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ABSTRACT

Accurate measures of lifespan and age-specific mortality are important both for understanding life-history evolution and for informing conser-
vation and population management strategies. The most accurate data to estimate lifespan are from longitudinal studies, but for many species
(especially those, such as toothed whales, that are wide ranging and inhabit environments that are difficult to access) these longitudinal data
are not available. However, other forms of age-structured data, such as data from mass strandings, are available for many toothed species, and
using these data to infer patterns of age-specific mortality and lifespan remains an important outstanding challenge. We developed and tested a
Bayesian mortality model to derive parameters of a mortality function from age-structured data while accounting for potential error introduced
by mistakes in age estimation, sampling biases, and population growth. We then searched the literature to assemble a database of 269 published
age-structured toothed whale datasets. We applied our mortality model to derive lifespan estimates for 32 species of female and 33 species of
male toothed whale. We also used our model to characterize sex differences in lifespan in toothed whales. Our mortality model allowed us to
curate the most complete and accurate collection of toothed whale lifespans to date.

Keywords: toothed wales; odontocetes; lifespan; life history

INTRODUCTION habits in marine habitats and, in at least some species, their ex-
treme longevity. Addressing this challenge is crucial, because
characterizing age-specific mortality of toothed whale species is
important to inform conservation efforts. Toothed whale popu-
lations are subject to a variety of stressors, including fisheries
bycatch (Lewison et al. 2004), whaling (Clapham et al. 2007),
pollution (Reijnders et al. 2018), anthropogenic noise (National
Research Council 2005), and a changing climate (van Weelden
et al. 2021, Kebke et al. 2022). Lifespan and age-specific mor-
tality are important variables when modelling how populations

Quantifying age-specific mortality risk (i.e. the hazard of an indi-
vidual dying given their age) is fundamental to the study of life-
history evolution (Shefferson et al. 2017) and is vital to informing
conservation and population management strategies (Wade
2018). Data from longitudinal studies of individually identified
individuals are the benchmark for calculating age-specific mor-
tality risk. Tracking individuals from birth to death can give an un-
biased measure of age-specific mortality risk over the time period

when the observations were conducted (Caughley 1966, Hamlin ) n now popuiat
et al. 2000, Nufiez et al. 2008, Gaillard et al. 2017). Alth ough the will react to stressors. In addition to conservation implications,
number of species for which these data are available is increasing tOOtheC.l whales rep resent a sc1ent1.ﬁcal¥y important case st.udy
(e.g. Salguero-Goémez et al. 2016, Lemaitre et al. 2020) they are of the links b?t\./veen .socr:%hty and l{fe history, p artlc.ularlly gven
still rare and hard to collect, especially for long-lived species and that they exhibit a diversity of social systems and life histories
those that are difficult to study in the wild. (Connor et al. 1998, Whitehead and Mann 2000, Gowans et al.

Toothed whales (Odontocetes) are difficult to follow lon- 2007, Weiss et al. 2021), including being the only mammalian

gitudinally through their life owing to both their wide-ranging taxa in which menopause has evolved multiple times (Ellis et
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al. 2018a, b, 2024). It is therefore important to develop robust
measures of lifespan that can be applied to toothed whales.

Although long-term longitudinal mortality data are rare in
toothed whales, age-structured data are relatively common. The
ages of individual toothed whales can be estimated by counting
the growth rings in a cross-section of a tooth (Perrin and
Myrick 1980, Read et al. 2018). This characteristic, along with
a tradition of collecting detailed anatomical data from deceased
whales (e.g. from mass-strandings or fisheries bycatch), has re-
sulted in the widespread publication of age distributions of sam-
ples of toothed whales. However, reporting the ages of calves and
younger whales is less common and less systematic than the re-
porting of adults. For this reason, throughout this study we focus
onlifespan from age at maturity. Anatomical and age-distribution
data from deceased whales have been an important (and, in
many species, the only) source of information on demography,
life history, and behaviour in toothed whales. However, because
the data are cross-sectional, they have the potential to be biased
as a measure of lifespan. In particular, three sources of error in
cross-sectional mortality data have been identified: population
growth or shrinkage, sample biases, and age-estimation error
(Caughley 1966, Hamlin et al. 2000, Nuiiez et al. 2008, Gaillard
et al. 2017). Population change (growth or reduction) will affect
the realized age distribution of a sample independently of pat-
terns of mortality. For example, when a population is increasing,
younger individuals will be over-represented in a given sample.
Conversely, if a population is shrinking, older individuals will be
over-represented. Sample biases might be introduced into the re-
ported age distribution of whales both at the point of mortality
(e.g. if younger individuals are more likely to be caught as fish-
eries bycatch) and during the sample (e.g. if larger, older, whales
are preferentially selected for anatomical sampling). Likewise,
and as with any data-collection methodology, errors in age es-
timation might be introduced during the process of counting
growth rings in the teeth. Any method using age-structured data
to derive age-specific mortality requires a mechanism to propa-
gate error through to the final mortality parameter estimates.

In this study, we develop, test, and apply a method that uses
age-structured data to derive estimates of age-specific mortality
for toothed whale species. Specifically, we develop a Bayesian
mortality model to estimate the parameters of a mortality func-
tion from age-structured data, while capturing variation in these
values introduced by population growth, sampling biases, and
age-estimation errors. We then use large-scale simulation to
test our mortality model. Finally, we collate a database of age-
structured toothed whale data from the literature and apply
our methods to obtain estimates of age-specific mortality for
as many toothed whale species as possible. We also use our
models to compare male and female lifespans across our sample.
Throughout this study, we focus on lifespan as a tractable and
biologically relevant property of cumulative age-specific mor-
tality.

MATERIALS AND METHODS
Mortality model

The number of whales of age i in a sample will depend on
four key variables (Nufiez et al. 2008, Gaillard et al. 2017):
(i) the probability of a whale surviving to age i; (ii) the

population growth rate (positive or negative); (iii) biases
in sampling; and (iv) error in age estimation. The aim of
our model is to obtain a distribution of potential parameter
values for a mortality model (i) given the unknown magni-
tude and influence of the other effects (ii-iv). Our model,
therefore, does not aim to obtain a single ‘best estimate’ for
the lifespan of each species, but rather to generate a distri-
bution of potential lifespans given the observed data and
the other processes that might be influencing the observed
data. Subsequently, the model is not designed to estimate
the effects of (ii-iv) and in fact when fitted, the posteriors
of parameters relating to (ii-iv) do not usually differ from
their priors. The presence of these parameters in the model,
however, means that the derived distribution of mortality
parameters (i) are those most consistent with the data,
given the unknown effects (ii-iv).

In this section, we initially describe the case of the model ap-
plied to a single dataset. We then move on to describe how this
single-dataset model can be generalized to combine data from
multiple datasets, sexes, and populations of the same species into
a single model.

We consider the count, ¢, of whales of a given age, AGE, in a
sample to be drawn from a multinomial distribution, with prob-
ability 6 over N individuals, where 0, is a function of: survival
to age AGE, L; the effect of population growth, R; and sam-
pling biases at that age S, (equation 1). Throughout this section
AGE refers to age adjusted to age at maturity, such that age 0 is
species- and sex-specific age at maturity.

