>
=
%)
o
Ll
=
z
=
14
O
o
z
<
28]
o
O
o
z
<
aa)]
—
O
O
2
>
LL
o
o

PRIFYSGOL

BANGOR

UNIVERSITY

Sex bias in mortality risk changes over the lifespan of bottlenose dolphins.
McEntee, Molly; Foroughirad, Vivienne; Krzyszczyk, Ewa; Mann, Janet

Proceedings of the Royal Society B.

Published: 26/07/2023

Peer reviewed version

Cyswllt i'r cyhoeddiad / Link to publication

Dyfyniad o'r fersiwn a gyhoeddwyd / Citation for published version (APA):

McEntee, M., Foroughirad, V., Krzyszczyk, E., & Mann, J. (2023). Sex bias in mortality risk
changes over the lifespan of bottlenose dolphins. Proceedings of the Royal Society B.,
290(2003). http://10.1098/rspb.2023.0675

Hawliau Cyffredinol / General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or
other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal
requirements associated with these rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private
study or research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to
the work immediately and investigate your claim.

04. May. 2024


https://research.bangor.ac.uk/portal/en/researchoutputs/sex-bias-in-mortality-risk-changes-over-the-lifespan-of-bottlenose-dolphins(dae40585-ed38-4cc9-a904-70a91375c435).html
https://research.bangor.ac.uk/portal/en/researchers/ewa-krzyszczyk(a5d5c546-f1b4-4d97-b82e-66b56c62715c).html
https://research.bangor.ac.uk/portal/en/researchoutputs/sex-bias-in-mortality-risk-changes-over-the-lifespan-of-bottlenose-dolphins(dae40585-ed38-4cc9-a904-70a91375c435).html
https://research.bangor.ac.uk/portal/en/researchoutputs/sex-bias-in-mortality-risk-changes-over-the-lifespan-of-bottlenose-dolphins(dae40585-ed38-4cc9-a904-70a91375c435).html
http://10.1098/rspb.2023.0675

Sex bias in mortality risk changes over the lifespan of bottlenose dolphins

Molly H.F. McEntee!, Vivienne Foroughirad', Ewa Krzyszczyk'?', Janet Mann'3
1. Department of Biology, Georgetown University, Washington, DC 20057, USA
2. School of Natural Sciences, Bangor University, Bangor, Wales LL57 2DG, UK
3. Department of Psychology, Georgetown University, Washington, DC 20057, USA
*Current institution

MM Orcid ID: 0000-0002-6616-3596

VF Orcid ID: 0000-0002-8656-7440

EK Orcid ID: 0000-0002-0476-7669

JM Orcid ID: 0000-0003-0664-175X

Corresponding author:

Molly McEntee

Email: mhm95@georgetown.edu

Author Contributions: MM and JM conceived the study. All authors collected demographic data. JM

provided funding. MM conducted analyses and wrote the first draft. All authors edited and approved the

final version.

Competing Interest Statement: The authors declare that they have no competing interests.

Subject category: Behaviour; Subject Areas: behaviour, evolution

Keywords: longevity, sexual selection, life course



Abstract

Research on sex biases in longevity in mammals often assumes that male investment in
competition results in a female survival advantage that is constant throughout life. We use 35 years of
longitudinal data on 1,003 wild bottlenose dolphins (Tursiops aduncus) to examine age-specific mortality,
demonstrating a time-varying effect of sex on mortality hazard over the five-decade lifespan of a social
mammal. Males are at higher risk of mortality than females during the juvenile period, but the gap between
male and female mortality hazard closes in the mid-teens, coincident with the onset of female reproduction.
Female mortality hazard is non-significantly higher than male mortality hazard in adulthood, resulting in a
moderate male bias in the oldest age class. Bottlenose dolphins have an intensely male-competitive mating
system, and juvenile male mortality has been linked to social competition. Contrary to predictions from
classical sexual selection theory, however, male-male competition does not result in sustained male-biased
mortality. As female dolphins experience high costs of sexual coercion in addition to long and energetically
expensive periods of gestation and lactation, this suggests that substantial female investment in

reproduction can elevate female mortality risk and impact sex biases in lifespan.

