
1007/ BF005 69695

https://doi.org/10.1016/j.arr.2021.101557
https://doi.org/10.1016/j.arr.2024.102527
https://doi.org/10.1073/pnas.94.20.10750
https://doi.org/10.1098/rspb.1979.0086
https://doi.org/10.1038/nature08619
https://doi.org/10.1038/nature08619
https://doi.org/10.1016/j.exger.2012.05.006
https://doi.org/10.1016/j.exger.2012.05.006
https://doi.org/10.1016/s0531-5565(98)00023-0
https://doi.org/10.1038/s41467-021-25315-x
https://doi.org/10.1038/s41467-021-25315-x
https://doi.org/10.1016/j.neubiorev.2023.105400
https://doi.org/10.1016/j.neubiorev.2023.105400
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1038/s43587-021-00152-1
https://doi.org/10.1038/s43587-021-00152-1
https://doi.org/10.1016/j.cub.2010.11.053
https://doi.org/10.3390/nu12041194
https://doi.org/10.1098/rspb.2021.0701
https://doi.org/10.1098/rspb.2022.1556
https://doi.org/10.1016/j.arr.2019.100947
https://doi.org/10.1016/j.arr.2019.100947
https://doi.org/10.1111/acel.12290
https://doi.org/10.1111/acel.12290
https://doi.org/10.1038/nature08980
https://doi.org/10.1038/s41467-023-40088-1
https://doi.org/10.1038/s41467-023-40088-1
https://doi.org/10.3389/fphys.2023.1349013
https://doi.org/10.1111/j.1558-5646.1982.tb05003.x
https://doi.org/10.1111/j.1558-5646.1982.tb05003.x
https://doi.org/10.1016/j.cell.2005.01.027
https://doi.org/10.1016/j.cell.2005.01.027
https://doi.org/10.1007/BF00569695
https://doi.org/10.1007/BF00569695


Biogerontology            (2025) 26:6  Page 17 of 20     6 

Vol.: (0123456789)

Kirkwood TB, Holliday R (1979) The evolution of ageing and 
longevity. Proc R Soc Lond B Biol Sci 205:531–546. 
https:// doi. org/ 10. 1098/ rspb. 1979. 0083

Kirkwood TB, Shanley DP (2005) Food restriction, evolution 
and ageing. Mech Ageing Dev 126:1011–1016

Kokko H, Lindström J (1996) Evolution of female preference 
for old mates. Proc R Soc Lond B 263:1533–1538

Korb J, Heinze J (2021) Ageing and sociality: Why, when and 
how does sociality change ageing patterns? Philos Trans 
R Soc Lond B Biol Sci 376:20190727. https:// doi. org/ 10. 
1098/ rstb. 2019. 0727

Kreider JJ, Pen I, Kramer BH (2021) Antagonistic pleiotropy 
and the evolution of extraordinary lifespans in eusocial 
organisms. Evol Lett 5:178–186. https:// doi. org/ 10. 1002/ 
evl3. 230

Kreider JJ, Kramer BH, Komdeur J, Pen I (2022) The evolution 
of ageing in cooperative breeders. Evolut Lett 6:450–459

Łapińska U, Glover G, Capilla-Lasheras P et al (2019) Bacte-
rial ageing in the absence of external stressors. Philos 
Trans R Soc Lond B Biol Sci 374:20180442. https:// doi. 
org/ 10. 1098/ rstb. 2018. 0442

Lapointe J, Hekimi S (2008) Early mitochondrial dysfunction 
in long-lived Mclk1+/− mice. J Biol Chem 283:26217–
26227. https:// doi. org/ 10. 1074/ jbc. M8032 87200

Larson K, Zagkos L, Mc Auley M et  al (2019) Data-driven 
selection and parameter estimation for DNA methylation 
mathematical models. J Theor Biol 467:87–99. https:// 
doi. org/ 10. 1016/j. jtbi. 2019. 01. 012

Le Boeuf BJ (1974) Male-male competition and reproductive 
success in elephant seals. Am Zool 14:163–176