¢ ~ Multinomial (6, N)
LiR;S;

6 = il
> LiR;S; (1)

Survival

We model the underlying probability of an individual surviving
to age i as the survival curve (equation 2) derived from the
Gompertz mortality model (Gompertz 1825):

1(i) = o (") (P4 ~1) (2)

where a is the baseline mortality and f is the increasing prob-
ability of mortality with age (ageing). Given that we are mod-
elling survival only from age at maturity, we do not use the
Makeham/bathtub form of the Gompertz equation. We chose
the Gompertz mortality model because it has few parameters,
is widely used in studies of mammal senescence (Gaillard et al.
2017), and was recently found to be the most parsimonious
mortality model in several killer whale populations (Nielsen et
al. 2021).

The probability that a sampled individual is of age i, L, is
drawn from the probability density function of the survival
equation. Hence:

e_(a/ﬁ)(eﬁXAGEi_l)

= ~ = B xAGE; _
Z;L:Oe (“/p)(e 1) (3)

where n is the maximum possible age; here, we use n = 150 for
all species.

i
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Given that both Gompertz parameters are bounded between
zero and one, we set up priors on a and  drawn from Beta dis-
tributions:

x ~ Beta(pai, pag)
B ~ Beta(pfi, pB2) (4)

For this study, pa =6.79, pa, =166.31, pf =991, and
pPB, = 37.93. These priors are centred on the mean of published
Gompertz alpha and beta values for Artiodactyla, with a variance
double that of the published data (Gaillard et al. 2004, Toigo et
al. 2007, Foote 2008).

Population growth rate

We model the increased probability of individuals of age i being
observed owing to population growth R as:

Ri = (1- %
r
p= 1/9 x max (o) (5)

where r is the population growth parameter, with r =0 rep-
resenting a stable population, r > 0 a growing population, and
r < 0 a shrinking population. For simplicity, we assume that the
population growth rate is constant, or averages to a constant
value, over the whole length of the study: r, therefore, represents
annual population growth in any year of the study. The param-
eter p is the growth parameter scaled to the maximum observed
lifespan of the species, max(0), such that the value of r can be
compared directly between species and given a sensible and con-
sistent prior. For example, = 0.1 means that the population will
increase by 10% over half the maximum species lifespan. Max(o)
is calculated from the raw data.

We use priors that allow us to leverage any data that might
exist on the given population:

Normal (-0.25, 0.2) pr=1
r €[-0.5, 0.5] ~ { Normal(0, 1) pr=20
Normal (0.25, 0.2) pr=-1

(6)

where pr = 1 indicates that there is strong evidence the popu-
lation is growing, pr = —1 that there is strong evidence that the
population is shrinking, and pr = 0 that the population growth
status of the population is unknown. Priors are moderately in-
formative and are limited between the population halving and
doubling over half the maximum species lifetime.

Sampling bias
We model sampling biases as an increased or decreased prob-
ability that whales within a given window, W, are under- or over-
sampled. The sampling bias age window, W, is a predetermined
input into the model. Within the range a sampling bias effect s is

applied, thus:
S s+1 AGE; c W
AN AGE; ¢ W )
where s > 1 indicates that ages within range W are more likely to

be sampled, s < 0 that they are less likely to be sampled, and s = 0
means no differences within and outside the range.

Toothed whale lifespans  « 3

The prior used for s in a given sample depends on whether the
ages within the range are known to be over-sampled (ps = 1),
under-sampled (ps = —1), or whether the direction is unknown

(ps = 0).

Normal (1, 0.5) ps=1

Normal (0, 2) ps=0

Normal (-1, 0.5) ps= -1
(8)

s €1, 2]~

Age—estimation error

We consider the true age of each whale j in the sample, T, to be
drawn from a Gaussian distribution around the observed age 0,
with standard deviation ¢, where B is species—sex specific age at
maturity; adding B therefore corrects between the real observed
age of the sample and the model age (where age at maturity is
age 0).

77 ~ Normal (0;, ¢j)

&

1
=30 tB (9)
We selected a Gaussian distribution because it allows observed
ages to be both over- and under-estimates of the true and allows
assumptions around different ageing errors with age pattern to
be explored.

We assume that the error is additive such that ¢ is 5% of
the observed age, and therefore that there is a greater error
around older samples than younger samples. The value of 5%
was chosen to reflect a reasonable error rate in counting tooth
rings, but changing this variable within reasonable bounds
does not affect the model outcomes qualitatively. The out-
come of this is that for a sample with an observed age of 10
years, the model assumes that there is a 90% probability that
the true age is between 9 and 11 years, and for a whale of ob-
served age S0 years there is a 90% chance the sample is be-
tween 45 and 55 years.

We use estimated true ages, rounded to the nearest integer
(notation: |x]), of all the whales in the sample (N) to calculate
the counts ¢ of whales of a given age i in each sample used for the
rest of the model.

N

ci= Y _[|m] =AGE]

k=1 (10)

We combine these parts into a single model per species.
Furthermore, we design the model such that we run one model
per species, combining multiple datasets and both sexes (where
available). We estimate mortality parameters (a and f8) for each
sex with data from multiple datasets. Where multiple datasets
are derived from the same population (most commonly, one
for each sex), we estimate a single population growth parameter
for these datasets. We calculate a separate sampling bias metric for
each dataset. The complete model is shown below (notation key
in Table 1):

¢ ~ Multinomial (¢, N)

P L4iRqiSa,
* S LgiRq;Sa,
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Table 1. Explanation of symbols used in equation (1-11).

Symbol Explanation

i Model variable. Index through possible ages (see AGE).
d Model variable. Index through datasets.

j Model variable. Index through samples.

p Model variable. Index through populations.

n Model variable. Total number of possible ages.

N Model variable. Total number of samples.

Model variable. Count of samples in dataset d of age i.

L, Model variable. Probability of surviving to age i.

R, Model variable. Change in probability of finding a whale of age i given population growth in dataset d.

S d; Model variable. Change in probability of finding a whale of age i in dataset d owing to sampling bias.

p d, Model variable. Change in population size over half the maximum lifespan of the whales in dataset d.

g Model variable. Standard deviation around the observed age of sample j.

0, Data. Observed age of sample j.

SEX, Data. Sex of whales in dataset d.

AGE Data. Vector of possible ages of whales in the sample. Here 0~150 (where 0 = age at maturity).

POP, Data. Population to which dataset d belongs.

DSET, Data. Dataset sample j is drawn from.

w, Data. Window of ages with potential sampling bias in dataset d.

B, Data. Each at maturity of individuals in sample d.

pr, Data. Prior belief in the direction of population growth in population p.

s, Data. Prior beliefin the direction of bias for samples in W,.

pa,, Data. Shape parameters (1 and 2) describing the prior expectation for Gompertz a values derived from the literature. Here:
pa, = 6.79,pa, = 166.31.

