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Understanding how and why menopause has evolved is along-standing challenge
across disciplines. Females can typically maximize their reproductive success by
reproducing for the whole of their adult life. In humans, however, women cease
reproduction several decades before the end of their natural lifespan'?. Although

progress has been made in understanding the adaptive value of menopausein
humans®*, the generality of these findings remains unclear. Toothed whales are the
only mammal taxon in which menopause has evolved several times®, providing a
unique opportunity to test the theories of how and why menopause evolvesina
comparative context. Here, we assemble and analyse a comparative database to test
competing evolutionary hypotheses. We find that menopause evolved in toothed
whales by females extending their lifespan without increasing their reproductive
lifespan, as predicted by the ‘live-long” hypotheses. We further show that menopause
results in females increasing their opportunity for intergenerational help by
increasing their lifespan overlap with their grandoffspring and offspring without
increasing their reproductive overlap with their daughters. Our results provide an
informative comparison for the evolution of human life history and demonstrate that
the same pathway that led to menopause in humans can also explain the evolution of
menopause in toothed whales.

Prolonged female postreproductive life—hereafter menopause—isan
evolutionary oddity that has puzzled biologists and anthropologists
for decades. In human societies, women living under natural survival
and fertility can expect to spend an average of 42.5% of their adult life
postreproductive’. This contrasts starkly with our closest extant rela-
tives: in most wild populations, female chimpanzees spend on average
only 2% of their adult life postreproductive! (but see ref. 6). Menopause
isaveryrare phenomenaand humans are the only terrestrial mammals
demonstrated to have evolved an extended female postreproductive
lifespan under natural conditions®. This rarity is perhaps unsurprising:
under most circumstances, individuals can maximize their fitness by
continuing to reproduce for their entire adult lifespan.

Thereis evidence that menopauseis adaptive in humans®. Although
the pathways and mechanisms by which menopause evolves remain
debated, the most well-studied and well-supported theories focus on
kin selection®and the balance of evidence suggests that menopause in
humans evolved because of acombination of the benefits of intergen-
erational help and the need to avoid costly intergenerational harm?.
Supporting thisinterpretation, research has found that the presence of
mothers and grandmothers canincrease the survival of their offspring
and grandoffspring” and there is evidence that ceasing reproduction
canallow older females to avoid costly competition with their relatives®.

Research on the evolutionary history of menopause has been con-
strained because menopause is a rare taxonomic trait in wild popula-
tions. In primates, for example, the scope for robust comparisons is

limited because menopause has only evolved once and humans are
unusual among primatesin key aspects of their ecology and life history.
Therecentdemonstration of the repeated evolution of menopausein
toothed whales (suborder Odontoceti) provides a unique opportunity
to investigate the evolution of menopause in a comparative context’.
In contrast to primates, in toothed whales, menopause has indepen-
dently evolved at least four times across five species (Fig. 1a), once in
the branchleading to short-finned pilot whales (Globicephala macro-
rhynchus™), false killer whales (Pseudorca crassidens™) and killer whales
(Orcinus orca'**) and once in the branch leading to narwhals (Mono-
don monoceros’®) and beluga whales (Delphinapterus leucas®). In this
study, we leverage this repeated evolution of menopause to determine
whether menopause in toothed whales evolved through the lengthen-
ing of the total lifespan or by shortening of the reproductive lifespan
(the live-long or stop-early hypotheses). We then evaluate inclusive
fitness explanations for menopause by investigating whether this life
history strategy increases the opportunity for intergenerational help
while minimizing intergenerational harm. Taken together, our findings
provide a unique opportunity to evaluate the generality of the theo-
retical frameworks proposed to explain the evolution of menopause.

Live-long or stop-early?
In humans, two pathways have been proposed for how menopause
evolved: the live-long hypothesis and the stop-early hypothesis****. The
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Fig.1|The evolution of menopause intoothed whales. a, Chronological
trimmed phylogenies of Odontocete cetaceans (derived fromref. 35) showing
species with lifespan data calculated by and included in this study. The
phylogeny shows 1,000 overlapping alternative tree structures. The four
independent transitions to menopause are shown withred branches and all
branches without menopause are showninblue.Species names marked witha
filled point are those for which we also have estimates of reproductive lifespan
derived from ovarian corpora. b, The relationship between body lengthand
ordinary maximum lifespan (age at which 90% of adult years have beenlived) in
female toothed whales with lifespan data (n = 32). Points (red with menopause;
blue without menopause) show the estimated mean value, with error (s.d.) in

live-long hypothesis proposes that menopause evolved by increasing
thetotal lifespan while the reproductive lifespan remained unchanged
from the non-menopausal ancestor, which leads to the comparative
prediction that species with menopause will have alonger total lifespan
but the same reproductive lifespan as species without menopause. In
contrast, the stop-early hypothesis argues that menopause evolved by
shorteningthe reproductive lifespan while the total lifespan remained
unchanged from the non-menopausal ancestor leading to the com-
parative prediction that species with menopause will have the same
lifespan as, but a shorter reproductive lifespan than, species without
menopause. Comparative work between humans and other primates
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boththesize and lifespandimensions; thiserroris carried through the analysis
(all points labelled: Supplementary Fig. 1a). The line shows the predicted
relationship between body length and lifespanin whales without menopause
(posterior mean + 50% Cl (darker ribbon) and +95% CI (lighter ribbon)). Species
withmenopause have longer lifespans than expected given their size.c, The
relationship between reproductive lifespan and body lengthin toothed whale
specieswithreproductive lifespan data (n =18, filled pointsina). Points, lines
andribbons as forb. Reproductive lifespanis the age at which ovarianactivity
is predicted to cease. Species with menopause (red) do not have shorter
reproductive lifespans than expected given their size (all points labelled:
Supplementary Fig. 1b).

provides some support for the live-long hypothesis: inhumans, women
have alonger lifespan but the same reproductive lifespan as female
chimpanzees'®'8; and the same reproductive lifespan as expected for
aprimate of their size”.

