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Abstract

In some species, permanent curtailment of reproduction part-way through the life-
span of adult females is a feature of their evolved life history. The existence of
such a post-reproductive life stage is apparently rare; reasonably robust evidence
for this is confined to only six species (humans, Asian elephants and four whales).
That it occurs at all appears to contradict our view of natural selection operating to
maximize fitness and special circumstances must exist to explain its occurrence.
We evaluate the main hypotheses posited to explain the evolution of this life stage,
why it occurs in a restricted group of animals, and why only in females. We bring
together literature from multiple biological disciplines and levels of enquiry, rang-
ing through evolutionary ecology, developmental biology, physiology, neuroscience,
molecular biology, and human medicine. We conclude that while time-limited fertil-
ity is not in itself adaptive, the duration of subsequent survival is likely to be
linked to inclusive fitness benefits. We present a new hypothesis which posits that
the duration of female fertility in certain long-lived, highly encephalised species,
with no post-natal oogenesis, is limited by the need for intense screening of oocyte
mitochondria. This is required to support endothermy coupled with the very high
energy requirement for the development and maintenance of the exceptionally large
brain size required for complex social living. This limits the number and shelf-life
of oocytes, creating an antagonistically pleotropic effect that is beneficial to the
production of high performing offspring but carries the later life cost of time-
limited female fertility. But the end of the fertile period is no time to die. Inclusive
fitness benefits arising from protracted parental care of offspring, overlapping gen-
erations, and kin group structures means that continued survival of post-
reproductive females is favoured by selection. We suggest further lines of research
to test these ideas.

Introduction

Our understanding of the evolution of animal life histories is
rooted in the premise that traits are shaped by natural selection
acting to maximize an individual’s genetic contribution to the
next generation. Given the overwhelming importance of repro-
ductive strategies in this context, it is surprising to find that a
non-reproductive adult phenotype is an integral part of the life
history in some species. This can involve no reproduction
throughout adulthood, as in the sterile castes of many social
insects (Williams & Williams, 1957), or the forms of self-
sacrificing parental care as shown by female gall aphids. These
aphids protect their clonally produced offspring by becoming a
post-reproductive ‘glue bomb’ whose explosion when the off-
spring are threatened destroys both themselves and any poten-
tial predators (Foster, 2010). We can understand the evolution
of such extreme life histories from the high inclusive fitness
benefits individuals obtain (e.g. Olejarz et al., 2015). Much

harder to understand are cases such as the menopause in
humans, where all women transition from a reproductive to an
irreversible, non-reproductive state part-way through adult life.
Women spend on average 43% of ‘lived years’ in a state of
permanent sterility (around a quarter of their adult life), which,
along with the age at menarche, shows remarkably low vari-
ability across populations (Gavrilova et al., 2012) and high
heritability (40–60%; Peccei, 2001a, 2001b). In contrast, men
can retain reproductive capacity throughout adulthood. Why
does this occur? In this review, we bring together a literature
that is scattered across a wide variety of disciplines, and com-
bine information from evolutionary ecology with developmen-
tal biology, physiology, neuroscience, molecular biology, and
human medicine. We critically examine the current evidence
for the occurrence of a Post-Reproductive Life Stage in ani-
mals (hereafter PRLS), summarize the main hypotheses that
have been put forward to explain its occurrence, discuss the
evidence for and against these hypotheses and how they apply
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to different taxa and to males and females. We then provide a
new, speculative synthesis of what we see as the most likely
explanation. Throughout, we highlight the key gaps and con-
tradictions in our current knowledge, and end by identifying
important lines for future research.

PRLS definition and distribution

A PRLS can occur due to age-specific changes in the inclina-
tion, opportunity, or capacity to breed. Respectively, these
involve:

(1) Age-specific changes in an individual’s motivation to
breed, for example due to a lack of appropriate resources
for successful reproduction (Bunce et al., 2005; Rauset
et al., 2015);

(2) Age-specific changes in the ability to attract a reproductive
partner in sexually reproducing species (Kuo et al., 2012);

(3) Predictable, age-related changes in physiology that render a
previously fertile individual sterile (Lim & Tsakok, 1997).

The first two can be considered transient sterility, which is
potentially reversible should access to resources or partners
change. There are other reasons for transient sterility that do
not involve age-related changes. For example, removal of a
dominant female who subsequently becomes a grandparental
helper at the nests of her offspring in the Seychelles warbler
(Acrocephalus sechellensis; Richardson et al., 2007), or where
a failed breeding attempt leads to the transition into helping
kin in long-tailed tits (Aegithalos caudatus; Hatchwell
et al., 2001). However, the third is a life history transition to a
state of permanent sterility, involving an irreversible loss of
reproductive capability. It is with this third pathway that we
are concerned in this review. While survival of some individ-
uals for a period after reproduction has been shown across
multiple taxa (Jones et al., 2014), an inevitable transition to a
permanent and lasting sterile state appears to occur in only a
very small number of species, and only in females. Why only
these species, and if males can retain some reproductive capac-
ity to the end of life, why cannot females do the same?
Reproduction is not usually suicidal, and most animals sur-

vive for at least a short time following breeding even if semel-
parous. This may be simply by chance, or until they become
food for their mate as in male praying mantises, or food for
their young as in the matrivorous moth, Andesobia jelskii
(Schmidt & Freina, 2011), or until their existing young become
fully independent, or they may simply be between breeding
events with interbirth interval increasing with age, or take a
variable time to eventually die. Therefore, rather than the more
commonly used term ‘Post-Reproductive Lifespan’, we prefer
to use the term ‘Post-Reproductive Life Stage’ (PRLS) indicat-
ing a predictable, age-related transition to a lasting state of per-
manent sterility. This is similar to the conclusion reached by
Levitis et al. (2013) in their discussion of post-reproductive
survival. Hence, for this review, our definition of a PRLS is as
follows: An age-associated, later life stage of variable duration
where all surviving individuals exhibit a permanent and irre-
versible cessation of reproduction after having reached

functional sexual maturity. Post-reproductive lifespan is then
the duration of this post-reproductive life stage. This transition
to sterility is not a feature of only a few exceptional individ-
uals nor is it associated with pathology. In theory, the transi-
tion can be abrupt or be preceded by a gradual decline in
fertility, as illustrated in Fig. 1. However, there is always a
final ‘cliff edge’ and once over this, individuals cannot
reascend.
There are two opposing views on the prevalence of PRLSs

across the animal kingdom. Some authors argue that the evi-
dence is overwhelmingly in favour of the presence of PRLSs,
largely in the mammals (Cohen, 2004). More recent papers
however suggest that several previously quoted examples do
not exhibit a true post-reproductive life stage (Ellis, Franks,
Nattrass, Cant, et al., 2018) and instead a few individuals sur-
vive for a significant period after their last reproductive event
simply by chance, or that a state of permanent sterility does
not in fact occur. Establishing that sterility is permanent can be
difficult. Numerous species have been put forward as exhibit-
ing a PRLS, including the Bali mynah bird (Leucopsar
rothschildi, Holmes & Ottinger, 2003; Jones et al., 2014), a
viviparous gall-forming aphid that reproduces via parthenogen-
esis (Quadrartus yoshinomiyai; Uematsu et al., 2010; Uematsu
& Shibao, 2018), the classic model species Drosophila mela-
nogaster (Klepsatel et al., 2013), the guppy (Poecilla reitcu-
lata; Reznick et al., 2005), the nematode worm Caenorhabditis
elegans (Mendenhall et al., 2011; Kern et al., 2021). In all of
these cases, there is no assessment of the proportion of indi-
viduals reaching this post-reproductive state, and it might well
involve only a very few exceptional individuals (see Levitis &
Lackey, 2011 for a more thorough discussion).
It is of course especially challenging to collect age-specific

data in wild systems and some species present greater chal-
lenges than others, such as those that are harder to track and/
or have small body sizes (Ellis, Franks, Nattrass, Cant,
et al., 2018). Accordingly, some studies have applied a mini-
mum time period for individuals to be considered post-
reproductive, such as two standard deviations (or 90th percen-
tile; Reznick et al., 2005) of a species’ average interbirth inter-
val. Figure 2 (data from Lahdenper€a et al., 2014) shows data
from a pre-industrial human population. While an individual’s
interbirth interval often increases with age, the average dura-
tion of the PRLS in this population was more than 10 times
the average interbirth interval. Other studies use a population-
level measure known as post-reproductive representation (here-
after, PrR as proposed by Levitis & Lackey, 2011; see also
Croft et al., 2015; Ellis, Franks, Nattrass, Cant, et al., 2018).
This is a useful indicator that incorporates the prevalence of
the PRLS and is calculated as the proportion of adult female
years in the population that are lived by females who have
become permanently sterile. All of these measures are difficult
to obtain, especially in the wild. For harvested and hunted spe-
cies, data may come from dissected animals in which ovarian
tissue can be examined as can be the case with cetaceans.
To illustrate the usefulness of the PrR measure, we searched