P8, Data. Shape parameters (1 and 2) describing the prior expectation for Gompertz  values derived from the literature. Here:

pB, = 991, pp, = 37.93.

a, Parameter. Gompertz mortality model baseline mortality for females [1] and males [2].
Parameter. Gompertz mortality model ageing for females [1] and males [2].
12 P Y geng
T Parameter. True age of sample j.
r, Parameter. Population growth of population p.
s, Parameter. Sampling bias towards samples in window W,
- (O‘SEXd /ﬁSEXd) (eﬁsEXd XAGEq ; _1) «x ~ Beta (pal, pag)
L; =
aSEX Bsgx , XAGEg),
0 I S Cat ) B ~ Beta(pfi, pd)
Ryi=(1- pd)AGEd’i Normal (—0.25, 0.2) pr, =1
r, €[-0.5, 0.5] ~ { Normal(0, 1) prp=0
04 = T'PoP, Normal (0.25, 0.2) pr, = -1
1
/2 x max (ODSETSEX: SEXd) (11)

Normal (1, 0.5) psg=1
sq €[-1, 2] ~ { Normal (0, 2) psqa=0

g {Sd +1 AGEd,i e Wy
i~
Normal (-1, 0.5) psg= -1

1 AGEy; ¢ W,

7; ~ Normal (0;, ¢;)
The model was implemented in STAN and R using function-
ality from the RSTAN, CMDSTANR and RETHINKING packages
(McElreath 2023, Gabry et al. 2024, Stan Development Team
2024, R Development Core Team 2021). The model has been
N built into an R package [MARINESURVIVAL (github.com/
Cdi = Z [ |71 = AGE;, DSET = d] samellisq/marinesurvival) ] that includes all R and STAN code
k=1

necessary to implement the models.

1
& = %(OJ‘FB)
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Testing the model

We performed two analyses to test the ability of the model to
estimate toothed whale age-specific mortality.

First, we tested the ability of the model to recover the known
input parameters. To do this, we generated 100 simulated datasets
of each combination of seven sample sizes (N = 10, 20, 35, 50,
75, 100, 200) and seven population growth rates (r = —0.25,
-0.1, -0.0S, 0, 0.0S, 0.1, 0.25), giving a total of 4900 simulated
datasets. Rather than selecting mortality parameters a and f at
random, we chose the parameters to represent a plausible range
of odontocete adult lifespans. For each S-year age window be-
tween 0 and 50 years, we generated 500 paired a and  param-
eters, resulting in lifespans within that window by selecting at
random from a systematic analysis of the a x f parameter space.
For each simulation, we selected a and f parameters from these
7500 pairs. The result of this was an equal probability of the popu-
lation in any simulation having an (adult) lifespan in any S-year
age window between 0 and 50 years. All other model parameters
were chosen at random for each simulation. We applied the mor-
tality model to each simulation and generated a posterior distri-
bution of ordinary maximum lifespans (see section ‘Calculating
lifespan’) predicted by the model. Models that did not converge
were not included in any further analysis. As our metric of model
accuracy, we used the minimum credible interval width from the
posterior distribution of maximum lifespans required to capture
the true maximum lifespan. An accuracy of zero would indicate
that the median of the posterior matches the true maximum life-
span, whereas an accuracy of 0.52 would mean that the true life-
span is captured by the 52% credible interval of the posterior. We
focused on the accuracy of the model in relationship to sample
size, population growth, and whale lifespan as those parameters
most likely to bias our measures of lifespan systematically with
real data. This approach was functionally similar to a simulation-
based calibration approach (Modrék et al. 2023).

Second, we compared the lifespan estimates from our mor-
tality model with well-characterized lifespan estimates derived
from longitudinal data in a well-studied toothed whale popula-
tion. Southern-resident killer whales inhabiting the north-east
Pacific ocean are regularly observed in inland waters in the Salish
Sea (Bigg et al. 1990). The population has been studied inten-
sively for 50 years, and all births (of whales surviving their first
year) and deaths in the population have been collated by the
Center for Whale Research since 1976 (details, including age es-
timate for whales born before 1976, are given by Nielsen et al.
2021). A previous study has used these detailed demographic
records in conjunction with established Bayesian mark-recap-
ture mortality modelling to estimate age-specific mortality in
this population (Nielsen et al. 2021). Mark-recapture mortality
models derive parameters for a mortality function given known
dates of birth and death, incorporating sightings data to improve
parameter estimation and estimate unknown years of birth (for
further details, see Colchero et al. 2012, Nielsen et al. 2021). We
rescaled the published age-specific survival estimates to apply
only to adults by dividing all post-maturity survival estimates
by the estimated survival to maturity. From these adult survival
curves, we could derive a credible interval of ordinary maximum
lifespans (hereafter, longitudinal lifespan). We tested our model
by comparing the longitudinal lifespans with estimates derived
from our model applied to data from the same population. We

Toothed whale lifespans  « §

used a single year of southern-resident killer whale demographic
data (the equivalent of a situation where the whole population
of whales in a single year were sampled, sexed, and aged) as the
datasets input into the model. We used the year 1992, when
the southern-residents population size peaked (1976-2015);
the samples consisted of 45 adult females and 16 adult males pre-
sent in the population in that year.

Literature search

We performed a systematic and opportunistic search of the lit-
erature in May-September 2021 to identify and extract all pub-
lished age-structured toothed whale data. Age-structured data
are data where the ages of individuals of known age and sex can
be collected or inferred from published results. For each of the
75 species of toothed whale (IWC 2021), we searched the Web
of Science database (webofscience.com) with the species name
plus, separately, each of ‘life history’, ‘lifespan) and ‘age struc-
ture’ We repeated this sequence with the currently accepted
species name, any previously used species names, and all widely
used common names for the species. In addition, limiting
searches to publications in English can bias datasets in system-
atic reviews and meta-analyses (Konno et al. 2020); therefore,
for each species we repeated the database query, replacing the
English search terms with the same terms translated into major
languages commonly spoken around the species distribution.
However, there is still likely to be some bias, especially against
languages not written in the Latin alphabet. We also performed
an opportunistic search by consulting the relevant chapters in
the Handbook of Marine Mammals, Volumes 4-7 (Ridgway and
Harrison 1989, 1994, 1999) and the Encyclopaedia of Marine
Mammals, third edition (Wiirsig ef al. 2018) and identifying po-
tential data sources referenced in these chapters, in addition to
searching backwards and forwards through the citation network
of identified papers.

We extracted age-structured datasets from these publica-
tions to create a database of odontocete age-structured data.
Where possible, each dataset in the database represents data
from a single population collected at a single time; however, in
some systems and publications this is not possible, and a single
dataset represents data from multiple populations or is collected
over a longer time scale. Each dataset represents only whales of
a single known sex, and whales of unknown sex are not included
in the datasets. In each publication, age data are extracted from
the table or figure giving the largest and most complete sample.
Where a single publication contains information from multiple
populations, we extracted data from each publication as a sep-
arate dataset, if possible. Where the same dataset is presented in
multiple publications, we used the original publication unless
later publications present a larger sample. Data were extracted
from figures using WEBPLOTDI1GITIZER (Rohatgi 2020). Data
were extracted and included in the database if they contained
more than three adult samples of a given sex. For each species
and sex, we define the age at maturity based on expert consensus
(Ridgway and Harrison 1989, 1994, 1999, Wiirsig et al. 2018).
The complete database contains 269 datasets from 118 publi-
cations, with data from 44 species (Table 2; Fig. 1; Supporting
Information, Appendix S1). The database has been built into
an R package: MARINELIFEHISTDATA (github.com/ samellisq/
marinelifehistdata).
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Table 2. Details of the age-structured samples identified in this study.