To test the predictions of the live-long and stop-early hypothesis
intoothed whales, we collated and analysed a multispecies database
of toothed whale life history. We developed and applied Bayesian
mortality models to all available sex-specific age-structured Odon-
tocete data, resulting in female lifespan estimates for 32 species of
toothed whale with representatives from all the main clades (Fig. 1a).
The models estimate the parameters of a Gompertz mortality model



from the ages of deceased whales (for example, from mass-stranding
events), while capturing uncertainty introduced by population growth,
sampling biases and errors in age estimation. We estimated reproduc-
tive lifespan by using age-linked ovarian corpora counts from whale
postmortems as indicators of ovarian activity®. We fit models to cal-
culate species-specific changes in ovarianactivity with age and define
reproductive lifespan as the age at which ovarian activity ceases. Using
all available toothed whale corpora data we estimate the reproduc-
tive lifespan of 18 species of toothed whale, including four of the five
species with menopause (Fig. 1a).

Inaphylogenetically controlled analysis, we found that species with
menopause live longer than expected given their size (Fig.1b; propor-
tion of posterior greater than zero is 0.99). The ordinary maximum
lifespan (age at which 90% of adult life years have been lived) of whales
withmenopauseispredictedtobe40 + 5 yr (mean +s.d.) longer thanthe
same-sized species without menopause. In contrast, species with meno-
pause donot have ashorter reproductive lifespan than expected given
their size (Fig.1c; proportion of posterior less than zerois 0.20). These
results are consistent with the predictions of the live-long hypothesis
but not the stop-early hypothesis.

Taken together, these results demonstrate that in toothed whales,
justasinhumans, menopause evolved by species extending their lifes-
pan without a corresponding increase in reproductive lifespan. Our
finding that menopause in toothed whales evolves by selection acting
to extend lifespan is consistent with evolutionary theories of ageing,
arguing that the costs and constraints of somatic and reproductive
ageing are likely to be different and that, under the right social condi-
tions, it may be easier for lifespan than for reproductive lifespanto be
extended®. Theories for the evolution of menopause, therefore, need
to establish the social conditions for (1) why lifespans have extended
and (2) why reproductive lifespan is not also extended.

Help and extended lifespans

Intergenerational help has been identified as a key adaptive benefit
of living long in species with menopause. As in humans, in all toothed
whale species with menopause for which the social structure is known
the whales inhabit multigenerational kin-structured groups and there-
fore have the potential for important roles of intergenerational help
and harmintheir life history. In humans and killer whales, grandmoth-
ers increase the survival probability of their offspring and grandoff-
spring”*? It has been further argued that providing intergenerational
help—particularly help from grandmothers to grandoffspring—is the
selection pressure that pushed females to extend their lifespan***, It
follows that species with menopause are expected to spend more time
alive at the same time as younger generations than species without
menopause.

We applied kinship demography models® to Odontocete life history
data to calculate the potential for intergenerational help in toothed
whales with and without menopause. We parametrized the kinship
demography models using the adult age-specific survival and fecun-
dity measures developed for our live-long and stop-early analyses, as
well as estimates of juvenile survival derived from further Bayesian
modelling of whale mortality data. We characterized the potential
forintergenerational help in each whale species as the expected total
number of years an adult female spends alive at the same time as her
grandoffspring and offspring. We calculate offspring and grandoff-
spring years atagivenage as the number of offspring/grandoffspring a
female canexpect to have at that age multiplied by the probability of a
female surviving to that age. We then sum this metric over all ages to get
thetotal offspring/grandoffspring years for that species. To compare
between species we derive ‘relative’ offspring and grandoffspring years
by dividing the total number of years by the species age at maturity.
We also extrapolated from extant species to simulate the demographic
parameters and hence the opportunity for intergenerational help, of
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Fig.2|Opportunities forintergenerational helpand harmin toothed
whales. a,b, Relative grandmother years (a) and mother-daughter reproductive
overlap (b) for toothed whale species (n=18; Fig.1a ‘filled point’ species) with
(red) and without (blue) menopause. Relative grandmother yearsrepresent the
number of grandoffspring years an adult female can expect to experience,
scaled tothe species-specific age at maturity. Reproductive overlap isthe
summed proportion of adult female reproduction that occurs concurrently
with thereproduction ofadaughter. The left-hand panels show estimates of
bothgrandmotheryearsandreproductive overlap and are derived from1,000
kinship demography models with parameters derived from the posterior
distributions of the lifespan and reproductive lifespan models applied to each
species. Points in this panel show the mean estimate of the parameter, whereas
the thickand thin error bars show the 50% and 95% Cls, respectively. The
right-hand panels show the distribution of posterior estimates from a Bayesian
model (Model post.) estimating the mean demographic parameter expected
over all species withand without menopause; points show the mean estimate.
Species with menopause have more grandmother years but the same
reproductive overlap as species without menopause.

the ancestors (shorter lifespan, same reproductive lifespan) of species
with menopause.

Species with menopause spend longer alive at the same time as their
grandoffspring than species without menopause (Fig. 2; $=1.01,95%
credibleinterval (CI) = 0.31-1.67; proportion of posterior menopause
greater than no menopause is 0.99). In species with menopause grand-
mothers are predicted tolive 1.04 + 0.38 relative grandoffspring years
(grandoffspring years/age at maturity: units for a given species are
therefore ‘age at maturities’) with their grandoffspring, whereas in
species without menopause grandmothers are only expected to live
0.36 + 0.08relative grandmother years with their grandoffspring. Put
another way, species with menopause can expect to live long enough
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Fig.3|Help and harmimplications of life history strategies for species with
menopause. Comparing the estimated relative grandmother yearsand
reproductive overlap for all five toothed whale species with menopause as:
observedinreal systems (observed, red areas); in their simulated ancestral
non-menopausal state (ancestral, blue areas); and asimulated analogue of the
speciesthat keeps reproducingto the end of life (slow life history, yellow areas).
Contoured areas show the distribution of the posterior distributionsunder
eachstate. Kinship demographic models are runseparately for each species-
statebut, forillustration, posterior estimates have been combined and z-scored
inspeciestoget comparable between-species estimates. In the menopause
state (red) females have more grandmother years but the same reproductive
overlap astheirancestral state (blue) and alower reproductive overlap thanin
theslow life history state (yellow).

for more than one grandoffspring to reach maturity, whereas spe-
cies without menopause can only expect to see an offspring to 36%
of age at maturity. Species with menopause, therefore, have agreater
opportunity for females to assist in raising their grandoffspring than
species without menopause. Supporting this,demographic simulations
show that species withmenopause have anincreased overlap with their
grandoffspring compared to their non-menopausal ancestor (Fig. 3,
observed versus ancestral cases).