the literature and found 157 PrR values for 114 species. These
values were based on information from 26 papers that include
both general reviews of PRLSs and species-specific
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observations. Of these 114, 67 species had PrR values less
than 0.10 (this measure captures both duration and frequency).
While 0.10 is of course a somewhat arbitrary cut off, we have
used this to avoid inclusion of species where only a small
number of females are involved and/or the duration of the
PRLS is very short. It is of course possible that subsequent
data from the wild will be available for more species (Fig. S1
gives a full phylogenetic tree of species that have been sug-
gested so far to possess some form of a PRLS, however short
this may be). Figure 3 shows the taxonomic distribution of the
52 species whose PrR values were estimated as greater than
0.10, indicative of post-reproductive survival being common
and relatively long. These are all mammals, mostly primates,
involve exclusively females, and are populations predominantly
studied in captivity, probably because of some reporting bias
and ease of recording data from captive populations. There are
data from only five non-human species showing evidence of a
PRLS in their natural or semi-natural environment (Fig. 3).
Notably, these values are much greater than the average PrR
across all wild populations, which, in comparison to what has
been recorded in captive or semi-captive conditions and in
humans, is generally very low. For the 52 species having PrR
value of over 0.10, simulations that enable confidence limits
for the PrR to be calculated (see Appendix S1 for details)

indicate that only six of the 52 have PrR values significantly
different from 0 and originate from wild or semi-natural popu-
lations; humans (Homo sapiens, from multiple populations),
the killer whale (Orcinus orca), the short-finned pilot whale
(Globicephala macrorhynchus), the narwhal (Monodon mono-
ceros), the Asian elephant (Elephas maximus), and the beluga
whale (Delphinapterus leucas) with values of 0.52 (�0.11),
0.26 (�0.06), 0.23 (�0.07), 0.24, 0.17 (�0.04), 0.27 PrR
values, respectively (values given are means with or, in the
case of the beluga whale and narwhal, without standard devia-
tion). Caution is particularly needed with two of these listed
species, the narwhal and beluga whale, as the data may be too
sparse to accurately detect PRLS and instead could simply pro-
vide an example of a extremely long reproductive lifespan (see
appendix A from P�eron et al., 2019), and the physiological
state of the post reproductive Asian elephant females needs
more investigation (Chapman et al., 2019). Furthermore, the
false killer whale (Psuedorca crassidens) is notably absent
from this list. Whilst it has been suggested that this species
has a significant PrR (see Photopoulou et al., 2017; Peron
et al., 2019), Ellis, Franks, Nattrass, Currie, et al. (2018) found
contrasting evidence both through pregnancy or ovarian data
and suggested the need for further conclusive evidence to be
collected. We found no robust evidence for the existence of a

Figure 1 Potential patterns for the onset of a Post-Reproductive Life Stage (PRLS) in females, depicted by the grey box marked ‘Permanent

Sterility’. We here show the PRLS as a fixed duration for simplicity, but obviously this duration can vary. Individual reproductive performance

prior to the PRLS might increase steadily with age (a), decline (b), remain constant (c) or show a quadratic relationship (d). (e) illustrates the

potential pattern for a semelparous breeder. The numbers on the x axis refer to a fictional reproductive lifetime of an iteroparous (a–d) or a

semelparous breeder (e). The y axis refers to offspring number, the trend reflects the reproductive schedule, but the values are arbitrary (hence

no scale).
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substantial PRLS in other relatively well studied taxonomic
groups such as birds, reptiles, amphibians, and insects.
Although we note that an apparent PRLS has been reported in
some of these taxonomic groups (for example in several cap-
tive bird species in Ricklefs et al., 2003), the Japanese quail
(Coturnix japonica; Holmes et al., 2003) and those mentioned
previously, but PrR values are lacking.
As is evident from Fig. 3, most studies enabling a PrR value to

be calculated are from captivity, generally zoos. Apart from
humans, the largest average PrR across all populations are from
studies in captivity (Fig. 4). Environmental conditions in captivity
have been found to alter the probability of observing a PRLS. For
example, chimpanzees (Pan troglodytes) and other primate spe-
cies have, in captive zoo environments, been shown to exhibit a
PRLS, which was not evident when the same species was studied
in the wild (Fig. 5; Thompson et al., 2007). This may be due to
more favourable conditions in captivity, with ad libitum food,
access to veterinary care and reduced predation enabling individ-
uals to survive longer than they would in their natural environment
thus increasing the likelihood of an individual reaching a PRLS
(see Section Environmental artefact for further discussion of this).
Interestingly, the duration of reproductive life in males is extended
in captivity in tandem with increased longevity, whereas that of
females is not (Ricklefs et al., 2003), illustrating the sex difference

in time limitation. In humans, where most data occur, despite male
fertility declining with age there is no convincing evidence of an
upper limit to the age at which men are fertile. The oldest age at
which paternity is reported to have been verified in men (by DNA
testing) is 65.4 years (Kaufman et al., 2019), though unverified
paternity has been reported in much older men, up to 96 years.
Sperm have been detected in the testes of men in their 90s, and the
rarity of fatherhood in very old men seems to be related to general
somatic ageing (Kaufman et al., 2019), involving changes in incli-
nation and opportunity to breed. There is a decline in male gamete
quality with age, albeit with considerable inter-individual varia-
tion, but importantly, no reproductive cliff-edge (Kaufman
et al., 2019; Vinicius et al., 2014). In women on the other hand,
there is a relatively narrow range in the age of onset of the meno-
pause; this shows very little cross-population variation with
females exhibiting an extremely low probability of remaining fer-
tile into the fifth decade of life (Broekmans et al., 2009; Gavrilova
et al., 2012; Shanley & Kirkwood, 2001). It is also the case that
post-reproductive life stages in animals have only been reported in
females as in humans (Gaulin, 1980), and the references listed
below Fig. 3 support this. Thus, an age-dependent loss in repro-
ductive function is steeper and more decoupled from somatic dete-
rioration in females than in males (Fig. 6). Hypotheses to explain
PRLS therefore also need to also account for the sex difference,
but this has rarely been addressed.
We therefore centre our further discussion on the six species

for which there is reasonably robust evidence of a significant
PRLS: humans, killer whales, short-finned pilot whales, nar-
whals, Asian elephants, and beluga whales (although note the
caveats mentioned above) often verified by ovarian tissue. All of
these belong to the Class Mammalia. The four species of ceta-
ceans are all members of the super family Delphinoidea and the
data come from wild populations. The Asian elephant data are
from a semi-captive, but relatively natural environment. We
appreciate of course additional species could be included and
that other species may yet be identified, but this seems the most
rigorous approach at present.
Several hypotheses have been put forward to explain the

occurrence of a PRLS (e.g. Cant & Johnstone, 2008; Gems,
2014; Hawkes et al., 1998; Moorad & Walling, 2017; Shanley
et al., 2007; Williams, 1957). We consider the main hypotheses
here; additional hypotheses are covered in several of the excel-
lent reviews cited above. This includes the cancer-avoidance
hypothesis, where reproductive cessation is seen as an adaptive
anticancer mechanism (Thomas et al., 2019) and the mate-
choice theory (Morton et al., 2013), where male preference for
younger females, coupled with increased mutation accumula-
tion with female age, is posited to lead to the non-adaptive
evolution of a post-reproductive life stage. Below, we have
divided the main hypotheses into those which consider the
early cessation of fertility in itself to be adaptive and those
which consider it non-adaptive, including those that posit that
a PRLS is an outcome of much stronger selection for some
other physiological or life history trait (Austad, 1994; Croft
et al., 2015; Hawkes et al., 1998; Peccei, 2001b; Shanley
et al., 2007; Williams, 1957). We stress that the selection pres-
sures responsible for the emergence of a PRLS may be differ-
ent from those that influence its duration.