Common name Species name Sex Number of datasets Number of whales References

Atlantic spotted dolphin  Stenella frontalis F 1 3 Siciliano et al. (2007)

Atlantic spotted dolphin  Stenella frontalis M 1 Siciliano et al. (2007)

Atlantic white-sided Lagenorhynchus acutus F 4 45 Sergeant et al. (1980), Addink et al. (1997), Rogan et al.

dolphin (1997), Tuerk et al. (2005)

Atlantic white-sided Lagenorhynchus acutus M 4 32 Sergeant et al. (1980), Addink et al. (1997), Rogan et al.

dolphin (1997), Tuerk et al. (2005)

Baiji Lipotes vexillifer F 1 17 Gao and Zhou (1992)

Baiji Lipotes vexillifer M 1 11 Gao and Zhou (1992)

Baird’s beaked whale Berardius bairdii F 2 24 Balcomb (1989), Kasuya et al. (1997a)

Baird’s beaked whale Berardius bairdii M 3 84 Balcomb (1989), Kasuya et al. (1997a), Urban et al. (2007)

Beluga whale Delphinapterus leucas F 8 757 Lensink (1961), Burns and Seaman (1986), Heide-Jorgensen
and Lockyer (2001), Stewart et al. (2006), Suydam (2009),
Ferguson et al. (2020), Vos et al. (2020)

Beluga whale Delphinapterus leucas M 5 321 Lensink (1961), Burns and Seaman (1986), Heide-Jorgensen
and Lockyer (2001), Suydam (2009), Vos et al. (2020)

Chilean dolphin Cephalorhynchus eutropia F 1 9 Molina and Reyes (1996)

Chilean dolphin Cephalorhynchus eutropia M 1 S Molina and Reyes (1996)

Commerson’s dolphin Cephalorhynchus commersonii ~ F 2 24 Collet and Robineau (1988), Céceres-Saez et al. (2015)

Commerson’s dolphin Cephalorhynchus commersonii M 2 38 Collet and Robineau (1988), Céceres-Saez et al. (2015)

Common bottlenose Tursiops truncatus F 10 423 Read et al. (1993), Kasuya et al. (1997b), Stolen and Barlow

dolphin (2003), Mattson et al. (2006), Butti et al. (2007), Siciliano
et al. (2007), Neuenhoff (2013), Gol'din and Gladilina
(2015), Venuto et al. (2020)

Common bottlenose Tursiops truncatus M 10 307 Read et al. (1993), Kasuya et al. (1997b), Stolen and Barlow

dolphin (2003), Mattson et al. (2006), Butti et al. (2007), Siciliano
et al. (2007), Neuenhoff (2013), Gol'din and Gladilina
(2015), Venuto et al. (2020)

Common dolphin Delphinus delphis F 6 628 Perrin and Myrick (1980), Van Utrecht (1981), Ferrero and
Walker (1995), Danil and Chivers (2007), Viricel et al.
(2008), Murphy et al. (2009)

Common dolphin Delphinus delphis M 3 44 Van Utrecht (1981), Ferrero and Walker (1995), Durante et
al. (2016)

Cuvier’s beaked whale Ziphius cavirostris F 1 8 Perrin and Myrick (1980)

Cuvier’s beaked whale Ziphius cavirostris M 1 10 Perrin and Myrick (1980)

Dall’s porpoise Phocoenoides dalli F 4 854 Kasuya (1978), Newby (1982), Kasuya and Shiraga (1985),
Ferrero and Walker (1999)

Dall’s porpoise Phocoenoides dalli M 4 456 Kasuya (1978), Newby (1982), Kasuya and Shiraga (1985),

Ferrero and Walker (1999)
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Table 2. Continued

Common name Species name Sex Number of datasets Number of whales References

Dusky dolphin Lagenorhynchus obscurus M 1 6 Cipriano (1992)

Dwarf sperm whale Kogia sima F 1 15 Plén (2004)

Dwarf sperm whale Kogia sima M 1 19 Plén (2004)

False killer whale Pseudorca crassidens F 2 100 Kasuya (1986), Ferreira et al. (2014)

False killer whale Pseudorca crassidens M 2 42 Kasuya (1986), Ferreira et al. (2014)

Franciscana Pontoporia blainvillei F 7 228 Kasuya and Brownell (1979), Barreto and Rosas (2006), Botta
etal. (2010), Negri et al. (2016), Denuncio et al. (2018),
Conversani et al. (2021)

Franciscana Pontoporia blainvillei M 7 262 Kasuya and Brownell (1979), Barreto and Rosas (2006), Botta
et al. (2010), Negri et al. (2016), Denuncio et al. (2018),
Conversani et al. (2021)

Fraser’s dolphin Lagenodelphis hosei F 3 39 Van Bree et al. (1986), Amano et al. (1996), Siciliano et al.
(2007)

Fraser’s dolphin Lagenodelphis hosei M 4 41 Van Bree et al. (1986), Amano et al. (1996), Siciliano et al.
(2007), Durante et al. (2016)

Ganges river dolphin Platanista gangetica M 1 3 Kasuya (1972)

Guiana dolphin Sotalia guianensis F 6 49 Van Utrecht (1981), Rosas et al. (2003 ), Santos et al. (2003),
Lima et al. (2016), Conversani et al. (2021)

Guiana dolphin Sotalia guianensis M 6 62 Van Utrecht (1981), Rosas et al. (2003), Santos et al. (2003),
Lima et al. (2016), Conversani et al. (2021)

Harbour porpoise Phocoena phocoena F 12 643 Read and Tolley (1997), Lockyer et al. (2001), Gol'din
(2004), Learmonth et al. (2014), Kesselring et al. (2018),
Murphy et al. (2020)

Harbour porpoise Phocoena phocoena M 10 35§ Read and Tolley (1997), Lockyer et al. (2001), Gol'din
(2004), Learmonth et al. (2014), Murphy et al. (2020)

Hector’s dolphin Cephalorhynchus hectori F 1 7 Slooten (1991)

Hector’s dolphin Cephalorhynchus hectori M 1 9 Slooten (1991)

Indian Ocean Sousa plumbea F 1 8 Nolte (2014)

humpback dolphin

Indian Ocean Sousa plumbea M 1 21 Nolte (2014)

humpback dolphin

Indo-Pacific bottlenose  Tursiops aduncus F 2 75 Cockeroft and Ross (1990), Kemper et al. (2019)

dolphin

Indo-Pacific bottlenose  Tursiops aduncus M 2 59 Cockcroft and Ross (1990), Kemper et al. (2014)

dolphin

Indo-Pacific finless Neophocaena phocaenoides F 1 11 Jefferson et al. (2002)

porpoise

Indo-Pacific finless Neophocaena phocaenoides M 1 8 Jefferson et al. (2002)

porpoise
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Table 2. Continued

Common name Species name Sex Number of datasets Number of whales References

Indo-Pacific humpback  Sousa chinensis F 2 20 Jefferson et al. (2012), Guo et al. (2020)

dolphin

Indo-Pacific humpback  Sousa chinensis M 2 22 Jefferson et al. (2012), Guo et al. (2020)

dolphin

Killer whale Orcinus orca F 6 112 Christensen (1984), Herman et al. (2008), Best et al. (2010),
Amano et al. (2011), Ellis et al. (2017)