Main Text

Introduction

In mammals, female survival advantage over males has been attributed to intrasexual male
competition and a male “live fast, die young” reproductive strategy [1,2]. Recent work, however, has
highlighted the diversity of sex biases in lifespan across mammals and challenged the generality of the
assumption that females live longer than males [3-6]. In the most comprehensive study to date, Lemaitre
et al. [6] found female-biased longevity in 60% of the mammal populations examined, showing that
female bias in longevity is common, but not ubiquitous. A growing body of research demonstrates that
sex biases in longevity are context dependent; environmental conditions [7,8], parasite [9] and pathogen
loads [10], and the social environment [11-13] can all affect the direction and magnitude of sex biases in

lifespan and aging.
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Traditional evolutionary theories posit that sex-specific trade-offs between reproduction and
longevity result in sexual dimorphism in life history traits, and focus on the idea that males in polygynous
systems invest in reproductive competition at the expense of survival [14]. In systems with intense male-
male competition, males can suffer higher mortality rates and faster senescence due to costs of injury,
dispersal to find mating opportunities [15], immunosuppressive effects of testosterone [16], or investment
in secondary sexual traits over somatic maintenance [2]. These hypotheses predict that in systems where
males compete intensively over access to females, female bias in longevity is likely to be large. In
monogamous systems, where reproductive interests are relatively aligned between the sexes, sex
differences in mortality and lifespan are expected to be minimal. Despite extensive theoretical treatment
of these ideas, results from empirical studies are decidedly mixed. Some studies have found an
association between male-biased mortality and polygynous mating systems [17,18], but more recent work
using a larger mammalian dataset found no relationship between mating system and sex bias in longevity
[6]. Evidence connecting sexually selected traits, such as sexual size dimorphism, relative testes size, or
relative weapon size, to male-biased mortality is also mixed [1,7,19,20].

Most research on sex biases in lifespan has used summary metrics, such as median lifespan or
life expectancy, to represent overall sex biases in lifespan and for comparisons across taxa. Adult and
juvenile mortality are typically considered separately, or juveniles are excluded entirely. This approach
assumes that the relative risk of sex-specific mortality is constant throughout life, a potentially unlikely
scenario for long-lived species that experience considerable lifetime variation in social and environmental
conditions. Age- and sex-specific selection pressures inevitably interact to shape overall patterns of
longevity. Life course approaches that explicitly examine sex-specific mortality over the full lifespan are
data-intensive, requiring detailed longitudinal data on both sexes. However, as the number and time
frame of long-term longitudinal datasets continues to increase, these approaches could yield important
insights into the evolutionary drivers of lifespan in the wild.

Cetaceans are a rich comparative group in which to investigate hypotheses regarding life history
evolution. The infraorder contains the largest animal to have ever evolved (the blue whale (Balaenoptera
musculus) [21]), the longest-living mammal (the bowhead whale (Balaena mysticetus) [22]), the only

species outside of humans to evolve post-reproductive lifespans [23], and the largest brains for body size
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outside of humans [24]. Comprehensive life history and mortality data on cetaceans are scarce, however.
Cetaceans are long-lived and often wide-ranging, making longitudinal monitoring of populations
logistically difficult. The limited data that are available on sex-specific mortality in cetaceans indicate that
the direction and magnitude of sex biases in mortality vary widely (see [25-29] for male-biased mortality,
[30-33] for female-biased mortality). Female killer whales (Orcinus orca), which have the longest post-
reproductive lifespan of any non-human animal, outlive males by decades [27,34]. In contrast, male
bowhead whales can live over 200 years, while it appears that females do not survive past 100 [33]. This
variation in sex biases in longevity, along with variation in social systems and life history characteristics,
make cetaceans a compelling system in which to investigate selection pressures that shape longevity
patterns in wild populations.

We use 35 years of longitudinal demographic data on a residential population of Indo-Pacific
bottlenose dolphins in Shark Bay, Western Australia, to examine sex-specific mortality over the lifespan of
a long-lived mammal. This population is stable ([35] but see ref. [36]), and in a pristine World Heritage
Site with few anthropogenic threats. Both males and females remain in their natal home ranges
throughout adulthood [37]; neither sex is subject to the costs of dispersal or migration, and we can
observe both sexes from birth to death. Males form stable, long-term bonds with other males, and
cooperate within these alliances to compete over access to mating opportunities and to mate guard and
harass females [38]. While reproductive competition is costly for males [39,40], the strong male-male
social bonds in the alliance structure could mitigate some of those costs. Females suffer high costs of
coercive mating [39,41] and invest heavily in pregnancy, lactation, and care. Gestation lasts twelve
months, and lactation lasts three to eight years [42,43]; this lengthy maternal investment in a single
offspring results in an extremely male-biased operational sex ratio. Traditional theory suggests that male-

male competition over mating access should result in male-biased mortality in this system.

Materials and Methods

Study site, sample, and demographic data
We used demographic data collected by the Shark Bay Dolphin Research Project on a residential

population of Indo-Pacific bottlenose dolphins (Tursiops aduncus) in Shark Bay, Australia, between 1985
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and 2019. The study area covers approximately 600 km? of the eastern gulf of Shark Bay, within a
UNESCO World Heritage Site. Dolphins are individually identified based on fin, scar, and pigment
matching [44,45]. This population is residential, bisexually philopatric [37], and well-marked [45,46],
allowing us to follow individuals of both sexes from birth to death.