Figure 2 Age-specific survival in a population of 5336 pre-industrial

women who survived to reproductive age (proportion alive at age x;

solid, red) and age-specific fertility in the same group (average

number of offspring born in the population at age x; dashed, blue).

Adapted from Lahdenper€a et al. (2014); in this population mean age

of last reproduction = 37.66 years, standard deviation (SD)

= 6.27 years; mean longevity = 60.07 years, SD = 16.50 years; mean

interbirth interval = 2.72 years, 2 9 SD = 2.46 years. Data used for

this graph was extracted from the source paper using the

shinyDigitise (v. 0.1.0) add-on for metaDigitise (v. 1.0.1) (Pick et al.,

2019; Ivimey-Cook and Pick, 2023).
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Adaptive hypotheses

PRLS is linked to an unusual combination of
life history traits

The occurrence of a PRLS could be associated with an unusual
combination of life history traits. The most obvious commonal-
ities among the six cases are that they are all endothermic,
viviparous, iteroparous, mammalian females with primarily
female-based parental care at least in early post-natal life.
These are traits of virtually all mammals, most of whom do
not show a PRLS, and so in itself this combination is not par-
ticularly informative. Five of the six species have very large
body sizes, four are aquatic and two are terrestrial, and all six

are long-lived. Again, they are not ‘special’ in these respects.
All have litters that usually comprise only one offspring,
requiring intense and protracted parental care and relatively
complex dispersal patterns and mating systems (Cohen, 2004;
Croft et al., 2015; Ellis, Franks, Nattrass, Cant, et al., 2018;
Ellis, Franks, Nattrass, Currie, et al. (2018); Finch &
Holmes, 2010; Lemâıtre, Ronget, & Gaillard, 2020; Nichols
et al., 2016). All six PRLS species show a substantial degree
of parental care provided both during the pre-natal period and
over a prolonged post-natal period, primarily due to the non-
independence of offspring until near sexual maturity. However,
extended parental care occurs in many mammalian species.
Mammals are characterized by low frequencies of bi-parental
care (Stockley & Hobson, 2016), with fathers contributing in

Figure 3 Phylogenetic tree of 52 species showing Post-reproductive Representation (PrR) values above 0.10 coloured by their captivity status

(wild = Pink, semi-captive = Green, human = Black, and captive = Blue). Significant PrR values (discussed in the Appendix S1) are found in

Elephas maximus, Orcinus orca, Monodon monoceros, Delphinapterus leucas, Globicephala macrorhynchus, and Homo sapiens (References:

Alberts et al., 2013; Atwood et al., 2017; Auld, 2018; Austad, 1994; Chapman, Jackson, et al., 2019; Cohen, 2004; Croft et al., 2015; Ellis,

Franks, Nattrass, Cant, et al., 2018; Ellis, Franks, Nattrass, Currie, et al., 2018; Finch & Holmes, 2010; Foote, 2008; Foster et al., 2012; Jervis

et al., 1994; Kasuya et al., 1988; Kern et al., 2021; Klepsatel et al., 2013; Lahdenper€a et al., 2014; Levitis et al., 2013; Levitis & Lackey, 2011;

Nichols et al., 2016; Reznick et al., 2005; Uematsu et al., 2010); Walker & Herndon, 2008; Weadick & Sommer, 2016.
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just 10% of known mammalian genera. It is possible that a
decline in the ability of females to provide an adequate level
care to offspring later in life may be part of the picture for
those mammals showing PRLS. Nonetheless, if this was the
case, one would have expected evolution to adjust the schedul-
ing of reproduction to increase investment earlier in life. How-
ever, all of the PRLS mammals usually give birth to only a
single offspring at each reproductive event. Therefore, the high
investment of females in each offspring might constrain their
capacity to invest more in reproduction early in life since they
cannot easily reduce the inter-birth interval or number of
young per event. In addition, they have a prolonged gestation
period (e.g. in humans this is ca 280 days, in elephants this
ranges from 644 to 690 days and in killer whales and other
cetaceans, this is ca 450 days; data from AnAge; De Magal-
haes & Costa, 2009). This is in stark contrast to many other
taxonomic groups where offspring number is higher per repro-
ductive event (Werner & Griebeler, 2011) and gestation length
appears shorter (Needham, 1930). Interestingly, parental care
duration appears to scale with body mass, but relatively little
information is available for the very large eutherian mammals
(Thompson, 1987).
No convincing cases of a PRLS have yet been documented

in birds despite detailed long-term studies (e.g. Richardson
et al., 2007). Some of the same life history traits as observed
in the PRLS mammals also occur in some bird species, such
as long-lived seabirds, except for viviparity, large body size,
and female-biased parental care. Bi-parental care is common in

Figure 4 Average Post-reproductive Representation (PrR) in relation

to captivity status. Points shown are means with 95% confidence

intervals for all populations and coloured by their captivity status

(wild = Pink, semi-captive = Green, human = Black, and

captive = Blue). The dotted orange line denotes an PrR cut-off of

0.10, which represents populations where females spend 10% of life

in a post-reproductive state. References are given below Fig. 3.

Figure 5 Post-reproductive Representation (PrR) for species where

multiple values are available for different environments. Points are

coloured by their captivity status (wild = Pink, semi-captive = Green,

and captive = Blue). The dotted orange line denotes an PrR cut-off of

0.10, which represents populations where females spend 10% of life

in a post-reproductive state. References are given below Fig. 3.

Figure 6 Schematic representation of the difference in the age-

specific patterns of reproductive (solid line) and somatic (dashed line)

function in males (blue) and females (red). Note that these lines are

purely arbitrary and are meant to simply serve as a diagrammatic

representation of hypothetical differences in male and female

reproductive/somatic function.
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birds (Cockburn, 2006) with between 80 and 90% of all bird
species providing this form of care. However, while seabirds
often lay only a single egg, and invest heavily during the pre-
natal incubation and nestling periods, intense parental care
does not extend much beyond fledging. Maternal age effects
operating on offspring pre-adult survival in wild birds have
been found to differ from that of wild mammals, with the for-
mer showing an overall average effect that was positive and
the latter exhibiting a negative effect of advancing maternal
age (Ivimey-Cook & Moorad, 2020). However, birds in general
do show overwhelming evidence of reproductive declines with
age, manifesting in reduced egg quality and offspring number
(Jones et al., 2014; Lemâıtre & Gaillard, 2017). A further fac-
tor is that, while seabirds are colonial breeders, they do not
live in highly cohesive social groups in the same way as the
PRLS mammals, which may be very important (see below and
Section A speculative synthesis). However, some bird species,
such as the vulturine guineafowl (Acryllium vulturinium) and
the Seychelles warbler (Acrocephalus sechellensis), do live in
complex societies on a par with those of primates and in
which intergenerational helping can occur, but PRLSs in such
bird species have not been found (Richardson et al., 2007;
Papageorgiou et al., 2019).

Dispersal patterns and mating systems

Kinship dynamics and the change in age-specific group related-
ness have been suggested as important drivers of the evolution
of a PRLS (Croft et al., 2015; Johnstone & Cant, 2010;
Nichols et al., 2016, 2020), potentially favouring a social struc-
ture that promotes intergenerational helping rather than conflict.
However, dispersal patterns differ markedly among the species
that exhibit a demonstrable PRLS, and no obvious trend is
apparent. Humans show female-biased dispersal, elephants
show male-biased dispersal, whilst in the cetaceans, both males
and females show limited dispersal (Nichols et al., 2016).
However, it is interesting to note that those non-human species
that exhibit a significant PRLS in the wild are those that show
limited dispersal by both sexes coupled with extra-group mat-
ing and increased within-group relatedness with age (Croft
et al., 2017; Johnstone & Cant, 2010). This is postulated to
result in selection for reduced reproductive effort by older
females of both whale and ape species (although the effects of
intergenerational conflict in humans are potentially more pro-
nounced in comparison to other primates; Croft et al., 2017).
Although exceptions do exist, for instance, in another species
of pilot whale (the long-finned pilot whale; Globicephala
melas) which has a similar relatedness structure but an appar-
ent lack of a PRLS. In this particular case (see Nichols
et al., 2020), the authors note, in addition to several other
potential reasons, that the average within-pod relatedness is
generally lower than in other cetaceans that show a significant
PRLS. This could suggest a threshold of relatedness that is
required for the promotion of intergenerational helping or
to trigger a plastic cessation of reproduction (Nichols
et al., 2020). Furthermore, in many co-operatively breeding
birds, there is also the potential for such intergenerational con-
flict but no evidence of a PRLS (although we note that

relatedness in these species tends to decrease with age in con-
trast to the increase shown by many cetacean species that
exhibit a PRLS; Dierkes et al., 2005; Riehl, 2013). Such a life
stage in cooperatively breeding birds is yet to be found.