Killer whale Orcinus orca M S 75 Christensen (1984), Herman et al. (2008), Best et al. (2010),
Ellis et al. (2017)

Long-finned pilot Globicephala melas F 3 1170 Martin et al. (1987), Bloch et al. (1993), Betty (2019)

whale

Long-finned pilot Globicephala melas M 3 460 Martin et al. (1987), Bloch et al. (1993), Betty (2019)

whale

Melon-headed whale Peponocephala electra F 4 90 Miyazaki et al. (1998), Amano et al. (2014), Kurihara et al.
(2016)

Melon-headed whale Peponocephala electra M 4 S2 Miyazaki et al. (1998), Amano et al. (2014), Kurihara et al.
2016)

Narrow-ridged finless Neophocaena asiaeorientalis F 6 96 Gao and Zhou (1993), Shirakihara et al. (1993), Kasuya

porpoise (1999), Mei et al. (2012), Lee et al. (2013)

Narrow-ridged finless Neophocaena asiaeorientalis M 6 104 Gao and Zhou (1993), Shirakihara et al. (1993), Kasuya

porpoise (1999), Mei et al. (2012), Lee et al. (2013)

Narwhal Monodon monoceros F 3 100 Garde et al. (2015), Watt et al. (2020)

Narwhal Monodon monoceros M 3 85 Hay (1984), Garde et al. (2015)

Northern bottlenose Hyperoodon ampullatus F 1 26 Christensen (1973)

whale

Northern bottlenose Hyperoodon ampullatus M 1 S2 Christensen (1973)

whale

Northern right whale Lissodelphis borealis F 2 105 Ferrero and Walker (1993), Iwasaki and Kasuya (1997)

dolphin

Northern right whale Lissodelphis borealis M 2 S0 Ferrero and Walker (1993), Iwasaki and Kasuya (1997)

dolphin

Pacific white-sided Lagenorhynchus obliquidens F 3 73 Walker et al. (1986), Ferrero and Walker (1996), Iwasaki and

dolphin Kasuya (1997)

Pacific white-sided Lagenorhynchus obliquidens M 3 65 Walker et al. (1986), Ferrero and Walker (1996), Iwasaki and

dolphin Kasuya (1997)

Pantropical spotted Stenella attenuata F 8 1039 Barlow and Hohn (1984 ), Kasuya (1985)

dolphin

Pantropical spotted Stenella attenuata M 2 499 Barlow and Hohn (1984), Kasuya (1985)

dolphin

Peale’s dolphin Lagenorhynchus australis F 1 3 Boy et al. (2011)
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Table 2. Continued

Common name Species name Sex Number of datasets Number of whales References

Peale’s dolphin Lagenorhynchus australis M 1 1 Boy et al. (2011)

Pygmy sperm whale Kogia breviceps F 3 26 Van Utrecht (1981), Plon (2004)

Pygmy sperm whale Kogia breviceps M 2 18 Van Utrecht (1981), Plon (2004)

Risso’s dolphin Grampus griseus F 4 51 Amano and Miyazaki (2004), Bloch et al. (2012), Evacitas et
al. (2017), Plén et al. (2020)

Risso’s dolphin Grampus griseus M 4 17 Amano and Miyazaki (2004), Bloch et al. (2012), Evacitas et
al. (2017), Plon et al. (2020)

Rough-toothed dol- Steno bredanensis F 2 10 Miyazaki (1978), Siciliano et al. (2007)

phin

Rough-toothed dol- Steno bredanensis M 2 27 Miyazaki (1978), Siciliano et al. (2007)

phin

Short-finned pilot Globicephala macrorhynchus F 3 505 Perrin and Myrick (1980), Kasuya and Marsh (1984), Kasuya

whale and Tai (1993)

Short-finned pilot Globicephala macrorhynchus M 3 171 Perrin and Myrick (1980), Kasuya and Marsh (1984), Kasuya

whale and Tai (1993)

Sperm whale Physeter macrocephalus F S 2932 Ohsumi (1966), Best et al. (1984), Rice et al. (1986), Evans
and Hindell (2004), Clarke et al. (2013)

Sperm whale Physeter macrocephalus M S 2451 Ohsumi (1966), Mitchell and Kozicki (1984), Rice et al. 1986,
Kasuya 1991)

Spinner dolphin Stenella longirostris F 2 1420 Larese and Chivers (2009)

Spinner dolphin Stenella longirostris M 2 158 Perrin et al. (1977), Perrin and Henderson (1984)

Stejneger’s beaked Mesoplodon stejnegeri M 1 6 Arai et al. (2004)

whale

Striped dolphin Stenella coeruleoalba F 2 913 Miyazaki (1984), Marsili et al. (1997)

Striped dolphin Stenella coeruleoalba M 2 680 Miyazaki (1984), Marsili et al. (1997)

Vaquita Phocoena sinus F 1 11 Hohn et al. (1996)

Vaquita Phocoena sinus M 1 10 Hohn et al. (1996)

White-beaked dolphin  Lagenorhynchus albirostris F 3 S1 Van Utrecht (1981), Dong et al. (1996), Galatius ef al. (2013)

White-beaked dolphin  Lagenorhynchus albirostris M 3 29 Van Utrecht (1981), Dong ef al. (1996), Galatius ef al. (2013)

Note that although all datasets and species where data were identified are included here, we analyse species-sex in further analysis only if it exceeded sample size and sampling intensity conditions (see Materials and Methods: calculating lifespan).

Abbreviations: F, female; M, male.
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Figure 1. Toothed whale phylogeny (data adapted from McGowen et al. 2020). Data are available to apply our model and estimate age-specific
mortality for at least one sex in 35 species (black text; grey text = no data). Branch colours correspond to taxonomic family.

We also parametrize the mortality model with dataset-
specific information on population growth, sampling biases,
and age estimation error. We base our population change prior
on necessarily coarse assumptions on the source of the data.
Where datasets are derived from bycatch (usually resulting from
large-scale bycatch in commercial fisheries, such as the Pacific
gillnet fishery; N =72) or whaling/drive fisheries (N = 50),
we assume that the population is decreasing (pr = —1). Where
datasets are from Harvest (‘Aboriginal Subsistence Whaling” as
defined by the International Whaling Commission; N = 20), we
assume that there is no population change based on the moni-
toring and management to which the populations are subject.
For all other data sources, we assume that the population could
be increasing or decreasing (pr = 0). Datasets are assumed to
have no systematic sampling biases unless noted by the authors
of the original study (or subsequent publications analysing the
same dataset). Where biased sampling is present, we define the
bias window, W, using the information provided by the authors.
Unless the ages in a dataset were derived from long-term obser-
vations (N = 8) or aspartic acid racemization (N = 6), they were

assumed to have additive age estimation error as defined by the

model (above).

Calculating lifespan
We filtered the database before analysis. For each dataset, we cal-
culate the number of samples and the sampling rate (total sam-
ples/maximum observed age observed across all species—sex
datasets). We analyse species and sexes only where at least one
dataset has >10 samples and a sampling rate of >0.5.