Intergenerational help over one generation (from mothers to their
offspring) has alsobeen suggested tobe important to the evolution of
menopause™?, Supporting this we found that, as with grandoffspring,
females in species with menopause live for longer at the same time
as their offspring than do species without menopause (8= 0.37, 95%
Cl=0.14-0.59; proportion of posterior no menopause greater than
menopause is 0.01). Some theoretical work goes further and predicts
thatintoothed whales with menopause females should preferentially
direct their help at male relatives?. In systems in which males mate
outside of thelocal group, their offspring do not contribute toingroup
resource competition: females can therefore increase their inclusive
fitness withoutincreasing within-group reproductive competition by
investinginincreasing the reproductive success of their male relatives”.
This hypothesisis supportedinkiller whales: male resident killer whales
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receive costly investment from their mothers throughout their life.
Assuming that male size reflects competitive ability, this hypothesis
leadsto the comparative prediction that males will be relatively larger
thanfemalesin species withmenopause thaninspecies without meno-
pause because female investment in males allows them to reach and
maintain alarger size, increasing their competitive ability?’. Consistent
withthis prediction we find that in species with menopause the female/
male adult size ratio is smaller than in species without menopause
(8=-0.18,95%Cl =-0.36 to —0.007; proportion of posterior for which
female/male size ratio in species with menopause is less than without
menopause is 0.96; Supplementary Fig. 2). That is, males in species
with menopause are predicted to be amean of 20 + 7.7% larger than
females comparedto5 + 4% larger in species without menopause. This
is consistent with the prediction that, in species with menopause, help
willbe directed at males.

Help and reproductive lifespans

Intergenerational help has also been proposed as areason why repro-
ductive lifespan has not extended in species with menopause®?, Some
models have shown that when providing intergenerational help is so
costlyitcannotbe provided at the same time as reproducing, selection
will act to extend female lifespan without also extending reproductive
lifespan®~*2, These models lead to the comparative prediction that
the offspring of species with menopause will be more costly to raise
to maturity than offspring without menopause and therefore require
costly intergenerational help for reproduction to be successful.

We found no evidence that the offspring of species with menopause
require more investment to successfully reach maturity than the off-
spring of species without menopause. As measures of investment in
offspring, we used age at maturity as a metric of the time cost of rais-
ing an offspring; and adult body size as a metric of how much growth
needstooccur duringthejuvenile period. Neither females nor malesin
species with menopause have alater age at maturity than expected for
the size of their mothers (females, 8= 0.20,95% Cl = —0.33-0.72; males,
S =0.25,95%Cl=-0.28-0.76; Supplementary Fig. 3). Similarly, despite
males being relatively larger in species with menopause than without
menopause (above), overall in neither sex do adults in species with
menopause reach a larger size than expected given their sex-specific
age at maturity (females, 8= 0.18,95% Cl =-0.33-0.69; males, 5= 0.23,
95% Cl=-0.29-0.74; Supplementary Fig. 4).

In some models of intergenerational help and reproductive lifes-
pan, the benefit provided by older females has been modelled as an
increased reproductive rate in the daughters of postreproductive
females®*®, Under this mechanism, the observed reproductive rate of
species withmenopauseis predicted to be higher thanintheir ancestors
without menopause. However, we found no evidence to support this
predictionintoothed whales. We calculate baseline reproductive rate as
therate of reproduction necessary to maintain astable population size
given the age-specific mortality trajectories® as calculated from our
mortality model or predicted for our demographic simulations. Con-
trary to this hypothesis, inall five species with menopause, the baseline
rate of reproductionis predicted to be lower in the observed case than
in the ancestral case (proportion of posterior observed greater than
ancestralis1forallspecies). This suggests that species with menopause
arereproducing more slowly than their non-menopausal ancestor. This
result is consistent with research in killer whales demonstrating that
females withaliving postreproductive mother have alongerinterbirth
interval than those without a living postreproductive mother?.

There are, however, a variety of other ways that older females can
increase the fitness of their younger kin other than increasing their
daughters’ reproductive rate, such as increasing the survival of their
offspring and grandoffspring or increasing the reproductive success
of their sons.Indeed, as discussed above, investment in the success of
sons has been proposed as the key pathway by which postreproductive



females provide intergenerational help in killer whales?*, which
implies that we may not expect the presence of menopause to change
daughters’reproductive rate. Further, although here we have focussed
on two measures of help before maturity, other measures (for exam-
ple, age-specific growth rates) would be interesting to analyse as data
becomeavailable. Intergenerational help can also be provided after the
receiver has reached maturity: for example, in resident killer whales,
females provide life-long investment to their adult sons at a cost to
their own reproductive output?,

Harm and reproductive lifespans

Intergenerational harm has been implicated as a cost of extending
reproductive lifespanin species with menopause. Reproducing canbe
considered aformofgeneralized harmbecause reproductionincreases
within-group competition for resources®. Age-linked relatedness
asymmetries can lead to older females competing less for reproduc-
tive resources than younger females because of the costs of inflicting
harm on their concurrently breeding younger relatives*¥. Studies
in humans and killer whales have supported a cost for older females
reproducing at the same time as their daughters and daughters-in-law,
respectively, in species with menopause®*. Under a live-long frame-
work, not extending the reproductive lifespan while living longer is
away for females to gain the inclusive benefits of intergenerational
help while avoiding costly intergenerational conflict. In effect, this
intergenerational harmtheory argues that menopause allows females
to separate their reproductive generations while maintaining a long
lifespan overlap®. The intergenerational harm theories predict that
(1) species with menopause will have the same reproductive overlap
asspecies without menopause, despite living longer and (2) in species
withmenopause the observed reproductive overlap will be lower than
if they had also extended their reproductive lifespan and kept repro-
ducing to the end of their lifespan.