Complex social networks and behaviour

All six of the PRLS species live in stable social groups,
involving overlapping generations, variable kin associations,
individual recognition, strong networks, and social bonds. A
complex social structure exists in other species including some
other mammals, birds, and social insects in which no PRLS
appears to occur. However, social complexity can require a
high level of cognitive function. The ‘social brain’ hypothesis
posits that the effect of the social environment on brain size is
stronger than that of the physical environment and explains the
very large degree of encephalisation seen in primates, ceta-
ceans and hominids in particular (Dunbar & Shultz, 2007; Fox
et al., 2017). Indeed, it has been suggested that a high Ence-
phalization Quotient (EQ), the ratio between observed and
expected brain mass (with values above 1 suggesting that the
species has a larger brain than expected for its body size; Jeri-
son, 1975), could be a prerequisite for determining whether
individuals possess a PRLS (Dalton, 2022). The very high
energetic costs associated with large brains may be very impor-
tant in the development of a PRLS and we develop this idea
further in Section A speculative synthesis.

Large body mass

The average body mass of females in the non-human species
with a PRLS is in the region of 1500 kg (average adult weights
calculated from Lemâıtre, Ronget, Tidi�ere, et al., 2020; Ridg-
way et al., 2017). Human females have a substantially smaller
average weight than the other five species (53.6 kg; Smith &
Cheverud, 2002), yet the longest PRLS, and there are many
other large-bodied mammals in which PRLS does not appear to
occur. This suggests large body mass per se is not driving
PRLS. Body size is linked, either directly or indirectly, with a
variety of life history traits, including a positive relationship
with gestation length, birth weight, and the duration of parental
care, so it is difficult to tease traits apart (Sikes & Yl€onen, 1998;
Tuomi, 1980). Furthermore, in all six of the PRLS species,
males are larger than females, yet PRLS is a female-only trait.
It may be, however, that certain aspects of body size are partic-
ularly important. The six PRLS species identified here have an
exceptionally large brain size for their taxonomic group in abso-
lute and relative terms, and all belong to four of the five mam-
malian groups that a recent analysis of the evolution of
mammalian brain size singled out as such (elephants, hominins,
toothed whales, delphinids and great apes; Smaers et al., 2021).
Note that one further suggestion, which is only applicable to the
four cetacean species, is that these species live in oceans. Sus-
pension in water was once thought to reduce the constraints on
body size seen in terrestrial environments. This has been subse-
quently refuted, as there are thought to be number of constraints
on body size that also apply to mammals in aquatic environ-
ments (Gearty et al., 2018).
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With the exception of brain size, the life history traits listed
above, either in themselves or in combination, are unlikely to
drive PRLS evolution, since in all cases there are species exhi-
biting the trait(s) that do not possess a PRLS. Based on our
present knowledge, closely related species with broadly similar
life history traits can differ in whether they have a PRLS or
not, as illustrated in Fig. 7. In all three closely related species
pairs shown here, within which many life history traits are
shared, the PRLS species have proportionally larger brains.
The six species identified here as having a PRLS all have high
EQs (Homo sapiens: 5.72; Elephas maximus: 1.46; Orcinus
orca: 2.76; Monodon monoceros: 1.79; Delphinapterus leucas:
2.24; Globicephalas macrorhynchus: 3.01; EQs from Boddy
et al., 2012, Montgomery et al., 2013, and Montgomery pers.
comms.). This is based simply on overall brain size, and more
information relating to which aspects of brain size might be
most important could be illuminating. We return to this in
Sections A speculative synthesis and Future research.

Mother effect

One of the most obvious and well-known hypotheses to
explain the occurrence of a PRLS is the so-called ‘Mother

Effect’ (Williams, 1957). One aspect of this hypothesis posits
that, in species where the period of parental dependency is
greater than the inter-birth interval, there will come a point
where somatic senescence of the mother means that she cannot
effectively care for offspring from more than one breeding
event simultaneously. At this point, it then pays in fitness
terms for the mother to divert resources to her own survival
rather than engage in further reproduction. This is an intui-
tively attractive hypothesis. Nonetheless, where litter size can-
not be reduced if only a single offspring is produced per
event, extending the interbirth interval is likely to be a better
option in fitness terms. A second aspect is based on an age-
related increase in the risk of maternal death during parturition
in viviparous species (Jasienska, 2020). In addition, somatic
ageing can reduce the capacity of the older female to sustain
the demands of pregnancy, thereby debilitating the female’s
capacity to provide adequate parental care for all her depen-
dent offspring. Age-related sterility would prevent maternal
death or debilitation, known in humans to be higher when
women are older (Pavard et al., 2008; Restrepo-M�endez &
Victora, 2014; Saccone et al., 2022; Shanley & Kirk-
wood, 2001). However, when individuals exist in social
groups, death or poor health of the mother does not necessarily

Figure 7 Comparisons of species in the same family with similar life histories, one of which has a demonstrable Post-reproductive

Representation value (denoted by an asterisk). (a) Estimated proportion of female years lived in a reproductive (blue) and post-reproductive state

(yellow) for populations of each species; the length of each bar reflects maximum female age. Values of maximum lifespan and proportions of

lived years taken from Ellis, Franks, Nattrass, Cant, et al. (2018), Lahdenper€a et al. (2014), and Chapman, Jackson, et al. (2019). Note that for

humans, the PRLS displayed is the Hadza hunter-gatherers from Ellis, Franks, Nattrass, Cant, et al. (2018). (b) Length of interbirth interval in

years. All values were obtained from AnAge (De Magalhaes & Costa, 2009) aside from the long-finned pilot whale, which was obtained from

Verborgh et al. (2021). (c) Encephalization quotients (EQ). Values were taken from Montgomery et al. (2013) and Boddy et al. (2012). The value

of EQ for short-finned pilot whales was obtained from Montgomery (pers. comms.). Also given (below each species name on the left side of the

figure) are estimates of average female body mass taken from Lemâıtre, Ronget, and Gaillard (2020; for both species of elephant), Ridgway

et al. (2017; for short- and long-finned pilot whales), and Smith and Cheverud (2002; for humans and chimpanzees).
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influence survival of her dependent offspring to a large enough
extent to favour complete reproductive cessation (Shanley &
Kirkwood, 2001) and the mother hypothesis has limited sup-
port from empirical data both in humans and non-humans
(Lahdenper€a et al., 2011, 2016b; Rogers, 1993; although see
Andersson et al., 1996), despite several theoretical models sug-
gesting otherwise (Pavard et al., 2008; Shanley & Kirk-
wood, 2001). In humans, mortality risk is heavily dependent
on offspring age, and rapidly decreases after weaning; other
group and family members also help care for offspring, espe-
cially when the mother dies or is incapacitated (Lahdenper€a
et al., 2011; Sear & Mace, 2008). In non-human species,
including some other primates, early maternal death can con-
tribute to reduced offspring survival (Zipple et al., 2021).
Recent research in populations of killer whales has suggested
that survival of male offspring is increased when mothers are
present, owing largely to maternal assistance during food
acquisition and during potentially harmful encounters (Brent
et al., 2015; Foster et al., 2012). Social structure is likely to
play a role in determining the strength of any such effect.
A further consideration is whether effects via somatic ageing

might also apply to fathers. Obviously, the risk of paternal
death or ill health is not linked to pregnancy or birth. The
absence of a father effect might be due to the sex bias in
parental care provision in mammals (Kleiman & Mal-
colm, 1981; Stockley & Hobson, 2016). However, in the spe-
cies in which a PRLS is observed, males do sometimes
contribute to offspring survival (although often limited to tem-
porary allocare, or babysitting, such as in male killer whales;
Woodroffe & Vincent, 1994). In humans, there is usually sig-
nificant paternal investment in providing resources and defence
(Peccei, 2001a, 2001b) and as a result, paternal death can have
an adverse effect on offspring survival (Kuhle, 2007). The
importance of the father’s presence for offspring survival has
been demonstrated experimentally in other monogamous mam-
mals (Gubernick & Nordby, 1992). Indeed, it has been further
suggested that impaired parental performance in older women
could be exacerbated by an ‘absent father’ effect due to an
increased likelihood of the father having died or defected to a
younger female (Kuhle, 2007). The fertility of men does
decrease with age (Kaufman et al., 2019) and there is
increased risk of mutations in sperm DNA being passed to off-
spring (Kong et al., 2012). It has been suggested that in order
for paternal presence to be a major factor in the evolution of a
PRLS in humans, the so-called ‘market value’ of an older
woman as a marriage partner (Vinicius & Migliano, 2016)
needs to already be substantially lower than that of an older
man. However, this requires that age-related cessation of
female fertility is already in place. There is therefore a clear
need to investigate further why we do not see evidence of per-
manent sterility and an analogous version of the ‘mother
hypothesis’ existing for paternal caregivers.