We applied the mortality model to each species as described
above (Supporting Information, Appendix S1). We obtained
estimates of lifespan for each species and sex using Gompertz a
and f parameters. Specifically, we calculated the age at which X
proportion of species—sex life years have been lived via:

(e <a-xn

Here, we used X = 0.9 as ‘ordinary maximum lifespan’ (or age
Z) as our measure of species—sex lifespan (Ronget and Gaillard
2020).

min

X =
age x€[0:150]
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Figure 2. Results from simulations testing the accuracy of the mortality model to detect the true maximum lifespan of a population under a
range of sample sizes (N) x population growth rates (r) (A) and sample sizes x true maximum lifespans (B). Each cell shows the mean + SD
of accuracy over models in each scenario. Cell colour shows the mean accuracy, with lighter colours and smaller values indicating greater
accuracy. Accuracy is measured as the minimum credible interval width from the posterior distribution of maximum lifespans required to
capture the true maximum lifespan. An accuracy of zero would indicate that the median of the posterior matches the true maximum lifespan,
and an accuracy of 0.5 would mean that the true lifespan is captured by the 50% credible interval of the posterior. One hundred models were
run for each population growth x sample size scenario, resulting in a total of 4900 fitted models. B is based on the same 4900 fitted models,
true maximum lifespans, and has a uniform probability of being selected, but the number of models applied in each cell will vary. Note that

neither sample size nor population growth rate is a regular sequence.

We calculated the ordinary maximum lifespan from each
of the 40 000 posterior draws of the fitted Bayesian model, re-
sulting in a distribution of age Z values for each species—sex.

We also performed a series of additional analyses to explore
the robustness and implications of our models. Specifically we:
(i) explored the robustness of our model to systematic mis-
ageing of older individuals (Barratclough et al. 2023; Supporting
Information, Appendix S2); (ii) established whether chan-
ging the ageing methodologies through time has led to dif-
ferent observed age distributions (Read et al. 2018; Supporting
Information, Appendix S3); (iii) investigated the sensitivity of
our model to our population change assumptions (Supporting
Information, Appendix S4); (iv) reformulated and tested our
model as an age-at-death model (Supporting Information,
Appendix SS); (v) evaluated evidence for phylogenetic signal
in toothed whale lifespan evolution (Supporting Information,
Appendix S6); and (vi) explored the impact of alternative age
estimation error structures on inference of lifespan (Supporting
Information, Appendix S7).

RESULTS
Testing the model

Our first set of analyses explored the consistency and accuracy of
the model across a realistic range of population growth rates and
whale adult lifespans (Fig. 2). There was a trend for increased ac-
curacy with larger sample sizes. With larger sample sizes, the pos-
terior median was closer to the true lifespan (Fig. 2). However,
the increase in accuracy was relatively modest and variable; for

example, in stable populations (r = 0) the mean minimal cred-
ible interval required to capture the true lifespan was 60% + 35%
(+ SD) for a sample size of 10 and 27% + 37% for a sample size
of 200 (Fig. 2; see also Vaupel 2003). There were no clear trends
for increased accuracy for either shorter lifespans or more stable
populations (Fig. 2). The model accuracy was maintained across
these scenarios because credible intervals were wider under
small sample sizes and for long-lived whales: in short, the model
became less certain with more unsure information (Supporting
Information, Appendix S8). Under all scenarios, the largest
mean minimum credible interval needed to capture the true
value was 77% (N = 10, true age 40-49 years), suggesting that
as long as measures of error are carried through subsequent ana-
lyses the model is likely to capture the true lifespan.

In our second analysis, we compared the mortality estimates
from our model with those derived from longitudinal data when
applied to the southern-resident killer whales. The longitudin-
ally derived adult lifespan of female and male southern-resident
killer whales was, respectively, 69 (62-79) years [mean (95%
credible interval)] and 44 (40-51) years (derived from Nielsen
et al. 2021). Our model applied to the southern-resident killer
whale population in 1992 estimated lifespans of 76 (65-88)
years for females and 44 (38-53) years for males. For both males
and females, there was considerable credible interval overlap be-
tween estimates derived from the two models.

Toothed whale lifespans

Applying our mortality model to the real odontocete age-
structured data allowed us to generate adult lifespan estimates
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Table 3. Estimated female ordinary maximum adult lifespan for 32 species of toothed whale.

Common name Age at maturity Median 1CIS0 uCISso ICI95 uCI9s Posterior mean Posterior SD
Atlantic white-sided dolphin 9 21 20 21 19 23 20.88 0.97
Baiji 6 22.5 21 24 20 27 22.71 1.85
Baird’s beaked whale 13 52 S0 SS 46 62 52.76 4.09
Beluga whale 10 54 53 SS S2 56 53.85 1.15
Commerson’s dolphin S 17 17 18 15 20 17.48 1.32
Common bottlenose 9 40 39 40 38 41 39.76 0.82
dolphin

Common dolphin 7 25 25 25 24 26 25.04 0.42
Dall’s porpoise S 13 13 13 12 13 12.88 0.32
Dwarf sperm whale 4 20 19 22 17 2§ 20.53 1.92
False killer whale 10 67 66 69 62 74 67.51 2.84
Franciscana 2 13 13 13 12 14 13.14 0.55
Fraser’s dolphin 6 20 20 21 18 23 20.38 1.22
Guiana dolphin 6 33 32 35 30 38 33.4S 2.09
Harbour porpoise 3 17 17 18 17 18 17.3 0.5
Indo-Pacific bottlenose 12 37 36 38 34 41 36.92 1.85
dolphin

Indo-Pacific humpback 9 38 36 40 34 45 38.55 3
dolphin

Killer whale 13 60 S8 62 54 66 59.81 3.31
Long-finned pilot whale 8 45 45 46 44 46 45.17 0.68
Melon-headed whale 7 41 40 42 38 45 41.35 1.83
Narrow-ridged finless S 23 23 24 21 25 23.24 1.11
porpoise

Narwhal 8 77 74 80 69 86 76.81 4.4
Northern bottlenose whale 10 27 26 28 24 31 26.92 1.69
Northern right whale 9 28 28 29 26 31 28.5 1.15
dolphin

Pacific white-sided dolphin 9 40 39 42 37 45 40.5 1.98
Pantropical spotted dol- 10 3S 35 35 34 36 35.09 0.47
phin

Pygmy sperm whale S 22 21 24 20 26 22.58 1.73
Risso’s dolphin 9 34 32 35 31 38 33.74 1.82
Short-finned pilot whale 9 56 SS 57 54 S8 55.81 1.14
Sperm whale 9 49 48 49 48 S0 48.7 0.61
Spinner dolphin 8 23 23 23 23 24 23.07 0.26
Striped dolphin 9 31 31 31 30 32 31.11 0.51
Vaquita S 23 22 24 20 28 23.16 2.24
White-beaked dolphin 8 36 34 37 32 40 35.74 2.03

Here, ordinary maximum lifespan is defined as the age at which 90% of adult life years have been lived. All metrics describe the distribution of the posterior derived from the
Bayesian mortality model (see the Materials and Methods). Each metric (apart from SD) is the adult lifespan estimated by the model plus the age at maturity to give the expected
maximum lifespan for females who reach maturity (age at maturity). Abbreviations: 1CI and uCI represent the lower and upper bounds, respectively, of the S0% (1/uCIS0) and 95%

(1/uClI95) credible intervals.

for 32 female and 33 male toothed whale species (Tables 3 and
4; Figs 1, 3). The estimates for each species—sex were based on a
median of 75 whales (first quartile = 39; third quartile = 355).
The phylogenetic spread of samples was broad, with all the major
odontocete clades represented (Fig. 1).