Lee RD (2003) Rethinking the evolutionary theory of aging: 
transfers, not births, shape senescence in social species. 
Proc Natl Acad Sci USA 100:9637–9642. https:// doi. org/ 
10. 1073/ pnas. 15303 03100

Lemaître J-F, Ronget V, Tidière M et al (2020) Sex differences 
in adult lifespan and aging rates of mortality across wild 
mammals. Proc Natl Acad Sci 117:8546–8553

Lemaître J-F, Moorad J, Gaillard J-M et  al (2024) A unified 
framework for evolutionary genetic and physiological 
theories of aging. PLoS Biol 22:e3002513

Lenormand T (2002) Gene flow and the limits to natural selec-
tion. Trends Ecol Evol 17:183–189

Lifjeld JT, Kleven O, Fossøy F et al (2022) When older males 
sire more offspring—Increased attractiveness or higher 
fertility? Behav Ecol Sociobiol 76:61

Lissek T (2024) Aging as a consequence of the adaptation-
maladaptation dilemma. Adv Biol (Weinh) 8:e2300654. 
https:// doi. org/ 10. 1002/ adbi. 20230 0654

Lockwood C, Vo AS, Bellafard H, Carter AJR (2024) More 
evidence for widespread antagonistic pleiotropy in poly-
morphic disease alleles. Front Genet 15:1404516. https:// 
doi. org/ 10. 3389/ fgene. 2024. 14045 16

Lohr JN, David P, Haag CR (2014) Reduced lifespan and 
increased ageing driven by genetic drift in small popula-
tions. Evolution 68:2494–2508

López-Otín C, Blasco MA, Partridge L et al (2023) Hallmarks 
of aging: an expanding universe. Cell 186:243–278. 
https:// doi. org/ 10. 1016/j. cell. 2022. 11. 001

Lucas ER, Keller L (2020) The co-evolution of longevity and 
social life. Funct Ecol 34:76–87

Maklakov AA, Rowe L, Friberg U (2015) Why organisms 
age: Evolution of senescence under positive pleiotropy? 
BioEssays 37:802–807. https:// doi. org/ 10. 1002/ bies. 
20150 0025

Marden JH, Rogina B, Montooth KL, Helfand SL (2003) Con-
ditional tradeoffs between aging and organismal perfor-
mance of Indy long-lived mutant flies. Proc Natl Acad 
Sci USA 100:3369–3373. https:// doi. org/ 10. 1073/ pnas. 
06349 85100

Marx V (2024) Aging research comes of age. Nat Methods 
21:11–15. https:// doi. org/ 10. 1038/ s41592- 023- 02140-2

Mc Auley MT (2021) DNA methylation in genes associ-
ated with the evolution of ageing and disease: a critical 
review. Ageing Res Rev 72:101488

Mc Auley MT (2023) An evolutionary perspective of lifespan 
and epigenetic inheritance. Exp Gerontol 179:112256. 
https:// doi. org/ 10. 1016/j. exger. 2023. 112256

Mc Auley MT, Mooney KM (2015) Computational systems 
biology for aging research. Interdiscip Top Gerontol 
40:35–48. https:// doi. org/ 10. 1159/ 00036 4928

Mc Auley MT, Guimera AM, Hodgson D et al (2017) Mod-
elling the molecular mechanisms of aging. Biosci Rep 
37:20160177. https:// doi. org/ 10. 1042/ BSR20 160177

Mc Auley MT, Mooney KM, Salcedo-Sora JE (2018) Com-
putational modelling folate metabolism and DNA 
methylation: implications for understanding health and 
ageing. Brief Bioinform 19:303–317

Mc Auley MT (2022) Dietary restriction and ageing: 
recent evolutionary perspectives. Mech Ageing Devel 
208:111741. https:// doi. org/ 10. 1016/j. mad. 2022. 
111741

McHugh KM, Burke MK (2022) From microbes to mammals: 
the experimental evolution of aging and longevity across 
species. Evolution 76:692–707. https:// doi. org/ 10. 1111/ 
evo. 14442

Medawar PB (1952) An Unsolved problem of biology: an inau-
gural lecture delivered at university college, London, 6 
December, 1951. H.K. Lewis and Company