Grandmother effect

An essentially inclusive-fitness based hypothesis and one
which has attracted a large amount of attention over the years,
is the ‘Grandmother Effect’. First suggested by Peter Medawar

in 1952, this hypothesis is based on the fitness benefit of
increasing the number of grand-offspring (Cant & Croft, 2019;
Hawkes et al., 1998; Medawar, 1952). Extensive discussions of
this hypothesis have been published (see Peccei, 2001b; Sear
& Mace, 2008) with some studies suggesting that grandmother-
ing has been a key component to extending human longevity
(Chan et al., 2016; Kim et al., 2012, 2014). This idea requires
a very particular form of social structure to work, with limited
dispersal of kin, significant post-natal parental care, and the
presence of overlapping generations in which intergenerational
transfer of resources can occur (Davison & Gurven, 2022;
Hooper et al., 2015; Kaplan & Robson, 2002). There are two
interlinked grandmother hypotheses relating the evolution of
sterility to the duration of the post-reproductive stage: (1) that
because the fitness benefits of producing children decline with
maternal age due to somatic ageing, the indirect fitness benefits
of helping rear grandchildren eventually outweigh the direct fit-
ness effects from producing ‘own’ children leading to the evo-
lution of a sterile life stage that allows more resources to be
devoted to grandchildren; (2) that while age-related sterility
itself arises for other reasons, prolonged survival of post-
reproductive females has been favoured because of the addi-
tional inclusive fitness gains from helping more grandchildren
survive, given that continued reproduction is not possible. Both
1 and 2 require a protracted period of coexistence of grandpar-
ents and grandchildren, which it has been suggested might
actually be a relatively recent occurrence. To examine the
duration of the generational overlap, Chapman et al. (2017)
used data from a Finnish population across the demographic
transition, spanning a period of 170 years. Their data show
that prior to industrialisation, this overlap was much less than
it is now. They show that before the demographic transition,
ca 75% of children had at least one grandmother alive when
they were born, rising to 93.9% in the 1950s. For grandfathers,
the comparable figure is 63.4 and 83%. The average number
of years for which a grandchild has at least one grandmother
alive was ca 5 years pre-transition, due to lower child survival
and higher adult mortality; this changed with the demographic
transition increasing to an average of 24 years by the 1950s.
Furthermore, grandfathers were rarely present during the life of
their grandchildren in later 18th century. This suggests that in
humans, the observed beneficial effect of grandparents is a rel-
atively recent phenomenon. But note that the very early post-
natal years are the most important for child survival, and this
would have been much more so in the past when infant mor-
tality was high.
It is difficult to distinguish between the two grandmother

hypotheses, since both make the prediction that the presence
of grandmothers will be associated with higher grand-offspring
survival. For the second hypothesis, we still need an explana-
tion of why sterility occurs (see Section The cost of quality
control: constraints on female fertility imposed by trade-offs
between high quality oocytes and fertility duration). Several
studies have found evidence that the presence of a grandparent
does increase grand-offspring survival in several species that
exhibit PRLSs, in humans (Engelhardt et al., 2019; Lahdenper€a
et al., 2004; Sear & Mace, 2008), Asian elephants (Lahdenper€a
et al., 2016a), and killer whales (Nattrass et al., 2019).
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Nonetheless, models of fitness effects suggest this form of
intergenerational assistance is not sufficient to compensate for
the fitness loss arising from cessation of reproduction (Hill &
Hurtado, 1991; Pavard et al., 2008; Shanley & Kirk-
wood, 2001), which would favour the second hypothesis. Fur-
thermore, intergenerational transfer of resources later in life
need not involve late life sterility. Indeed in African lions,
grandmothers can only help via lactation if they have a cub
themselves (Packer et al., 1998). For a state of permanent ste-
rility to evolve under the first hypothesis, continued reproduc-
tion in old age needs to carry substantial fitness costs (Davison
& Gurven, 2022), such as those produced by intergenerational
conflict between kin (see Section Avoidance of intergenera-
tional competition (or the reproductive conflict hypothesis)
below). Central to the grandmother hypothesis is that grand-
mothers gain more fitness benefits investing in grand-offspring
while in a post-reproductive state in comparison with what
they would be able to do at the same age had they continued
to reproduce themselves. This is not supported in Asian ele-
phants, where the grandmothers’ reproductive status was found
to have no impact on grand-calf survival, irrespective of grand-
maternal age and did not reduce the benefits of grandparental
care (Lahdenper€a et al., 2016a). However, the effects in this
study are somewhat blurred by the categorisation of grand-
mothers into only two broad age categories (young, 25.7–
44.63 years and old = 44.64–79.00 years). Furthermore, the act
of grandmothering is also present in a variety of species that
do not possess a PRLS (e.g. in several mammals, including
African lions (Panthera leo; Packer et al., 1998) and Olive
baboons (Papio anubis; Packer et al., 1998) and in some birds
(Richardson et al., 2007)).
We need also to explain why such intergenerational helping

might apply only to females. In species with long-term pair
bonds and/or non-dispersal of adults, surviving grandfathers
will still be present in the group alongside the grandmother,
though as mentioned above this might not have always been
the case in humans. In practice, there is little empirical support
for a significant grandfather effect (Lahdenper€a et al., 2016b).
In a philopatric society, it is possible that problems with pater-
nity assurance are important here (Coall & Hertwig, 2010);
grandfathers would be less likely to help rear their grandchil-
dren, grandmothers more likely to help their daughters rear
children than their sons, and maternal grandmothers would
help more than paternal grandmothers. However, in a patriar-
chal society, daughters will have undergone dispersal prior to
breeding and thus not be present in the same population as
their parents. Sear and Mace (2008) found in humans that
maternal grandmothers are only a little more likely than pater-
nal grandmothers to help with rearing of grandchildren; in the
statistically valid studies they evaluated, 64% of studies
reported that presence of maternal grandmother improved child
survival, with a similar figure of 60% of studies examining
paternal grandmothers. Nichols et al. (2016) examined the
duration of post-reproductive lifespans in relation to female
and male philopatry using a phylogenetic approach with data
from 26 mammalian species in the wild. They found a signifi-
cant association between post-reproductive survival and male
philopatry, but the data suggested that the former evolved first,

followed by the latter. They also found that 50% of the species
without male philopatry showed some evidence of survival
post-reproduction. The authors concluded that post-reproductive
survival in females is likely to have arisen from non-adaptive
processes.
A further issue is the potentially confounding effect of

mother and grandmother quality, which are likely to be highly
correlated; high-quality females with high reproductive success
and survival, thereby having a greater probability of living to
become grandmothers, are likely to have similarly high-quality
daughters who produce offspring that are more likely to sur-
vive. The experimental data needed to exclude this quality
effect (removal of grandmothers to create unbiased control and
experimental groups) are almost impossible to obtain, although
in some cases, simultaneously estimating the genetic contribu-
tion of both grandmothers and mothers has been possible with
sufficient high quality data (see Moorad & Walling, 2017).
Here, in this case, the authors found no evidence of any
genetic contributions, by grandmothers or mothers, on survival
to age 16 in humans (Moorad & Walling, 2017).
Importantly, the core idea that a transition to a permanently