We used the same kinship demography models to measure intergen-
erational help to characterize the potential for intergenerational harm
intoothed whales with and without menopause. The potential for inter-
generational harm was measured as reproductive overlap, calculated as
the summed proportion of an adult females’ reproductive capacity that
overlaps with her daughters’ reproduction. Specifically, for all female
ageswe multiply the number of grandoffspring of age 0 they can expect
to have at that age by the remaining reproductive capacity from that
age. Thisisthensummed over all ages. This measure characterizes how
much of afemale’s lifetime reproduction is expected to occur at the
same time as when her daughter is reproducing. We also calculated the
opportunity for intergenerational harm in two simulated analogues
of the observed species with menopause: an ancestral case (lifespan
matching observed reproductive lifespan) and a slow life history case
(reproductive lifespan matching observed lifespan).

As predicted, species with menopause do not have a different
mother-daughter reproductive overlap than species without meno-
pause (Fig. 2; $=0.27,95% Cl =-0.49-0.97; proportion of posterior
menopause greater than nomenopauseis 0.73). Inboth species with
and without menopause the summed proportion of female reproduc-
tion occurring at the same time as her daughter is 0.05-0.09 (50%
Cl).Supportingthis result, we did not find any evidence that amodel
including menopause as a parameter has greater predictive power
than amodel without the menopause parameter (expected log point-
wise predictive density (elpd) difference without — with =-0.4 £1.0).
Further, demographic simulations show that in species with meno-
pause the observed reproductive overlap is lower than if they had
continued to reproduce for their whole lifespan (Fig. 3, observed
versus slow life history cases). The simulations also show that spe-
cies with menopause have not increased their reproductive overlap
compared to their non-menopausal ancestor (Fig. 3, observed versus
ancestral cases).

Female lifespans and male longevity

An alternative hypothesis for the evolution of an extended female
postreproductive lifespan is the male-driven menopause hypothesis,
which argues that female menopause is an artefact of selection on
extended male lifespan®°, Were female menopause an artefact of
selection on male lifespan we would expect that (1) males would live
longer in species with menopause thanin species without menopause
and (2) inspecies with menopause males will have a higher probability
of reaching, and live longer beyond, the age of female reproductive
cessation than females (Table 1). We find no evidence to support the
male-driven menopause hypothesis in toothed whales. In contrast to
the expectations of the male-driven menopause hypothesis, intoothed
whales we find that (1) the ratio of female to male lifespan is lower in
species with menopause than species without menopause (= 0.186,
95% Cl=-0.06-0.31; proportion of posterior below 0is 0.009) and (2)
thatinspecies withmenopause females are both morelikely tosurvive
to the age of female menopause (for all species, proportion of poste-
riorin which males are more likely to live to female age of menopause
than females is less than 0.04) and live longer once they reach that

Table 1| Summary of hypotheses and results

Hypotheses Prediction Result
Live-long hypothesis. In species with menopause, Supported
Menopause evolves when females will live longer (Fig. 1)
lifespan is extended than, but have the same
without also extending the reproductive lifespan
reproductive lifespan as, species without

menopause, given their size
Stop-early hypothesis. In species with menopause, Not supported
Menopause evolves when females will have the same  (Fig. 1)
the reproductive lifespan is lifespan as, but a shorter
shortened without changing  reproductive lifespan
the lifespan than, species without

menopause, given their size
Intergenerational help Females in species with Supported

selects for an extended
lifespan. Extended female
lifespans in species with
menopause evolve to allow
older females to increase the
fitness of their offspring and

menopause will spend
longer alive at the same
time as their grandoffspring
and offspring than

females in species without
menopause or their

(Figs. 2and 3)

grandoffspring non-menopausal ancestors
Intergenerational help Reproduction in species Not supported
selects againstanextended with menopause will be

reproductive lifespan. more costly than in species
Reproductive lifespanisnot  without menopause. And

extended in species with the rate of reproduction

menopause because they will be higher in species

can gain higher fitness by with menopause than in

helping younger generations their ancestor without

to reproduce menopause

Intergenerational harm Females in species with Supported

and reproductive lifespan.
Reproductive lifespan is not
extended in species with
menopause because of the
inclusive fitness costs of
reproducing at the same time
as offspring

menopause will have

the same reproductive
overlap as species without
menopause and their
non-menopausal ancestor
despite living longer

(Figs.2and 3)

Males and the evolution

of menopause. Female
lifespan is extended beyond
their reproductive lifespan

in species with menopause
because of selection on
extended male longevity also
affecting female lifespan

Males will have relatively
longer lifespans in

species with menopause
than in species without
menopause and in species
with menopause males will
have a higher probability
of living to, and will live
longer beyond (6.3), the
age of female reproductive
cessation

Not supported

Nature | www.nature.com | 5



Article

age (proportion of posterior in which males live longer than females:
belugawhale 0.20, narwhal 0.14, all other species less than 0.03) than
males. In other words, males in species with menopause have shorter
lifespans relative to females thanin species without menopause andin
species with menopause males are less likely to reach the age of female
reproductive cessation than females and live less long from that age if
they doreach that age.

Discussion

We have shown that the evolution of menopause intoothed whales has
a striking similarity to the evolution of menopause in humans, with
menopause evolvingin both humans and toothed whales through the
evolution of alonger overall lifespan without concurrently extending
thereproductivelifespan (Table1). We also found that the demographic
consequences of female life history cangive some insight into the selec-
tive pressures driving the evolution of menopause (Table 1). Namely,
we found that, compared to species without menopause, in toothed
whale species with menopause, females spend more time alive with
their grandoffspring but no longer reproducing at the same time as
their daughters. These life history similarities suggestimportantroles
foraspects of intergenerational help and intergenerational harmin the
evolution of menopause in toothed whales.

Theresults presented here provide support for asynthesis of differ-
enttheories for the evolution of menopause. Our comparative analyses
of toothed whales are consistent with a key role of grandmother ben-
efitsinthe evolution of menopause, as predicted by the grandmother
hypothesis**?*?4142 Byt unlike the expectations of the grandmother
and mother hypotheses'?®, we find no evidence that the benefits are
necessary because offspring are particularly costly to raise to maturity
in species with menopause or result in a faster baseline rate of repro-
duction in species with menopause*?®. Rather, and consistent with
the predictions of the reproductive conflict hypothesis, we find that
species with menopause do not have increased reproductive overlap
with their offspring, despite their extended lifespan?>. More generally,
we find support for the hypothesis that menopause allows females to
maintain separate reproductive generations while increasing overall
generational overlap. In agreement with some other recent studies
in humans***, we find no evidence for the male-driven menopause
hypothesis: in toothed whales the evolution of menopause seems to
be driven by selection on female life history.