Melkikh AV (2023) Aging and group selection: new argu-
ments in favor of partially directed evolution. Biosystems 
234:105061. https:// doi. org/ 10. 1016/j. biosy stems. 2023. 
105061

Miller GT, Pitnick S (2003) Functional significance of seminal 
receptacle length in Drosophila melanogaster. J Evol Biol 
16:114–126. https:// doi. org/ 10. 1046/j. 1420- 9101. 2003. 
00476.x

Moatt JP, Savola E, Regan JC et al (2020) Lifespan extension 
via dietary restriction: Time to reconsider the evolution-
ary mechanisms? BioEssays 42:e1900241. https:// doi. 
org/ 10. 1002/ bies. 20190 0241

M⊘ller AP (1993) Sexual selection in the barn swallow 
Hirundo Rustica. III. Female tail ornaments. Evolution 
47:417–431. https:// doi. org/ 10. 1111/j. 1558- 5646. 1993. 
tb021 03.x

Mooney KM, Morgan AE, Mc Auley MT (2016) Aging and 
computational systems biology. Wiley Interdiscip Rev 
Syst Biol Med 8:123–139. https:// doi. org/ 10. 1002/ wsbm. 
1328

Moorad J, Promislow D, Silvertown J (2019) Evolutionary 
ecology of senescence and a reassessment of williams’ 

https://doi.org/10.1098/rspb.1979.0083
https://doi.org/10.1098/rstb.2019.0727
https://doi.org/10.1098/rstb.2019.0727
https://doi.org/10.1002/evl3.230
https://doi.org/10.1002/evl3.230
https://doi.org/10.1098/rstb.2018.0442
https://doi.org/10.1098/rstb.2018.0442
https://doi.org/10.1074/jbc.M803287200
https://doi.org/10.1016/j.jtbi.2019.01.012
https://doi.org/10.1016/j.jtbi.2019.01.012
https://doi.org/10.1073/pnas.1530303100
https://doi.org/10.1073/pnas.1530303100
https://doi.org/10.1002/adbi.202300654
https://doi.org/10.3389/fgene.2024.1404516
https://doi.org/10.3389/fgene.2024.1404516
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1002/bies.201500025
https://doi.org/10.1002/bies.201500025
https://doi.org/10.1073/pnas.0634985100
https://doi.org/10.1073/pnas.0634985100
https://doi.org/10.1038/s41592-023-02140-2
https://doi.org/10.1016/j.exger.2023.112256
https://doi.org/10.1159/000364928
https://doi.org/10.1042/BSR20160177
https://doi.org/10.1016/j.mad.2022.111741
https://doi.org/10.1016/j.mad.2022.111741
https://doi.org/10.1111/evo.14442
https://doi.org/10.1111/evo.14442
https://doi.org/10.1016/j.biosystems.2023.105061
https://doi.org/10.1016/j.biosystems.2023.105061
https://doi.org/10.1046/j.1420-9101.2003.00476.x
https://doi.org/10.1046/j.1420-9101.2003.00476.x
https://doi.org/10.1002/bies.201900241
https://doi.org/10.1002/bies.201900241
https://doi.org/10.1111/j.1558-5646.1993.tb02103.x
https://doi.org/10.1111/j.1558-5646.1993.tb02103.x
https://doi.org/10.1002/wsbm.1328
https://doi.org/10.1002/wsbm.1328


 Biogerontology            (2025) 26:6     6  Page 18 of 20

Vol:. (1234567890)

“extrinsic mortality” hypothesis. Trends Ecol Evol 
34:519–530. https:// doi. org/ 10. 1016/j. tree. 2019. 02. 006

Morgan AE, Mc Auley MT (2020) Cholesterol homeostasis: 
an in silico investigation into how aging disrupts its key 
hepatic regulatory mechanisms. Biology (Basel) 9:314. 
https:// doi. org/ 10. 3390/ biolo gy910 0314

Morgan AE, Davies TJ, Auley MTM (2018) The role of DNA 
methylation in ageing and cancer. Proc Nutr Soc 77:412–
422. https:// doi. org/ 10. 1017/ S0029 66511 80001 50