sterile state increases the capacity of females to invest in
grandchildren (and to some extent, their own already born chil-
dren) is not supported by closer examination of what happens
in the female menopause. The transition into this post-
reproductive state is associated with accelerated somatic deteri-
oration. Menopause in women brings with it multiple adverse
effects on health related to hormonal changes, including
reduced energy levels, sleeplessness, increased anxiety, reduced
bone density, and other adverse effects that are all likely to
decrease rather than increase the capacity for intergenerational
helping (Monteleone et al., 2018; Peccei, 2001a; Whiteley
et al., 2013). For certain age-related pathologies, such as can-
cer risk, transition to a non-reproductive state might be favour-
able as reproduction is known to exacerbate certain types of
tumour growth, although more data are needed to confirm that
age-related changes in such an effect would be strong enough
(Thomas et al., 2019). In contrast, the detrimental effects of
the female menopause on ageing are supported in recent work
by Levine et al. (2016) who found that this age-related somatic
deterioration was reflected in an acceleration of the DNA
methylation clock in women following menopause, as mea-
sured from blood samples. In addition, this study also found
some evidence that menopausal hormone therapy (oestrogen
and progesterone hormone replacement) slows epigenetic age-
ing, while early surgical induction of menopause increases
methylation levels, providing quasi-experimental evidence of
the link between menopause and ageing rate. Interestingly, in a
meta-analysis investigating the oxidative costs of reproduction
in females across a range of homeothermic species, Blount
et al. (2016) found that being in a reproductive state was asso-
ciated with reduced oxidative damage compared with non-
reproductive females. This led the authors to develop the idea
that reproduction induces protective effects, which they termed
‘reproductive shielding’ of the mother and her offspring from
oxidative damage. Experimental data from other species might
help to provide further insight. It is also important to bear in
mind that it is not just grandmothers that help in rear young in
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complex social groups; this can involve other kin such as sib-
lings, aunts and uncles; in some human societies most provi-
sioning help actually comes from younger and unmarried
males (Hill & Hurtado, 2009). Overall, the current body of
evidence suggests that intergenerational helping is unlikely to
have been a driver of the cessation of sterility, but inclusive
fitness benefits might have then favoured extension of the
post-reproductive period as in the second of the two hypothe-
ses described at the start of this section.

Avoidance of intergenerational competition
(or the reproductive conflict hypothesis)

This hypothesis is based on the inclusive fitness benefits of
reducing within-group resource competition between genera-
tions in social species that experience age-related increases in
group relatedness (Cant & Johnstone, 2008; Croft et al., 2015;
Johnstone & Cant, 2010). The main premise of this hypothesis
is that the cessation of reproduction in middle-aged females
reduces the overlap in the timing of reproduction between
mothers and their offspring (i.e. with her sons or daughters
depending on the dispersal pattern). There is some evidence in
support of this hypothesis from both human and cetacean
populations (Cant & Johnstone, 2008; Croft et al., 2017;
Lahdenper€a et al., 2012). It is thought to be linked closely to
dispersal patterns (female-biased in humans and limited dis-
persal by both sexes in killer whales and short-finned pilot
whales) and the age-specific increase in relatedness in males
and females. These costs and particular dispersal patterns are
also suggested to act in concert with the potential benefits
associated with (grand-)maternal care (Cant & Johnstone, 2008;
Croft et al., 2017). It may be that these particular species show
the greatest degree of generational overlap and therefore pos-
sess the largest opportunity for intergenerational conflict. In
practice however, this is difficult to evaluate, as many species
show overlapping generations without having a PRLS, with
entire fields of research devoted to understanding how gene
flow operates in populations with fluctuating age structure
(Charlesworth, 1973; Charlesworth & Giesel, 1972). Further-
more, a similar argument pertains to fathers, which would
favour the avoidance of competition between the father’s own
offspring and those of his sons or daughters.

Reduced quality of later-life offspring

In considering the fitness costs of cessation of reproduction in
later life, no account is generally taken of the fact that offspring
produced by older parents can be of poorer quality and have
reduced lifespan (termed the Lansing effect) and reproductive
value (Comfort, 1953; Ivimey-Cook et al., 2023; Lansing, 1947;
Monaghan et al., 2020; Monaghan & Metcalfe, 2019). A recent
meta-analysis by Ivimey-Cook et al. (2023) found that there was
an average reduction in offspring lifespan of 17–22% per unit
increase in maternal age, across 15 species (however note that
the effect sizes were dominated by laboratory invertebrates).
Whilst we lack an evolutionary model to explain the Lansing
effect (Ivimey-Cook et al., 2023), substantial reduction in

offspring quality with maternal age could be sufficient in some
circumstances to favour a cessation in reproduction by mothers.
However, such a reduction in offspring longevity might drive a
shift towards more investment in earlier reproduction (Kroeger
et al., 2020; Monaghan et al., 2020). The extent to which this
can occur will be limited in species where other factors delay
maturation and/or where only single offspring with long periods
of dependency is produced per breeding event. In addition, there
is also no reason for Lansing effects to be confined to mothers
as paternal age is also associated with a variety of negative out-
comes for offspring (Fay et al., 2016; Ivimey-Cook et al., 2023;
Vuarin et al., 2021). We currently lack a detailed comparative
analysis of a paternal Lansing effect.
On balance, based on current information, none of the above

adaptive hypotheses are likely to provide a sufficient benefit to
offset the fitness disadvantage of becoming non-reproductive
for a substantial part of adult life. All five processes could act
in concert, and indeed might do so in human populations and
other species with a significant PRLS (for instance in killer
whales and the other cetaceans where costs of intergenerational
conflict and grand-(maternal care) benefits are closely linked;
see Cant & Johnstone, 2008; Croft et al., 2017). While this
link might also occur in other species without a PRLS, evi-
dence is lacking. Nor do any of these theories provide a con-
vincing explanation of why a post-reproductive life stage
should occur in females but not males, nor why it should be
confined to mammals. We therefore need to examine what fac-
tors might constrain the duration of female fertility in some
species, uncoupling it from age-related survival.

Non-adaptive hypotheses

An alternative suite of theories provides a different approach.
Age-related sterility could simply be an artefact that emerges
under atypical environmental conditions or an unavoidable out-
come of a trade-off that favours another trait under stronger
selection due to the higher fitness benefits it confers. There are
a number of different hypotheses as to why this might occur.

Environmental artefact

This hypothesis posits that a PRLS arises as a consequence
of an ‘unnatural’ lifespan extension in benign environments
due to protection from food shortage, disease, and predation
in advanced human civilisations or animals in captivity. Often
termed the ‘extended lifespan hypothesis’ and typically
applied to describe the occurrence of menopause in human
populations, the suggestion is that the female reproductive
system cannot change in tandem with the rapid extension of
lifespan resulting from modern access to medicine and other
lifestyle improvements (Austad, 1994; Corbett et al., 2018).
The existence of a post-reproductive life stage in human
females might therefore be because they now live ‘beyond
their (reproductive) means’. However, historically, in non-
industrial human societies the chances of living to the 6th
decade for females who survive childhood appears to have
been relatively high (Chapman, Pettay, et al., 2019), and full
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reproductive cessation in females is seen in a diversity of
historic and contemporary human societies (Vinicius
et al., 2014). Furthermore, the timing and duration of meno-
pause in humans seem to have a strong genetic component
(Levine et al., 2016) and relatively little phenotypic plasticity,
which does not support the suggestion that it is environmen-
tally driven. Moreover, the duration of the fertile period in
women appears to vary less than the age of its onset or end,
and both the age of menarche and menopause show low vari-
ability across human populations (Gavrilova et al., 2012;
Zhang et al., 2019). All of this suggests some inbuilt con-
straint in the female reproductive system that is absent in
males. We need to understand where this constraint occurs
and why it is phenotypically manifested as a PRLS in only a
very few species.
As mentioned earlier, many species show evidence of a

PRLS in captivity (Figs 3 and 4). As can be seen in Fig. 5,
where the same species is observed both in the wild and in
captivity, a much larger proportion of individuals reach a post-
reproductive life stage in captivity. A comparison between wild
and captive populations of chimpanzees (Atsalis &
Videan, 2009) suggests that captive primates in particular expe-
rience an earlier depletion of ovarian stock and high oocyte
loss due to earlier ages at menarche (7–8 years in captivity,
10–11 years in the wild) and shorter interbirth intervals (2–
3 years in captivity, 5–6 years in the wild). This is coupled
with a faster age-related decline in fertility reported in captive
chimpanzee females, although data on wild populations are
limited (Atsalis & Videan, 2009) Therefore, while captive
females have increased longevity, they also experience an ear-
lier onset of sexual maturity, faster fertility declines and an ear-
lier age at last reproduction. Importantly, the reproductive
window is not extended in captivity despite the lifespan exten-
sion. This suggests a finite reproductive resource that cannot
be replenished regardless of the beneficial conditions of
captivity.
Males exhibit a similar lifespan extension when kept in cap-

tivity in comparison to wild conditions (Tidi�ere et al., 2016)
and presumably also experience more human-managed breed-
ing events but, as mentioned earlier, do not become sterile.
Therefore, as other authors have also questioned (e.g. Rei-
ber, 2010), we need also to ask why is it only the female
reproductive period that is limited?