There are various ways that older female toothed whales may pro-
vide intergenerational help. Older females can, for example, provide
intergenerational help by directly sharing food with their relatives*®,
babysitting their grandoffspring* or using their ecological knowledge
tolead their group when resources are scarce*s. Older females can and
do provide intergenerational benefits in at least some toothed whale
species. The effect of intergenerational help has been demonstrated
inresident-ecotype killer whalesin which the death of an older female
increases the mortality risk of both their grandoffspring* and particu-
larly their adult sons?.

Providing intergenerational help, and inflicting intergenerational
harm, relies on older females associating with their offspring and
grandoffspring. Long-term behavioural studies of killer whales have
shown that mothers and their adult offspring of both sexes associate
for at least part of*’, and in some ecotypes the entirety of, the moth-
ers’ life°. Although less definitive, there is growing behavioural and
genetic evidence that both false killer whales and short-finned pilot
whales inhabit stable mixed-sex social groups consisting of close rela-
tives, including mothers and their adult offspring of both sexes**2,
The social structure of beluga whales and narwhals is usually referred
to as ‘matrifocal’ but remains largely unknown. Both species exhibit
mitochondrial substructuring in the summer feeding grounds®>*.
Beluga whales of both sexes are found with close relatives in at least
some areas and contexts**° and female beluga exhibit behaviours
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consistent with being in close association with relatives®. There is,
therefore, the potential for long-term mother-offspring associations
in all five toothed whale species with menopause and therefore the
opportunity for postreproductive females to provide benefits to their
offspring and grandoffspring.

Intergenerational help alone, however, cannot explain the evolu-
tion of menopause and grandmothers have been reported to enhance
grandoffspring survival across awide range of species that lack a pos-
treproductive lifespan®. Indeed, our results indicate that in several
species without menopause there is considerable lifespan overlap
between grandmothers and their grandoffspring, suggesting the
potential for intergenerational help in these species. Menopause will
only evolve when both the benefits that older females can provide
their local kin are large enough to select for an extended lifespan and
the costs of late-life reproduction, for example, because of the con-
sequences of reproductive conflict, are high enough to select against
extended reproduction. Kinship dynamics—age-dependent changes
in patterns of local relatedness driven by patterns of dispersal and
mating*®—are suggested to play akey role in tipping the scale against
late-life reproduction?. Because female relatedness to her local group
increases as she ages, older females are under strong selection to help
and reduced selection to harm, which can favour the evolution of
menopause?. In contrast, under the same patterns of kinship dynam-
ics, young females are under stronger selection to harm and weaker
selection to help?. These asymmetries in local relatedness mean that
older females can be outcompeted by younger females when they
try to reproduce at the same time?¥. Resident-ecotype killer whales
exhibit bisexual philopatry with out-group mating leading to increas-
ing female local relatedness with age® and, as predicted on the basis of
patterns of kinship dynamics, old females lose out inintergenerational
reproductive competition with their daughters®. Similarly, social struc-
tures driving comparable patterns of kinship dynamics may have been
present in early Hominids®. We predict similar patterns of increasing
female relatedness with age in the other toothed whale species with
menopause, assuming that current sociality reflects the ancestral social
states. Kinship dynamics alone, however, are not sufficient to explain
the evolution of menopause. Increasing female relatedness with age is
also afeature of species without menopause (for example, long-finned
pilot whales®®). However, despite this kinship dynamics pattern, the
mortality rate-doubling time of long-finned pilot whales is half that
of short-finned pilot whales, reflecting the reduced importance of,
and areduced opportunity for, late-life selection in species without
menopause®. For menopause to evolve, the direct fitness costs of
ceasing reproduction must be balanced by very high indirect gains
that will involve both kinship dynamics relatedness asymmetries and
behaviours and ecological circumstances that allow older females to
provide large benefits to their kin.

Here, we have found evidence for the roles of intergenerational help
and harm in the evolution of menopause in toothed whales. Other
selective mechanisms, for example multilevel selection or intergroup
conflict, could also be playing roles in the evolution of menopause
alongside the kin-selected mechanism highlighted in this study. Further
research comparing between toothed whale species or comparing
toothed whales to other species in which menopause seems to occur
insome populations (for example, chimpanzees in Ngogo®) or in semi-
natural conditions (for example, Asian elephants Elephas maximus®®)
will lead to valuable insights into the evolution of menopause and of
life history more generally.

Toothed whales and humans have very different ecologies, modes
of sexual competition, sociocultural systems and their last common
ancestor lived about 90 millionyears ago®. Despite these differences,
our results show that humans and toothed whales show convergent
life history. Just as in humans, menopause in toothed whales evolved
by selection to increase the total lifespan without also extending
their reproductive lifespan. This convergent evolution of menopause



providesimportantinsights for our understanding of the evolution of
menopause in general, including in humans.
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Methods

For this study we collected, processed and analysed published data
fromtheliterature to get estimates of lifespan, reproductive lifespan,
size, survival to maturity and age at maturity for as many toothed whale
species as possible. We then used these estimates in analyses to under-
stand how and why menopause evolves. All datamanagement, analysis
and plotting were performed in R with the tidyverse, rstan cmdstanr
and ape packages®*®".