Morgan AE, Acutt KD, Mc Auley MT (2020) Electrochemi-
cally detecting DNA methylation in the EN1 gene pro-
moter: implications for understanding ageing and dis-
ease. Biosci Rep 40:BSR20202571. https:// doi. org/ 10. 
1042/ BSR20 202571

Narayanan L, Fritzell JA, Baker SM et al (1997) Elevated lev-
els of mutation in multiple tissues of mice deficient in the 
DNA mismatch repair gene Pms2. Proc Natl Acad Sci 
USA 94:3122–3127. https:// doi. org/ 10. 1073/ pnas. 94.7. 
3122

Negroni MA, Macit MN, Stoldt M et  al (2021) Molecular 
regulation of lifespan extension in fertile ant workers. 
Philos Trans R Soc Lond B Biol Sci 376:20190736. 
https:// doi. org/ 10. 1098/ rstb. 2019. 0736

Nicholson M, Bowyer R, Kie J (2006) Forage selection by 
mule deer: Does niche breadth increase with popula-
tion density? J Zool 269:39–49

Nyström T (2003) Conditional senescence in bacteria: death 
of the immortals. Mol Microbiol 48:17–23. https:// doi. 
org/ 10. 1046/j. 1365- 2958. 2003. 03385.x

Oka K, Yamakawa M, Kawamura Y et al (2023) The naked 
mole-rat as a model for healthy aging. Ann Rev Anim 
Biosci 11:207–226

Olshansky SJ, Rattan SIS (2005) At the heart of aging: Is it 
metabolic rate or stability? Biogerontology 6:291–295. 
https:// doi. org/ 10. 1007/ s10522- 005- 2627-y

Omholt SW, Kirkwood TBL (2021) Aging as a consequence 
of selection to reduce the environmental risk of dying. 
Proc Natl Acad Sci USA 118:e2102088118. https:// doi. 
org/ 10. 1073/ pnas. 21020 88118

Page RE, Peng CY (2001) Aging and development in social 
insects with emphasis on the honey bee, Apis mellifera 
L. Exp Gerontol 36:695–711. https:// doi. org/ 10. 1016/ 
s0531- 5565(00) 00236-9

Pamplona R, Jové M, Gómez J, Barja G (2023) Programmed 
versus non-programmed evolution of aging. WHAT is 
the evidence? Exp Gerontol 175:112162. https:// doi. 
org/ 10. 1016/j. exger. 2023. 112162

Partridge L, Barton NH (1993) Optimality, mutation and the 
evolution of ageing. Nature 362:305–311. https:// doi. 
org/ 10. 1038/ 36230 5a0

Phyo AZZ, Fransquet PD, Wrigglesworth J et al (2024) Sex 
differences in biological aging and the association with 
clinical measures in older adults. Geroscience 46:1775–
1788. https:// doi. org/ 10. 1007/ s11357- 023- 00941-z

Pietrzak B, Rabus M, Religa M et  al (2020) Phenotypic 
plasticity of senescence in Daphnia under predation 
impact: no ageing acceleration when the perceived risk 
decreases with age. R Soc Open Sci 7:191382. https:// 
doi. org/ 10. 1098/ rsos. 191382

Pomeroy D (1990) Why fly? The possible benefits for lower 
mortality. Biol J Lin Soc 40:53–65

Potti J, Canal D, Serrano D (2013) Lifetime fitness and age-
related female ornament signalling: evidence for sur-
vival and fecundity selection in the pied flycatcher. J 
Evol Biol 26:1445–1457

Preston BT, Jalme MS, Hingrat Y et  al (2011) Sexu-
ally extravagant males age more rapidly. Ecol Lett 
14:1017–1024. https:// doi. org/ 10. 1111/j. 1461- 0248. 
2011. 01668.x

Rascón B, Hubbard BP, Sinclair DA, Amdam GV (2012) The 
lifespan extension effects of resveratrol are conserved 
in the honey bee and may be driven by a mechanism 
related to caloric restriction. Aging (Albany NY) 
4:499–508

Rattan SI (1985) Problems and paradigms: beyond the present 
crisis in gerontology. BioEssays 2:226–228