Female PRLS as a by-product of selection for
male longevity

Often termed the ‘Patriarch Hypothesis’ (Marlowe, 2000), this
suggests that the female post-reproductive life stage is a by-
product of selection for longer life in males (see also Tuljapur-
kar et al., 2007). If the genes that increase lifespan in males
are autosomal, and strongly selected for, this could also cause
increased longevity in females. If, as Marlowe posits, there is
no direct reproductive benefit associated with this increased
lifespan for females, for example due to reproductive con-
straints, female inclusive fitness could then be enhanced to a
degree by helping kin, either their own offspring or grand-
offspring. For this to work, there must be a constraint on the

duration of the female fertile period that nonetheless confers a
sufficiently high fitness benefit to have been favoured by selec-
tion. We describe where this constraint is likely to come from
in the next section. However, relationships with brain and body
mass in catarrhine primates suggest that the lifespan of human
females is predicted to be at least 20 years longer than the age
of menopause (Judge & Carey, 2000). This suggests that the
long lifespan of human females is an ancestral trait rather than
a consequence of recent selection on males. This hypothesis
also lacks an explanation for why female longevity is often far
greater than that of males across mammalian and human popu-
lations (Colchero et al., 2016; Lemâıtre, Ronget, Tidi�ere,
et al., 2020; Marais et al., 2018). Furthermore, there is no
reason given for the cessation of reproduction in females
associated with this male increase in reproduction (Croft
et al., 2015).

The cost of quality control: constraints on
female fertility imposed by trade-offs
between high quality oocytes and fertility
duration

In sexually reproducing eukaryotic animals, most of the zygote
cytoplasm, including key organelles such as the mitochondria,
is derived from the female gamete. This maternal inheritance
of mitochondria is thought to have arisen largely to preserve
compatibility between the nuclear genome and the mitochon-
drial genome, since this concerted dual control by both
genomes is essential to mitochondrial function (Lane, 2018).
Eukaryote gametes are produced from primordial germ cells
(PGCs) formed during embryogenesis. In most sexually repro-
ducing species, gametogenesis can occur throughout adult life.
In birds and mammals however, such continual production of
gametes only occurs in males; in females, no new germ cells
are formed after reaching a peak usually around half-way
through embryonic development. In both sexes two meiotic
divisions give rise to the haploid gametes. In males, gameto-
genesis is a tale of proliferation. Meiosis begins in males at
puberty and occurs continuously in adult life in cells derived
from the mitotically dividing PGC population. The two mei-
otic divisions produce symmetrical gametes and the four hap-
loid cells resulting from each PGC are shaped into
spermatogonia, with most of the cytoplasm being ejected. In
contrast, in female birds and mammals, gametogenesis is trig-
gered only at the embryonic stage and the number of oocytes
is fixed very early in life. In females, PGCs first divide mitoti-
cally in the embryonic genital ridge, increasing substantially in
number. Thereafter, female gametogenesis is a tale of loss on
an astonishing scale. Significant germ cell death occurs prior
to the onset of meiosis. A further substantial drop in number
arises from the formation of so-called germ cell cysts in
which groups of usually eight germ cells form cytoplasmic
bridges through which macromolecules and organelles are
transferred to a single germ cell destined to become a primary
oocyte. The remaining seven cytoplasm-depleted cells become
so-called ‘nurse’ cells and eventually die. This cytoplasmic
pooling is thought to include a clearing out of defective or
unsuitable organelles, especially mitochondria containing DNA
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mutations that impair mitochondrial function or reduce com-
patibility with the nuclear genome (Melvin & Ballard, 2017).
Modelling suggests that this may be the most important pro-
cess that gives rise to the drop in oocyte number (Colnaghi
et al., 2021), as a consequence of which, only one eighth of
the germ cells in the ovary enter the first phase of meiosis.
These are now termed ‘oogonia’ and are arrested at the first
meiotic prophase, when recombination between the sister chro-
matids has occurred; the first meiotic division has not yet
occurred and the oogonia are still diploid. These arrested cells
are then enclosed by specialized ovarian somatic cells (pre-
granulosa cells) and become primordial follicles. This oogonia
resting stage can last for decades in long-lived species, and
these cells, held in a kind of suspended animation, outlive
almost all other cells in the female body, leading a sheltered
life until required. Groups of follicles are progressively reacti-
vated when meiosis resumes at puberty. The meiotic divisions
in oogenesis are asymmetrical; at each of the two meiotic
divisions, one cell retains most of the cytoplasm and the other
becomes a depleted polar body. Thus, only one haploid gam-
ete is produced from the two meiotic divisions in females, in
contrast to the four in males, again substantially reducing
female gamete proliferation. Cell death is estimated to claim
up to 99.9% of cells in the mammalian female germline,
where most studies have taken place (Tilly, 2001). In humans
around 1000 or so PGCs reach the embryonic ovary, increas-
ing between the 2nd and 7th month of gestation to between 5
and 7 million, and then reducing to ca 1 million by birth.
This loss is thought to ensure that only oocytes with sufficient
levels of cytoplasm and cytoplasmic organelles are stored, and
that these organelles are the best of the bunch. Loss continues
relentlessly after birth. In humans, the number of oocytes
drops at a more or less constant rate to around 400 000 by
puberty and continues at a similar rate to around age 37–
40 years, by which time follicle number has fallen to around
25 000. The rate of loss then increases and by the human
menopause at ca age 51 years, only around 1000 remain
(Faddy et al., 1992). Importantly, this loss is irreversible. In
women, only a small number of oocytes (ca 400) are actually
ovulated during the fertile period and it has been estimated
that if the rate of loss not increase around age 37 years,
women could remain fertile until their early 70s (Faddy
et al., 1992). There is a mechanistic association between the
onset of menopause in women and the much-reduced number
of ovarian follicles (Broekmans et al., 2009). Support cells in
the ovarian follicles secret various substances, such as Anti-
Mullerian Hormone (AMH), which have a role in determining
female fertility. As follicular number drops, the level of circu-
lating AMH also drops. Once this reaches a critically low
level, thought to be about 150 follicles in women (Finch, 2014;
Finch & Holmes, 2010), the lack of AMH triggers the begin-
ning of the menopausal process.
The huge loss of potential germ cells during oogenesis in

female birds and mammals is neither random nor wasteful. It
is part of a massive screening process that results in a supply
of high-quality oogonia containing high-quality mitochondria.
Both the size of the follicular pool and the rate of oocyte loss
are strongly influenced by mitochondria (May-Panloup

et al., 2016). There is what has been termed a ‘mitochondrial
bottleneck’ in primordial oocytes, each of which contains only
a small number of copies of mitochondrial DNA (mtDNA),
estimated in humans at about 30–35 copies (Rebolledo-
Jaramillo et al., 2014). Screening out mutated copies that
might cause malfunction or mismatches with the nuclear DNA
is thought to occur at this stage, and species with the smallest
litters have the narrowest bottleneck and greatest cull of
oocytes during development (Lane, 2018). Mature oocytes can
have several hundred thousand mtDNA copies depending on
the species, these being one of the most mitochondrial rich cell
types in the body (Otten & Smeets, 2015). The enormous
amount of mitochondrial biogenesis needed to achieve this
level in the mature oocyte can lead to mtDNA replication
errors (Colnaghi et al., 2021; Kauppila & Stewart, 2015;
Lane, 2006) necessitating some further screening. During the
long period of storage in the ovary, mutations can also accu-
mulate in mtDNA in oocytes of older females (Arbeithuber
et al., 2022) again resulting in discarding of some oocytes and
failure of others to implant after fertilization. Techniques being
developed during In Vitro Fertilization (IVF) in which the
transfer of mitochondria from oocytes of younger women
appears to rejuvenate aged oocytes and increase implantation
success, further evidences the importance of mitochondria in
oocyte ageing, but such techniques remain controversial for a
variety of reasons (Otten & Smeets, 2015).
In most Eukaryotic organisms other than birds and mam-

mals, females produce oocytes de novo throughout their adult
life in much the same way as males, despite having the same
requirement for high-quality mitochondria in the female gam-
ete. What makes birds and mammals different? The answer
may lie with endothermy. In birds and mammals, the mito-
chondria perform a highly demanding dual function, the pro-
duction of both energy and heat, the latter being required even
when the animal is at rest. They achieve this by having more,
possibly five times as many, mitochondria per cell (Lane, 2018).
Thus, the screening out of incompatible and defective mito-
chondria may be even more ruthless in these species and best
done at the embryonic stage, but more research is needed to
understand why this is so. Still, most avian and mammalian
females do not have a PRLS. Where then does this leave us in
understanding the existence of a PRLS in the few species
where it does occur?