Data

Lifespan data and modelling. We collected sex-specific age-structured
toothed whale data from the literature and then applied a mortality
model to these data to get species-sex lifespan estimates for toothed
whale species. In most toothed whale species, the age of a whale can
be inferred by counting tooth growth rings®. There is a tradition in
the study of toothed whales to collect age and sex data from deceased
individuals, for example, after mass-stranding events. Here, we collate
and use these published data to understand toothed whale mortality
patterns. We collated the databy performing a systematic search of the
literature through Web of Science (webofscience.com) using species
name®, alternative species name®, common name®® and alternative
common names®’ with each of the search terms ‘life history’, ‘lifespan’
and‘agestructure’. We also repeated the search using relevant languages
local to the distribution of the species in question in an attempt to
reduce the English-language bias of our data’®. We repeated the search
for each of the 75 species of toothed whale recognized by the Interna-
tional Whaling Commission®. For each species, we also performed
opportunistic searches by following references through the literature
and identifying potential data sources using the relevant chaptersin
authoritative edited collections’ . From our search, we identified
and extracted” sex-specific age datainto a database’. In the database,
where possible, each dataset represents data from a single population
collected atasingle time; however, this is not always possible and some
datasets represent data collected from several populations or over
alonger timescale. We also parameterize the mortality model with
dataset-specific information on population growth, sampling biases
and age-estimation error each of which are based on data provided in
the original publication’. A species-sex was included in the analysis
if they had at least one dataset with more than ten samples above the
age of maturity and a sampling rate (number of samples/maximum
observed age) of greater than 0.5. Our complete database for analysis
used 269 datasets from 118 publications allowing us to estimate lifes-
pan for 32 species of female (Fig.1and Supplementary Table 1) and
33 species of male toothed whale. Fisheries by-catch (n =113) and
stranding (n =107) are the most common sources of data in our data-
base, although most species have datafrom several sources. Research
to date has not suggested or found evidence of systematic age differ-
encesin propensity to be taken as by-catch or stranding and when bias
is suspected in a given dataset we include this bias in our modelling
framework.

We developed a Bayesian modelling framework to derive the param-
eters, a and 3, of a Gompertz mortality model for each species-sex.
The framework aims to derive a distribution of mortality parameters
for each species-sex most parsimonious with the data and with the
potential and unknown effects of populationgrowth, sampling bias and
age-estimation error. We consider the count cof whalesin age category
i (where AGE is greater than age at maturity) in dataset d to be drawn
fromamultinomial distribution, where 6;is a product of the probability
of survivingto that age, L, the effect of population change, R, and the
effect of samplingbias, S; (equation (1)). L, R;and S;are defined on the
basis of afunction of the age, AGE, of the whales in category i. We con-
currently model that the countc,;is the number of whales with the true
ageiindatasetd, where the true age of whalej, 7, is drawn fromanormal

distributionaround the observed age, 0;, with a standard deviation of

&;(equation (1)). The modelisfit over all available datasets of the same
species. Datasets of the sex (SEX,;) share mortality parameters, datasets
from the same population (POP,) share a populationgrowth parameter
(r,) and each dataset has anindependent sampling bias parameter (s,,).
Sampling bias error is applied where AGE,;is within a predefined bias
window W,derived from the data source. Simulations demonstrate that
this modelis capable of recovering reliable estimates of lifespan under
abiologically relevant range of demographic and error scenarios™ (see
also Supplementary Information 1, Equations):
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Wefit this using Hamiltonian Monte Carlo chains implementedin R
and Stan®*“¢ (Supplementary Information 2, Mortality and Corpora).
For each species-sex, we then use the posterior estimates of a and 8
to calculate ordinary maximum lifespan (age 2): the age at which 90%
of adult life years have been lived”. This results in a distribution of
ordinary maximum lifespans for each species-sex derived from 40,000
draws fromthe posterior of the fitted mortality model. In the following
analyses, we use themean = s.d. of the posterior distribution of ordinary
maximum lifespans as our species-sex lifespan measures.

Reproductive lifespan and modelling. We use age-specific ovarian
activity to assess toothed whale reproductive lifespans. In toothed
whales, after ovulation, the corpora in which the ovum develops per-
sists in the ovary’®. A sample of corpora counts from whales of known
ages can therefore be used to calculate changes in the rate of corpora
deposition with age as a measure of age-specific ovarian activity®. In
long-finned and short-finned pilot whales the rate of corpora deposi-
tion with age matches age-specific pregnancy rates’. We use the age
atwhichthe rate of new corpora deposition reaches 0 as our measure
of reproductive lifespan.

The counts of corpora are commonly reported after dissections of
deceased whales. We build on the database of age-specific corpora
counts used in previous studies® by adding more datasets uncovered
during our systematic and opportunistic search for toothed whale
life history data (Lifespan data and modelling section). Each corpora
dataset consists of a sample of known-age females and the number
of ovarian corpora they were found to have. We only include corpora
datasetsinouranalysisifthey have asample size greater than or equal
to 20 and a sampling rate (number of samples/maximum observed
age from lifespan data) of more than 0.6. Our final sample size for this
analysis is 27 datasets from 18 species (Fig. 1, Supplementary Informa-
tion 2, Mortality and Corpora and Supplementary Table 2).

We apply a Bayesian model to these corpora data to find the age at
which ovarian activity reaches 0. Unlike in previous studies’®, here we
directly model the process of corpora deposition. We model the count
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of corporaatagivenadult age C;(where i = 0 is the age at maturity) to
be drawn from a Poisson distribution with mean A, where A;is the sum
of corpora (k) deposited at all previous ages, which in turn depends
on the initial rate of corpora deposition a and a linear rate of decline
inrate with age 8 (see also Supplementary Information 1, Equations):

C~Poisson(A)

A=) Ak )
J=0
Ak;=a(1- BAGE))

If several corporadatasets are available from the same species, they
aremodelled together with datasets allowed to differ in a but sharing
anage-specificrate of decline 8. For all species, reproductive lifespan
is then calculated as 1/8 + age at maturity. We calculate a distribu-
tion of reproductive lifespans from 40,000 draws from the posterior
distribution of 8.

Size and maturity. We use length rather than mass as our measure
of species size because of the difficulty of accurately measuring
mass in cetaceans’”’. For each toothed whale species-sex, we con-
sulted expert-written edited volumes”™ 7 to get all available metrics
of sex-specific length. For each species-sex, we collated all available
measures of mean, asymptotic, minimum and maximum length, as
well as standard deviation around the mean or asymptote. If metrics
were not available from a sex-specific sample (n =20) we instead used
any available combined sex samples;ifthis occurred, the species were
notincludedin any within-species-sex size comparisons. We then pro-
cessed these metrics to get a single estimate of mean size and standard
deviation around that estimated size (Supplementary Information 3,
Additional Data Explanation). This error was carried through all sub-
sequent analyses. Available estimates of mass were strongly positively
correlated with length (Supplementary Information 3, Additional Data
Explanation).