Rattan SI (1995) Gerontogenes: real or virtual? FASEB J 
9:284–286. https:// doi. org/ 10. 1096/ fasebj. 9.2. 77819 32

Rattan SI (1998) The nature of gerontogenes and vitagenes. 
Antiaging effects of repeated heat shock on human fibro-
blasts. Ann N Y Acad Sci 854:54–60. https:// doi. org/ 10. 
1111/j. 1749- 6632. 1998. tb098 91.x

Rattan SIS (2024) Seven knowledge gaps in modern 
biogerontology. Biogerontology 25:1–8. https:// doi. org/ 
10. 1007/ s10522- 023- 10089-0

Rattan SI (2007) Homeostasis, homeodynamics, and aging. 
In: Encyclopedia of gerontology, 2nd edn. Elsevier Inc, 
UK, pp 696–699

Rattan SI (2018) Ageing genes: gerontogenes. In: eLS, pp 
1–5 John Wiley & Sons Ltd. https:// doi. org/ 10. 1002/ 
97804 70015 902. a0003 059. pub3

Reznick D, Bryant MJ, Bashey F (2002) r-and K-selection 
revisited: the role of population regulation in life-his-
tory evolution. Ecology 83:1509–1520

Reznick DN, Bryant MJ, Roff D et al (2004) Effect of extrin-
sic mortality on the evolution of senescence in guppies. 
Nature 431:1095–1099. https:// doi. org/ 10. 1038/ natur 
e02936

Rodrigues AMM (2018) Demography, life history and the 
evolution of age-dependent social behaviour. J Evol 
Biol 31:1340–1353. https:// doi. org/ 10. 1111/ jeb. 13308

Roff DA (2002) Life history evolution. Sinauer Associates 
Inc., Sunderland, MA

Ronce O, Promislow D (2010) Kin competition, natal disper-
sal and the moulding of senescence by natural selec-
tion. Proc Biol Sci 277:3659–3667. https:// doi. org/ 10. 
1098/ rspb. 2010. 1095

Roper M, Capdevila P, Salguero-Gómez R (2021) Senes-
cence: why and where selection gradients might not 
decline with age. Proc Biol Sci 288:20210851. https:// 
doi. org/ 10. 1098/ rspb. 2021. 0851

Roper M, Sturrock NJ, Hatchwell BJ, Green JP (2022) Indi-
vidual variation explains ageing patterns in a coopera-
tively breeding bird, the long-tailed tit Aegithalos cau-
datus. J Anim Ecol 91:1521–1534

Roper M, Green JP, Salguero-Gómez R, Bonsall MB (2023) 
Inclusive fitness forces of selection in an age-structured 
population. Commun Biol 6:909. https:// doi. org/ 10. 
1038/ s42003- 023- 05260-9

Rose MR (1994) Evolutionary biology of aging. Oxford Uni-
versity Press

https://doi.org/10.1016/j.tree.2019.02.006
https://doi.org/10.3390/biology9100314
https://doi.org/10.1017/S0029665118000150
https://doi.org/10.1042/BSR20202571
https://doi.org/10.1042/BSR20202571
https://doi.org/10.1073/pnas.94.7.3122
https://doi.org/10.1073/pnas.94.7.3122
https://doi.org/10.1098/rstb.2019.0736
https://doi.org/10.1046/j.1365-2958.2003.03385.x
https://doi.org/10.1046/j.1365-2958.2003.03385.x
https://doi.org/10.1007/s10522-005-2627-y
https://doi.org/10.1073/pnas.2102088118
https://doi.org/10.1073/pnas.2102088118
https://doi.org/10.1016/s0531-5565(00)00236-9
https://doi.org/10.1016/s0531-5565(00)00236-9
https://doi.org/10.1016/j.exger.2023.112162
https://doi.org/10.1016/j.exger.2023.112162
https://doi.org/10.1038/362305a0
https://doi.org/10.1038/362305a0
https://doi.org/10.1007/s11357-023-00941-z
https://doi.org/10.1098/rsos.191382
https://doi.org/10.1098/rsos.191382
https://doi.org/10.1111/j.1461-0248.2011.01668.x
https://doi.org/10.1111/j.1461-0248.2011.01668.x
https://doi.org/10.1096/fasebj.9.2.7781932
https://doi.org/10.1111/j.1749-6632.1998.tb09891.x
https://doi.org/10.1111/j.1749-6632.1998.tb09891.x
https://doi.org/10.1007/s10522-023-10089-0
https://doi.org/10.1007/s10522-023-10089-0
https://doi.org/10.1002/9780470015902.a0003059.pub3
https://doi.org/10.1002/9780470015902.a0003059.pub3
https://doi.org/10.1038/nature02936
https://doi.org/10.1038/nature02936
https://doi.org/10.1111/jeb.13308
https://doi.org/10.1098/rspb.2010.1095
https://doi.org/10.1098/rspb.2010.1095
https://doi.org/10.1098/rspb.2021.0851
https://doi.org/10.1098/rspb.2021.0851
https://doi.org/10.1038/s42003-023-05260-9
https://doi.org/10.1038/s42003-023-05260-9