Male Baird’s beaked whales had the longest lifespan in our
sample, with an ordinary maximum lifespan of 84-90 years
(50% credible interval). The longest-lived females in our sample
were Narwhals, with an ordinary maximum lifespan of 74-80

years (50% credible interval). The shortest-lived species in our
sample were female Dall’s porpoises and Franciscana of both
sexes, all of which had a median ordinary maximum lifespan
of 13 years. Our additional analyses demonstrated that the or-
dinary maximum lifespans derived from the model were largely
robust to differences in potential systematic errors in ageing of
older whales (Supporting Information, Appendix S2), changing
ageing methodologies through time (Supporting Information,
Appendix S3), our population change assumptions (Supporting
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Table 4. Estimated male ordinary maximum adult lifespan for 33 species of toothed whale.
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Common name Age at maturity Median ICIS0O uCIS0 1ICI95 uCI95 DPosteriormean Posterior SD
Atlantic white-sided dolphin 9 22 21 23 20 25 2221 1.2
Baiji 6 20 19 22 18 25 20.48 1.93
Baird’s beaked whale 13 87 84 90 78 97 87.31 491
Beluga whale 10 49 48 S0 46 S2 48.72 1.67
Commerson’s dolphin S 22 21 23 19 25 21.78 1.39
Common bottlenose dolphin 9 37 36 38 35 39 36.89 0.99
Common dolphin 7 2§ 24 26 23 28 25.32 1.46
Dall’s porpoise S 14 14 14 13 14 13.96 0.26
Dwarf sperm whale 4 20 19 21 17 24 20.12 1.75
False killer whale 10 SS S3 58 49 63 55.54 3.52
Franciscana 2 13 12 13 12 13 12.55 0.55
Fraser’s dolphin 6 19 18 19 17 21 18.62 1.06
Guiana dolphin 6 28 27 29 25 31 27.64 1.61
Harbour porpoise 3 16 16 17 15 17 16.28 0.51
Indian Ocean humpback dolphin 10 26 2§ 27 23 30 25.99 1.65
Indo-Pacific bottlenose dolphin 12 36 35 37 33 39 35.83 1.73
Indo-Pacific humpback dolphin 9 29 27 30 25 33 28.75 1.96
Killer whale 13 38 37 39 35 42 38.13 1.73
Long-finned pilot whale 8 3S 35 36 34 37 3545 0.84
Melon-headed whale 7 35 34 37 32 40 35.57 1.97
Narrow-ridged finless porpoise S 23 22 23 21 25 22.64 0.99
Narwhal 8 66 63 69 S8 75 66.27 4.28
Northern bottlenose whale 10 36 35 37 32 40 35.89 1.93
Northern right whale dolphin 9 24 23 25 22 26 23.93 12
Pacific white-sided dolphin 9 38 37 39 34 42 37.88 1.92
Pantropical spotted dolphin 10 32 31 32 31 33 31.76 0.58
Rough-toothed dolphin 10 30 29 32 27 3S 30.63 1.91
Short-finned pilot whale 9 37 36 38 34 39 36.64 1.31
Sperm whale 9 S3 52 S3 S1 54 52.5 0.63
Spinner dolphin 8 19 19 20 18 20 193 0.56
Striped dolphin 9 30 30 31 29 31 30.12 0.68
Vaquita S 21 20 23 18 27 21.63 2.32
White-beaked dolphin 8 29 28 31 26 34 29.52 2.08

Here, ordinary maximum lifespan is defined as the age at which 90% of adult life years have been lived. All metrics describe the distribution of the posterior derived from the
Bayesian mortality model (see the Materials and Methods). Each metric (apart from SD) is the adult lifespan estimated by the model plus the age at maturity to give the expected
maximum lifespan for males who reach maturity (age at maturity). Abbreviations: ICI and uCI represent the lower and upper bounds, respectively, of the 50% (1/uCIS0) and 95%

(1/uCI95) credible intervals.

Information, Appendix S4), and the structure of our model
(Supporting Information, Appendix S7).

There was good evidence in 10 species that females have a
longer adult lifespan than males (proportion of posterior where
female — male lifespan is greater than 0 = 0.97; Fig. 4). However,
in four species (Baird’s beaked whales, Commerson’s dolphin,
northern bottlenose whales, and sperm whales) the opposite is
true and there is clear evidence that males live longer as adults
than females (proportion of posterior female — male lifespan is
lessthan 0 = 0.975; Fig. 4). In the remaining species, there was no
clear evidence that the sexes have different lifespans. Combining
all species, female toothed whales live a median of 10% longer
than males (female — male lifespan/female lifespan), but overall
there is no clear evidence of a sex difference in lifespan (propor-
tion of posterior female — male lifespan > 0 = 0.66).

DISCUSSION

Here, we have developed and applied a method to estimate
lifespan parameters from age-structured cross-sectional sam-
ples. Simulations demonstrate that the models can capture
true lifespan given population growth, sampling error, and age-
estimation error with a realistic range of sample sizes and species
maximum lifespans. Applying the model to data collected from
the literature provides adult lifespan estimates for females of 32
and males of 33 species of toothed whale.

We find that there is almost an order of magnitude difference
between the ordinary maximum lifespan of the shortest-lived
and longest-lived toothed whales. This variation is particularly
remarkable given that many other aspects of toothed whale life
history do not differ between species. For example, all toothed
whales: (i) give birth to a single offspring per breeding event;
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Figure 3. Adult lifespans of female (left panel) and male (right panel) toothed whales estimated by our mortality model. Bars show a mean

estimate of the ordinary maximum lifespan (the age by which 90% of adult life years have been lived) derived from our mortality model. Error
bars show the 95% credible interval of lifespan estimates. Black areas show the juvenile years not estimated by our model. Ordinary maximum
lifespan, therefore, represents lifespan given survival to maturity. Species order and bar colours reflect phylogeny (Figure 1). For some species,
data were available for only one sex, resulting in an empty bar.
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Figure 4. Comparing female and male adult lifespan in toothed whales. Violins show the posterior distribution of female — male lifespan
derived from our mortality models. Both sexes are assessed in the same model in order that the posterior lifespan of each sex at each draw
can be compared directly. *Species where there is good evidence that females live longer than males (proportion of posterior greater than

0 = 0.975). +Species where there is good evidence that males live longer than females (proportion of posterior less than 0 = 0.975). Species
order and violin colour reflect phylogeny (Figure 1).

Table 5. Comparison of adult ordinary maximum lifespan estimates derived from the method developed and applied here (species estimate,
dataset estimate) with other methods (published estimate).