We use the same framework to generate estimates of age at maturity
for each species-sex as we did for size (Supplementary Information 3,
Additional Data Explanation). We gathered estimates of mean age of
maturity and distribution from expert consensus and then processed
these measures to get a single measure of mean age of sexual maturity
and standard deviation around the mean for each species-sex. For sim-
plicity, foranalyses not directly testing correlates of the age of maturity
we use the mean measure as the age of sexual maturity.

Inanalyses regressing size against age or vice versa, models take the
form of a Bayesian phylogenetically controlled linear model with the
required parameter and menopause as predictors. In these models,
both the true size and true age at maturity are considered to be
drawn from a normal distribution around the observed mean given
the observed standard deviation. The effect of phylogeny is imple-
mented as the covariance between species by means of the Ornestain-
Uhlenbeck process®.

Our kinship demography analysis requires estimates of juvenile
mortality. We generate estimates of juvenile mortality for the 23 data-
sets with good sampling (>100) of whales under the age of maturity
by applying a Gompertz mortality model with a bathtub term® (to
describe juvenile mortality) to these datasets. In these samples, we
found a negative correlation between age at maturity and the prob-
ability of surviving to maturity. We used this correlation to generate
aposterior distribution of the estimated proportion of whales born
surviving to maturity for each species-sex (Supplementary Informa-
tion 3, Additional Data Explanation).

Kinship demography analysis. We use a matrix population model-
ling framework to understand how many relatives of different classes
afemale can expect to have given her age® and hence her potential to

provide intergenerational help and intergenerational harm. For each
species, we build a Leslie matrix based on (1) mortality hazard at each
adult age derived from the lifespan modelling, (2) mortality hazard
atjuvenile ages derived from the survival to maturity analysis and (3)
age-specific fecundity derived from the corpora analysis  scaled by
the baseline fecundity fneeded to maintain a stable population (the
age-distribution of a stable population is calculated by inferring the
posterior distribution of mortality parameters when r=1for each
species from our fitted mortality models). For each S draw from the
corporaanalysis, we calculated the baseline reproductive rate by sys-
tematically exploring the parameter space to find the value of fneeded
to maintain this knownstable age-distribution (1 =1) using established
matrix population methods®. All of these inputs are the posterior
estimates from Bayesian analyses. Computational limitations mean that
itwas not possible to explore the entire combined posterior space, we
therefore take 1,000 draws from each posterior distribution and use
theseto create aset of alternative Leslie matrices for each species. We
apply kinship demography models®—adapted to predict both sexes
of offspring and grandoffspring—to each Leslie matrix to calculate a
distribution of the number of offspring and grandoffspring a female
canexpect tohave atagiven age.

We quantify grandmother overlap at age x as the number of mat-
rilineal grandoffspring below the age at maturity that a female can
expect to have at that age multiplied by the probability of surviving
to that age from maturity. We then sum this over all female ages. This
measure gives a direct measure of the number of years a female can
expect to be alive at the same time as her grandoffspring. Similarly,
mother-offspring overlapis quantified as the number of years afemale
can expect to spend alive at the same time as her offspring and is cal-
culated in the same way as grandmother overlap but replacing the
number of grandoffspring with the number of offspring (of both sexes).
We measure reproductive overlap as the cumulative proportion of a
female’s reproductive life remaining when her daughter gives birth. To
calculate this at each age we take the product of the expected number
of grandoffspring of age O that a female will have and multiply this by
the proportion of reproductive capacity remaining to afemale of that
age. Thisis summed over all ages to get the total reproductive overlap
inthe species. We use the same methodological pathway to calculate
‘relative offspring overlap’ between mothers and the offspring, deter-
mined separately for daughters and sons.

Demographic simulations. For each of the five species with men-
opause, we also calculated the expected grandmother years and
reproductive overlap under two alternative demographic scenarios:
(1) the ancestral case and (2) the slow life history case. The ancestral
caseisthe predicted demographics of theimmediate non-menopausal
ancestors of the species. Under the live-long hypothesis (see the sec-
tion ‘Live-long or stop-early?’), species without menopause evolve by
extending their lifespan without extending their reproductive lifespan.
For the ancestral case, we therefore simulate the demographic param-
eters of apopulation with the same lifespan as expected for the size of
thespeciesand thesamereproductive lifespan as observedin thereal
data (see Supplementary Table 3 for the derivation of parameters).
The slow life history case simulates a population in which, instead of
evolving menopause, females continue to reproduce for their whole
life. Under the slow life history case, lifespan is the same as observed
for the real species but reproductive lifespan is extended to lifespan
(Supplementary Table 3). We compare the ancestral case and slow life
history case to the observed demographics (observed case). For this
analysis, we measure reproductive lifespan as the age of the oldest
known reproductive active female (Supplementary Table 4) to allow
theinclusion ofkiller whales in the analysis, as no corpora dataare avail-
able for killer whales. Unlike most of the other species in our dataset,
the reproductive datasets for these five datasets are large enough to
allow arelatively robust estimate of the age of the oldest reproductively
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active female. For each demographic scenario, we use the pipeline for
the kinship demography analysis (above) to calculate distributions
of values of baseline reproductive rate, relative grandmother years,
relative mother years and expected reproductive overlap.

Analysis

Live-long versus stop-early. To understand if species withmenopause
live or reproduce longer than expected given their size and phyloge-
netic position we use amodel of the form:

17~ MultiNormal(u, K)

Z~-Normal(uZ, oZ)

7§~ Normal(usS, oS) A3)
By = 0+ B TS+ BopM;

—n2 prD--
Kij=n"e? "

where true lifespan 7Zis drawn from a multinormal distribution with
amean described by alinear model with terms for size (8s¢) and the
effect of menopause (Bpz). True ordinary maximumlifespanzZand log
truesize tSare drawn from normal distributions described by the means
(uZ, uS) and standard deviations (6Z, 0S) from the lifespan modelling
and log observed size, respectively. In species in which menopause
is present M =1, otherwise M = 0. The dispersion of the multinormal
distribution, K, is a covariance matrix derived from the phylogenetic
distance matrix by the Ornestain-Uhlenbeck process (parameters
n, p)%. All parameters have weakly informative priors. We use 1,000
time-calibrated bootstrapped phylogenetic trees derived from a
recently published cetacean phylogeny®. We run the model on each of
thebootstrapped phylogenies and combine the posterior estimates to
getacomplete posterior, whichis reported. We use the same modelling
structurereplacing ordinary maximum lifespan Zwith the age at which
ovarian activity reaches O to understand the relationships between
reproductive lifespan, size, phylogeny and the presence or absence of
menopause. We confirmed the absence of an effect of menopause on
reproductive lifespan by comparing the predictive power of models
with and without a menopause parameter (Supplementary Table 5).
There is no evidence that a model with a menopause parameter has
greater predictive power than amodel withoutamenopause parameter
(elpd difference without — with =-0.8 + 1.2 (¢s.e.); Supplementary
Table 6).