Biogerontology            (2025) 26:6  Page 19 of 20     6 

Vol.: (0123456789)

Rowe L, Rundle HD (2021) The alignment of natural and 
sexual selection. Annu Rev Ecol Evol Syst 52:499–517

Rueppell O, Königseder F, Heinze J, Schrempf A (2015) 
Intrinsic survival advantage of social insect queens 
depends on reproductive activation. J Evol Biol 
28:2349–2354

Ruthenberg K, Mets A (2020) Chemistry is pluralistic. Found 
Chem 22:403–419

Salvadori M, Rosso G (2024) Update on the gut microbiome in 
health and diseases. World J Methodol 14:89196. https:// 
doi. org/ 10. 5662/ wjm. v14. i1. 89196

Seale K, Horvath S, Teschendorff A et al (2022) Making sense 
of the ageing methylome. Nat Rev Genet 23:585–605. 
https:// doi. org/ 10. 1038/ s41576- 022- 00477-6

Shanley DP, Kirkwood TB (2000) Calorie restriction and 
aging: a life-history analysis. Evolution 54:740–750. 
https:// doi. org/ 10. 1111/j. 0014- 3820. 2000. tb000 76.x

Shao Y, Zhou L, Li F et al (2023) Phylogenomic analyses pro-
vide insights into primate evolution. Science 380:913–
924. https:// doi. org/ 10. 1126/ scien ce. abn69 19

Shattuck MR, Williams SA (2010) Arboreality has allowed 
for the evolution of increased longevity in mammals. 
Proc Natl Acad Sci USA 107:4635–4639. https:// doi. 
org/ 10. 1073/ pnas. 09114 39107

Shilovsky GA, Putyatina TS, Markov AV (2022) Evolution 
of longevity as a species-specific trait in mammals. 
Biochemistry (Mosc) 87:1579–1599. https:// doi. org/ 10. 
1134/ S0006 29792 21201 48

Shilovsky GA, Putyatina TS, Markov AV (2024) Evolution 
of longevity in tetrapods: safety is more important than 
metabolism level. Biochemistry (Mosc) 89:322–340. 
https:// doi. org/ 10. 1134/ S0006 29792 40201 11

Shuker DM, Kvarnemo C (2021) The definition of sexual 
selection. Behav Ecol 32:781–794

Simmons LW, Emlen DJ (2006) Evolutionary trade-off 
between weapons and testes. Proc Natl Acad Sci USA 
103:16346–16351. https:// doi. org/ 10. 1073/ pnas. 06034 
74103

Simon A, Coop G (2024) The contribution of gene flow, 
selection, and genetic drift to five thousand years of 
human allele frequency change. Proc Natl Acad Sci 
121:e2312377121

Speakman JR (2020) Why does caloric restriction increase 
life and healthspan? The “clean cupboards” hypothesis. 
Natl Sci Rev 7:1153–1156. https:// doi. org/ 10. 1093/ nsr/ 
nwaa0 78

Stearns SC (1998) The evolution of life histories. Oxford 
University Press

Steiner UK (2021) Senescence in bacteria and its underlying 
mechanisms. Front Cell Dev Biol 9:668915