A speculative synthesis

What follows now is partly speculative but an explanation that
we think warrants further investigation. Based on the current
evidence, the most likely explanation of a PRLS is that this is
a consequence of a coming-together of a suite of physiological
and life history traits (see Fig. 8): (1) maternal inheritance of
mitochondria, (2) an endothermic physiology coupled with an
exceptionally large brain that is very energetically expensive to
develop and maintain, which necessitates very stringent quality
control of oocyte mitochondria and culling of oocytes with
damaged or nuclear-incompatible mitochondria, (3) long adult
life, which means that deterioration of oocyte mitochondria
occurs during the long term storage in long-lived species with
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no de novo oogenesis after birth, and (4) intense and protracted
maternal investment in offspring during their long development
time required for high level cognition, which limits plasticity
in reproductive scheduling. What we have then is akin to an
antagonistically pleiotropic effect; in order to provide offspring
that grow and develop successfully and thrive in complex
social environments, the number and shelf life of oocytes, and
hence the duration of the female fertile period, is limited.

Where the opportunity to achieve inclusive fitness benefits after
the cessation of fertility exists, this gives rise to a protracted
PRLS in females.
But why then do we not see a PRLS in some bird species to

which many of the same arguments pertain? The apparent
absence of a PRLS in birds might be because we lack data from
relevant wild bird species, such as long-lived seabirds like alba-
trosses with their low reproductive rates or from highly social,

Figure 8 A diagrammatic representation of factors explaining the transition to female sterility and the evolution of a Post-reproductive Life

Stage, as per the section, ‘A speculative synthesis’. Flowchart diagram drawn using draw[dot]io.
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co-operatively breeding species such as some corvids. Interest-
ingly, dissection of 18 of the occasional ‘dark-faced’ puffins
sometimes seen around breeding colonies was carried out during
large puffin culls that took place in summer on the Faroe
Islands; all 18 were old birds as indicated by the number of
grooves on the bill, all were female, and all had regressed ova-
ries and oviducts (Birkhead, 2022). Whether such birds have
permanently ceased reproduction or are skipping a breeding sea-
son and retaining their winter physiology is not known (see
Birkhead, 2022). As mentioned earlier, some highly social birds
do not appear to show a PRLS. More importantly however is
that, while some birds, especially parrots and corvids, have a
high level of cognitive power, both their brains and their body
sizes are compressed in order to facilitate flight. The nidopallium
of birds is functionally equivalent to the pre-frontal cortex of
mammals but in songbirds and parrots has twice the number of
neurons per gram compared with mammals (G€unt€urk€un
et al., 2021). Recent work has shown that avian neurones con-
sume three times less glucose than mammalian neurons (von
Eugen et al., 2022). This may mean that bird brains are much
cheaper to run and that aspects of the mitochondrial screening
programme are less stringent.

Future research

There remains much that we do not know about the occur-
rence, nature, and evolution of PRLSs. We have highlighted
gaps in our knowledge throughout this review. However, the
long-term studies necessary to fill these gaps are difficult to
carry out in the wild, and some of the information needed
requires invasive studies that are often incompatible with long-
term individual-based field programmes. The work needed is
very interdisciplinary, and collaborative ventures could be very
promising. Below, we provide a by no means exhaustive list
of potential avenues of research that could be addressed.

(1) More information is needed on the taxonomic spread of
PRLS, since robust data remain largely confined to har-
vested or charismatic species, species in captivity and
humans. We have, in this review, attempted to highlight
species that exhibit significant PRLS based upon values of
PrR. Data from a greater breadth of species would there-
fore be extremely valuable and extend our knowledge of
PRLS beyond captive populations and the current handful
of wild species. Species of special interest are those birds
and mammals with exceptionally large brains and body
sizes, long lifespans, and complex social networks. Co-
operatively breeding corvids would be of particular inter-
est, as would those mammals highlighted by Smaers
et al. (2021) as having especially large brain sizes for their
taxonomic group.

(2) Whilst several studies do exist that investigate the loss of
ovarian function with age (for instance see Ellis, Franks,
Nattrass, Currie, et al., 2018; Finch & Holmes, 2010),
more research is needed to offer a more comparative view
of follicular and reproductive loss across multiple taxo-
nomic groups, and how this relates to mitochondrial state.
However, much of the work investigating ovarian structure

is cross-sectional, in part because obtaining ovarian tissue
is very invasive and in order to gain insight, a sufficient
number of samples are needed across a wide variety of
ages. Advanced scanning techniques might help but it
would be very difficult to employ these in the field,
though technology is improving. More work could poten-
tially be done on follicular reserves at the end of life in
species that are long-lived, and which do or do not show
a PRLS. Obtaining samples would inevitably be adventi-
tious, but could be done in collaboration with veterinary
practices, wildlife rescue operations, and zoos. In some
cases, farmed animals might be used, for example
ostriches or unusually long-lived species such as donkeys.
More cross-species comparisons to examine how the sup-
ply of ovarian follicles scales with body size, brain size
and lifespan would also be of great interest.

(3) Mitochondria are likely to play an important role in facili-
tating the evolution of PRLS. Most of the detailed data
are from humans. Clearly an essential step would be to
examine changes in mitochondrial functioning and mtDNA
in oocytes with age in a variety of species.

(4) Further work to examine changes in mitochondrial func-
tioning in male gametes would also be very interesting
given their enormous proliferation. Changes in mitochon-
drial performance in sperm, while not inherited by their
offspring, could be important for the maintenance or not
of male fertility.

(5) The brain is a complex organ whose energetic costs are
unlikely to be fully captured when just considering brain
size. Simple measures of relative brain size, including ence-
phalisation quotients, do not capture this complexity. Rather
than using overall brain size in examining the link with
PRLS, gametogenesis, energy requirements and mitochon-
drial screening, it would be worth examining whether partic-
ular brain structures are more relevant/expensive. Elephants
for example, while they have a large cortex, appear to have a
lower density of neurons than primates. They do however
excel in long-term spatio-temporal and social memory and
have a very large cerebellum (Hart et al. 2008). The study of
the energetics of brain function is still in its infancy, and it
might vary with brain structure and complexity. Estimates of
the proportion of energy expenditure devoted to brain func-
tion could be very informative. More comparative work,
including comparisons of species known from robust studies
to be with and without PRLS, could be illuminating. For
example, short- and long-finned pilot whales differ in body
and brain size, and potentially also in key aspects of brain
structure and energetic requirements. Obtaining good data on
body and brain size is difficult and estimates in cetaceans in
particular vary widely. Certain species (such as dolphins,
which have very high EQs; Fox et al., 2017) could be exam-
ined in more detail.

(6) The pre- and post-natal development of a brain with high
cognitive power may be very energetically expensive and
underpin the slow maturation typical of the offspring of spe-
cies that show a PRLS. More comparative work on brain
energetics during development and the role of mitochondrial
functionality in this context could be very revealing.

Journal of Zoology 321 (2023) 1–21 ª 2023 The Authors. Journal of Zoology published by John Wiley & Sons Ltd on behalf of Zoological Society of London. 15

P. Monaghan and E. R. Ivimey-Cook Evolution of post-reproduction life stage

 14697998, 2023, 1, D
ow

nloaded from
 https://zslpublications.onlinelibrary.w

iley.com
/doi/10.1111/jzo.13096 by U

niversity O
f G

lasgow
, W

iley O
nline L

ibrary on [02/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(7) More work is needed to examine the cause of accelerated
follicular loss in women over 37 years and whether this
applies to other PRLS species.

(8) It remains unclear why female birds and mammals have
no de novo oogenesis after birth, why embryonic determi-
nation of oocytes number is advantageous, and what
changes in mitochondrial function in oocytes during stor-
age occur in species with and without PRLS.
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