Asthe presence of menopause in beluga whales and narwhals*® and
in false killer whales’ has sometimes proved controversial, we repeat
this and other key analyses presented in this study excluding these
species. We also repeat the analyses excluding the largest and smallest
whale species to confirm that they are not exerting undue influence
over our interpretation. Lastly, we also repeated our analysis, cod-
ing menopause as a continuous value with error to capture potential
differences between menopause species and uncertainties around
menopause status. In all cases, these exclusions made no qualitative
andlittle quantitative difference to any of our results (Supplementary
Table 5).

Help and extended lifespans. We tested three predictions to inves-
tigate the role of intergenerational help in the evolution of extended
lifespans (Table 1). We compared the grandmother overlap of species
withand without menopause using a phylogenetically controlled Bayes-
ian regression model (Table 1). In this model, relative grandmother
overlap—calculated as grandmother overlap/age at maturity—is the
response variable providing amore meaningful interspecies compari-
son. Posterior predictive checks demonstrate that this model captures
the observed distribution of the data (Supplementary Figs. 5and 6)
and, although the sample size means the true distribution is uncer-
tain, there is no strong evidence that the grandmother years metricis
bimodal (SupplementaryFig. 6). If further data find strong evidence of

bimodality it could indicate that there are two modes of life in toothed
whales that might have implications for understanding the evolution
of life history strategies, including menopause. We use the same ana-
lytical pathway to compare the mother overlap of species with and
without menopause (Table 1). Last, we used the outputs of the demo-
graphicsimulations to compare grandmother overlap in species with
menopause to their non-menopause ancestor. Applying the kinship
demography models to the demographic simulation ‘ancestral case’
allowed us to generate a distribution of potential relative grandmother
overlap values for the proposed non-menopausal ancestor of toothed
whale species with menopause.

Help and reproductive lifespans. We use two metrics to quantify
the costs of offspring and to test the prediction that the offspring of
species with menopause are more costly than the offspring of species
without menopause (Table 1): age at maturity and size at maturity
(adult size). Specifically, we test the predictions that (1) species with
menopause have alater age at maturity than expected given the size
of their mother, which would suggest extended maternal investment,
and (2) species with menopause have larger adult size than expected
given their age at maturity, which would suggest greater maternal
investment during the juvenile phase. We tested these predictions
separately for each sex, using a phylogenetically controlled Bayesian
regressionmodel. There are other potential costs of raising offspring
not captured by these metrics, including the costs of caring for off-
spring beyond maturity?, which could be aninteresting focus of future
research. Inaddition, we test the explicit mechanism that some models
have proposed by which the costly intergenerational help of older
females can benefit their younger kin. These models propose that,
by ceasing reproduction, older females can invest in increasing the
reproductive rate of their daughters®***, We test this by comparing
the observed baseline fecundity in species with menopause, derived
from the kinship demography models, compared to the predicted
baseline reproductive rate of their non-menopausal rate. In a further
analysis, we compare the baseline fecundity of toothed whale species
with menopause and without menopause (Supplementary Fig. 7).

Harm and reproductive lifespans. We tested two predictions to estab-
lishtherole of intergenerational harmin the evolution of reproductive
lifespan (Table1). First, we used a phylogenetically controlled Bayesian
regression model to compare the predicted reproductive overlap of
species with and without menopause, in which reproductive overlap
was derived from the kinship demography models (Table1). Posterior
predictive checks demonstrate that thismodel captures the observed
distribution of the data (Supplementary Fig. 5) and the metric does
not show any clear evidence of bimodality (Supplementary Fig. 6).
We confirm our result by comparing the predictive power of models
with and without a menopause parameter (Supplementary Table 7).
Similarly, neither running the model on the mean reproductive over-
lap estimates without uncertainty, nor replacing the true uncertainty
around the reproductive overlap with the scaled uncertainty for that
species from the grandmother years metric, qualitatively change our
conclusions. Second, we compare observed reproductive overlap in
species with menopause to the reproductive overlap in the slow life
history case representing the non-menopausal analogue of the spe-
cies with menopause (Table 1). The predicted reproductive overlap is
derived by applying kinship demography models to the output of the
demographic simulations.

Female lifespans and male longevity. We tested two predictions of
the male-driven menopause hypothesis. First, we compare relative
male and female lifespans in species with and without menopause
(Table 1). In species for which estimates of ordinary maximum lifes-
panareavailable for both sexes (n =30, including all five species with
menopause) we compared the difference in female:male lifespan ratio



(tl) in species with (M;=1) and without (M, = 0) menopause using a
model of the form:

6l ~logNormal(u, o)
o-Exp(1)
Tlf[~ Normal(ulﬁ_, alf[) 4)
tl, ~Normal(ul,, ol,,)

T[fi
0= tly,
where t/;and 7/, are, respectively, true female and male lifespans, drawn
from a normal distribution parametrized by the distribution of age Z
calculated from the posterior of mortality parameters (Lifespan data
and modelling section).

Second, for each of the species with menopause we also calculated
the probability of each sex reaching the age of female menopause (/)
and the expected lifespan at the age of female menopause (e,). We
use the age of last known reproduction as age of menopause to allow
all killer whales to be included in the analysis (Kinship demography
analysis section) but results are qualitatively similar ifthe reproductive
lifespanis used. We calculated /,,and ey, from the mortality parameters
derived from the fitted Gompertz models®. Morality parameters for
bothsexes are calculated in the same model so for each species female
and male [, and e,can be directly compared from each posterior draw.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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