Suvorov A (2022) Modalities of aging in organisms with dif-
ferent strategies of resource allocation. Ageing Res Rev 
82:101770. https:// doi. org/ 10. 1016/j. arr. 2022. 101770

Szilágyi A, Czárán T, Santos M, Szathmáry E (2023) Direc-
tional selection coupled with kin selection favors the 
establishment of senescence. BMC Biol 21:230. https:// 
doi. org/ 10. 1186/ s12915- 023- 01716-w

Tasaki E, Kobayashi K, Matsuura K, Iuchi Y (2018) Long-
lived termite queens exhibit high Cu/Zn-super-
oxide dismutase activity. Oxid Med Cell Longev 
2018:5127251. https:// doi. org/ 10. 1155/ 2018/ 51272 51

Thomas H (2013) Senescence, ageing and death of the whole 
plant. New Phytol 197:696–711

Thomas H, Huang L, Young M, Ougham H (2009) Evolution 
of plant senescence. BMC Evol Biol 9:163. https:// doi. 
org/ 10. 1186/ 1471- 2148-9- 163

Treaster S, Karasik D, Harris MP (2021) Footprints in the 
sand: deep taxonomic comparisons in vertebrate 
genomics to unveil the genetic programs of human lon-
gevity. Front Genet 12:678073. https:// doi. org/ 10. 3389/ 
fgene. 2021. 678073

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

Trivers RL (2017) Parental investment and sexual selection. 
In: Sexual selection and the descent of man. Routledge, 
pp 136–179

Trumble BC, Charifson M, Kraft T et  al (2023) 
Apolipoprotein-ε4 is associated with higher fecundity 
in a natural fertility population. Sci Adv 9:eade797. 
https:// doi. org/ 10. 1126/ sciadv. ade97 97

Van Remmen H, Ikeno Y, Hamilton M et al (2003) Life-long 
reduction in MnSOD activity results in increased DNA 
damage and higher incidence of cancer but does not 
accelerate aging. Physiol Genom 16:29–37. https:// doi. 
org/ 10. 1152/ physi olgen omics. 00122. 2003

Vaupel JW, Baudisch A, Dölling M et al (2004) The case for 
negative senescence. Theor Popul Biol 65:339–351. 
https:// doi. org/ 10. 1016/j. tpb. 2003. 12. 003

de Vries C, Galipaud M, Kokko H (2023) Extrinsic mortality 
and senescence: a guide for the perplexed. Peer Com-
munity J 3:e29. https:// doi. org/ 10. 24072/ pcjou rnal. 253

Wasser D, Sherman P (2010) Avian longevities and their 
interpretation under evolutionary theories of senes-
cence. J Zool 280:103–155

Weismann A (1891) Essays upon heredity and kindred bio-
logical problems. Clarendon press

Whitlock MC (1996) The red queen beats the jack-of-all-
trades: the limitations on the evolution of phenotypic 
plasticity and niche breadth. Am Nat 148:S65–S77

Wilkinson GS, South JM (2002) Life history, ecology and 
longevity in bats. Aging Cell 1:124–131. https:// doi. 
org/ 10. 1046/j. 1474- 9728. 2002. 00020.x

Williams (1957) Pleiotropy, natural selection, and the evolu-
tion of senescence. Evolution (NY) 11:398

Williams PD, Day T (2003) Antagonistic pleiotropy, mortal-
ity source interactions, and the evolutionary theory of 
senescence. Evolution 57:1478–1488

Williams GC (2018) Adaptation and natural selection: a cri-
tique of some current evolutionary thought. Princeton 
university press

Woodhouse RM, Ashe A (2020) How do histone modifica-
tions contribute to transgenerational epigenetic inherit-
ance in C. elegans? Biochem Soc Trans 48:1019–1034

Xia C, Møller AP (2022) An explanation for negligible 
senescence in animals. Ecol Evol 12:e8970

Yang LG, March ZM, Stephenson RA, Narayan PS (2023) 
Apolipoprotein E in lipid metabolism and neurodegen-
erative disease. Trends Endocrinol Metab 34:430–445