Species Sex Species estimate Dataset estimate Published estimate Published method used
(95% CI) (95% CI) (reference)
Common bottlenose dolphin F 38-41 33-42 30 Age-at-death Siler model
(Stolen and Barlow 2003)
Common bottlenose dolphin M 35-39 29-37 26 Age-at-death Siler model
(Stolen and Barlow 2003)
Killer whale F 54-66 65-88 62-79 Mark-recapture
(95% CI1) (Nielsen et al. 2021)
Killer whale M 35-42 38-53 40-51 Mark-recapture
(95% CI) (Nielsen et al. 2021)
Pantropical spotted dolphin F 34-36 32-34 31 Scaled mammal
(Barlow and Hohn 1984)
Pantropical spotted dolphin M 31-33 34-36 32 Scaled mammal
(Barlow and Hohn 1984)

‘Published estimates’ are sex-specific estimates of age-specific mortality that have been converted into adult ordinary maximum lifespan for comparison with our model. ‘Species
estimate’ is the ordinary maximum lifespan as reported in Tables 3 and 4 using all the data available for a particular species and sex. ‘Dataset estimate’ is the ordinary maximum
lifespan derived by applying our mortality model only to the datasets used to derive the Published estimate. Both species and dataset estimate are reported as a 95% credible interval.
Published methods are a Siler model applied to age-at-death data, ‘mark-recapture’ from a longitudinal study (see main text), and a ‘scaled mammal’ estimate derived by rescaling a
known mammal life history to fit the toothed whale data. Abbreviations: CI, credible interval; F, female; M, male.

(i) provide several years of maternal year to their dependent
offspring; and (iii) exhibit a polygynous mating system, with no
evidence of paternal care (Chivers 2018, Whitehead and Mann
2000). At the broadest level, toothed whale species also share
a similar ecological niche, all are aquatic carnivores, and most
live and often hunt in social groupings. Despite these similarities
here, we have shown that lifespan can vary considerably between
species. This variation highlights the importance of toothed
whales as a model of life-history evolution. Future work using

toothed whales to understand how ecological and social factors
predict lifespan evolution has the potential to provide important
fundamental insights.

We found that in 10 species of toothed whale there is good
evidence that females live longer as adults than males, and overall
female toothed whales live 10% longer than males. Longer-lived
females are the general pattern in mammals; for example, a re-
cent analysis of 101 mammal species, including four toothed
whales, found that female mammals live a mean of 18.6% longer
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than males (Lemaitre et al. 2020). The evolutionary drivers of
sex differences in adult lifespan in mammals remain unresolved,
but both genetic conflict and life-history trade-offs have been
implicated (Lemaitre et al. 2020). However, in toothed whales
we found that there are exceptions to this pattern. Perhaps most
notably, in Baird’s beaked whales the males live considerably
longer than females: the median predicted ordinary maximum
lifespan of females is 52 years, compared with 87 years for males.
In Baird’s beaked whales, this sex difference in lifespan leads
to heavily male-biased adult populations, but the evolutionary
reasons for the extreme lifespan differences in this species re-
main unknown (Kasuya et al. 1997a).

In contrast, the comparative rarity of sex differences in toothed
whale adult lifespan we find here is also evidence in favour of the
argument that sex differences in mammals have been overstated.
For example, a recent broad-scale analysis of mammals found
that, contrary to established wisdom, only 45% of mammals
demonstrate male-biased sexual size dimorphism (Tombak et al.
2024). Likewise, although Lemaitre et al. (2020) found that, on
average, female mammals live longer than males, the pattern was,
in fact, very variable between species. Reflecting this, we found
evidence of sex differences in lifespan in only 53% of toothed
whale species in our sample. Overall, there is considerable vari-
ability in the presence, direction, and size of sex differences in
adult lifespan in these taxa, making toothed whales an important
taxonomic group in which to test theories investigating the pres-
ence and absence of sex differences in lifespans.

This result of analysis of sex differences highlights a strength of
our modelling approach, because rather than simply comparing
the final realized maximum lifespans we can compare female
and male lifespans at each posterior model draw. More generally,
by taking a Bayesian approach we can embrace the uncertainty
inherent in age-structured data and still draw useful inferences
from uncertain data. The important implication of this is that
this analysis aims to capture a distribution of plausible values of
lifespan for toothed whale species, rather than to define a single
‘best-guess’ point estimate. Any future studies using these life-
span estimates should take this into account by carrying error
through their analysis and not simply relying on a point estimate
of lifespan (e.g. Supporting Information, Appendix S6; Ellis et al.
2024). It is also important to note that although throughout this
study we have focused on lifespan as our metric of species sur-
vival, our methods could also be used to derive distributions of
other measures of age-specific mortality (e.g. measures of mor-
tality shape; Healy et al. 2019) that might be more relevant for
answering some questions.

Our approach builds upon and generalizes concepts and
methods that have been used to estimate toothed whale life-
spans from age-structured data. Conceptually, our Bayesian
approach, which uses priors from other species, has similar-
ities to earlier methods based on scaling known ‘model’ life
tables from other species to toothed whales (Barlow and
Boveng 1991, Caswell et al. 1998). Unlike previous Bayesian
approaches to using age-structured data to estimate toothed
whale life history, we aim to capture the distribution of mor-
tality parameters consistent with the data and the unknown
effects of population growth and sampling bias, rather than
explicitly estimating populating growth and sampling bias
parameters (Moore and Read 2008, Saavedra 2018, Rouby et

al. 2021). As a consequence, our approach can estimate use-
fully narrow distributions of life-history parameters based on
relatively smaller sample sizes than previous methods, but
(unlike those methods) is not suited in its present form to
calculating growth rates or the demographic consequences of
human-induced mortality in a given population.

The methods presented here derive the same or similar es-
timates of ordinary maximum lifespan estimates as lifespan
estimates derived from other methods applied to the same
datasets (Table S). However, these ‘single dataset’ lifespan
measures often differ from the species-level measure derived
by applying the model to multiple datasets (Table S). This
highlights the value of our approach; by combining datasets
from multiple populations, we can both increase our sample
size and derive a more general species lifespan that is less
likely to be driven by characteristics of a single population.
Lifespan is only one of the traits that contribute to the life his-
tory of a species; nevertheless, it is important to quantify and
understand in its own right.

Lifespan can be viewed as an emergent property of other pro-
cesses, such as senescence (Jones et al. 2014, Shefferson et al.
2017). To understand senescence therefore requires an under-
standing of species lifespans and shapes of mortality (Ronget
and Gaillard 2020), both of which can be derived from the
outputs of our model. Lifespan is also hypothesized to have an
important role in social evolution (e.g. Silk and Hodgson 2021,
Aubier and Kokko 2022). For example, in a number of spe-
cies (Péron et al. 2019), including toothed whales (Foster et al.
2012, Nattrass et al. 2019), older individuals have been shown
to have a positive influence on the fitness of their younger re-
latives and group mates. In killer whales, one of the mechan-
isms driving this positive influence is the value of long-term
ecological knowledge in allowing older females to lead their
group to resources (Brent et al. 2015). The first step to under-
standing how the distribution of ecological knowledge differs
across a social group, and how this therefore allows social spe-
cies to thrive in spatially and temporally complex ecologies, is
to understand how long individuals live. Quantifying lifespan
is important, therefore, to understanding both social and life-
history evolution.

CONCLUSION

It will be decades before longitudinal studies can provide the
data necessary to provide estimates of life-history metrics by
currently established methods for most toothed whale spe-
cies. For many species, using age-structured data is the only
way we will be able to begin to understand their life histories
for the foreseeable future. In this study, we used modern stat-
istical methodology and the power of modern computing
to derive age-specific mortality estimates for 44% of extant
toothed whale species, representing an important step in
understanding the evolution and diversity of odontocete life
history.

SUPPLEMENTARY DATA

Supplementary data is available at Biological Journal of the
Linnean Society online.
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