Yates FE (1994) Order and complexity in dynamical systems: 
homeodynamics as a generalized mechanics for biol-
ogy. Math Comput Model 19:49–74

https://doi.org/10.5662/wjm.v14.i1.89196
https://doi.org/10.5662/wjm.v14.i1.89196
https://doi.org/10.1038/s41576-022-00477-6
https://doi.org/10.1111/j.0014-3820.2000.tb00076.x
https://doi.org/10.1126/science.abn6919
https://doi.org/10.1073/pnas.0911439107
https://doi.org/10.1073/pnas.0911439107
https://doi.org/10.1134/S0006297922120148
https://doi.org/10.1134/S0006297922120148
https://doi.org/10.1134/S0006297924020111
https://doi.org/10.1073/pnas.0603474103
https://doi.org/10.1073/pnas.0603474103
https://doi.org/10.1093/nsr/nwaa078
https://doi.org/10.1093/nsr/nwaa078
https://doi.org/10.1016/j.arr.2022.101770
https://doi.org/10.1186/s12915-023-01716-w
https://doi.org/10.1186/s12915-023-01716-w
https://doi.org/10.1155/2018/5127251
https://doi.org/10.1186/1471-2148-9-163
https://doi.org/10.1186/1471-2148-9-163
https://doi.org/10.3389/fgene.2021.678073
https://doi.org/10.3389/fgene.2021.678073
https://doi.org/10.1126/sciadv.ade9797
https://doi.org/10.1152/physiolgenomics.00122.2003
https://doi.org/10.1152/physiolgenomics.00122.2003
https://doi.org/10.1016/j.tpb.2003.12.003
https://doi.org/10.24072/pcjournal.253
https://doi.org/10.1046/j.1474-9728.2002.00020.x
https://doi.org/10.1046/j.1474-9728.2002.00020.x


 Biogerontology            (2025) 26:6     6  Page 20 of 20

Vol:. (1234567890)

Zagkos L, Roberts J, Mc Auley MM (2021) A mathemati-
cal model which examines age-related stochastic fluc-
tuations in DNA maintenance methylation. Exp Geron-
tol 156:111623. https:// doi. org/ 10. 1016/j. exger. 2021. 
111623

Zajitschek S, Zajitschek F, Josway S et  al (2019) Costs and 
benefits of giant sperm and sperm storage organs in 
Drosophila melanogaster. J Evol Biol 32:1300–1309. 
https:// doi. org/ 10. 1111/ jeb. 13529

Zanco B, Mirth CK, Sgrò CM, Piper MD (2021) A dietary 
sterol trade-off determines lifespan responses to dietary 
restriction in Drosophila melanogaster females. Elife 
10:e62335. https:// doi. org/ 10. 7554/ eLife. 62335

Zhang J (2023) Patterns and evolutionary consequences of 
pleiotropy. Annu Rev Ecol Evol Syst 54:1–19

Zheng Z, Li J et al (2024) DNA methylation clocks for esti-
mating biological age in Chinese cohorts. Protein Cell 
8:575–593

Publisher’s Note Springer Nature remains neutral with 
regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/j.exger.2021.111623
https://doi.org/10.1016/j.exger.2021.111623
https://doi.org/10.1111/jeb.13529
https://doi.org/10.7554/eLife.62335

	The evolution of ageing: classic theories and emerging ideas
	Abstract 
	Introduction
	The classic evolutionary theories of ageing
	Empirical support for the classic ageing models
	Conceptual and empirical challenges to the classic models
	Darwinian fitness
	Extrinsic mortality an ongoing debate
	Negligible or negative senescence
	Sexual selection and ageing patterns
	Genetic drift and gene flow
	The effects of dietary restriction
	Can non-genetic inheritance be reconciled with ageing evolutionary theory?
	Social modulation of ageing evolution
	Intergenerational resource transfer
	Stochasticity and the evolution of ageing
	Do the classic theories account for senescence in bacteria and plants?

	Alternative evolutionary ideas
	Gerontogenes, vitagenes and homeodynamics
	Quasi programmed theories which centre on growth
	Extended phenotypes and the evolution of ageing

	Towards a pluralistic view of the evolution of ageing
	Discussion and conclusions
	Acknowledgements 
	References