Only dolphins with well-documented life histories were included in our sample. Individuals had to
be sighted on a minimum of five separate days, and have a maximum gap between sightings of three
years or less. As survey effort increased in 1996 and was sustained thereafter, we also included
individuals with larger sighting gaps pre-1996, but who were frequently sighted (< three-year gap) in
subsequent years. To account for individuals who died early in the calf period and were seen fewer than
five times before death we included all offspring of females who met our sighting requirements. Twenty-
three individuals with no or poor photographic records were excluded, resulting in a total sample of 1,003
individuals. Individuals in the final sample had a median number of sighting days of 23 and a median
maximum lifetime sighting gap of 1.04 years.

Birth dates for individuals born after the start of the study (1985) were estimated based on
consecutive observations of the mother before and after birth, calf size, and the presence of fetal lines
[43]. For individuals who were alive at the start of the study, or were first observed after weaning, ages
were estimated based on body size and the presence and degree of ventral and dorsal speckling. Ventral
speckling begins around age 10 for both sexes and increases predictably with age [47].

Death dates of dependent calves (less than 2.5 years of age, minimum weaning age) were
assigned as the mid-point between consecutive observations of the mother with, and then without, the
dependent calf. For juveniles and adults, death dates were calculated based on the individual's maximum
sighting gap. For individuals who were rarely sighted before 1996 but regularly sighted after, their
maximum sighting gap after 1996 was used. To assign a death date, a minimum of three years must
elapse from an individual’s last sighting date. The waiting period without a sighting increases
proportionally to an individual's maximum sighting gap. For individuals less than 30 years old, a death
date is assigned when the time since their last sighting exceeds three years, or three times their
maximum sighting gap, whichever is longer. For individuals who are over 30 years old, a death date is

assigned when the time since their last sighting exceeds three years or two times their maximum sighting
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gap. The reduced waiting time for individuals over 30 does not impact our results (electronic
supplementary material). As fieldwork at the site typically runs from May to December each year, and
gaps in sighting history occur from January to May, May 1st is used as the default death date. If an
individual's maximum sighting gap was less than one year, the death date was assigned as the first of
May in the year following last sighting. If the individual’s maximum sighting gap exceeded one year, the
death date was assigned as the first of May in the year of their last sighting plus their maximum sighting
gap. For example, an individual under 30 with a maximum sighting gap of two years would be considered
dead only after six years with no sightings. The death date would be assigned as May 1, two years after
the last sighting. These rules were suspended on the rare occasion that we recovered a body, for
individuals who were seen almost daily as part of a tourist provisioning program [48], or for individuals
with severe shark bite injuries that were not seen again; in such cases, death dates were assigned to the
day or week in which they likely occurred.

Carcasses are only rarely recovered in this system, making the assignment of estimated death
dates based on sighting history necessary. Several lines of evidence support our assignment procedure.
First, we have recovered the carcasses of ten well-studied individuals, and observed four orphaned
calves without their mothers, providing accurate death date information for a few individuals. In these
cases, the time between an individual’s last live sighting and their body being recovered, or their calf
being sighted without them, ranged from zero days to 1.1 years. This suggests that setting the death date
to the year following an individual’s last sighting is reasonable. Second, parentage assignments via
genetic sampling have never revealed that an individual who has been assigned a death date based on
sighting records was still alive [49]. Third, evaluation of the rate of false adult death assignments using
long-term sighting records reveals a low error rate. Applying our procedure each year from 1991 to 2014,
we determined that only 4% of individuals who would have been assigned death dates by this protocol
were subsequently resighted (electronic supplementary material). As false death assignments are
corrected over time, we expect the error rate in the final dataset to be small. The average rate of error is
0.5 false assignments per year. Allowing for six years of potential uncorrected errors, we expect three
individuals in the dataset to be erroneously considered dead; we do not expect that error to significantly

impact our results. Further, while death dates, and therefore ages at death, are estimates, we do not
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expect error in these estimates to be biased with regard to sex. We did not find a difference in lifetime
maximum sighting gap (Wilcoxon rank sum test, p = 0.41, electronic supplementary material Fig S1A), or
in yearly sighting rate (GLMM, p = 0.74, electronic supplementary material Fig S1C, Table S1) between
males and females.

Individuals were sexed using observations of the genital area, observations of dependent calves,
and detection of sex-linked genetic markers [50,51]. Young calves are unlikely to approach the research
boat to bowride, which provides a view of the genital area, and dolphins must be at least two years old
before they are biopsied for genetic analysis. Because of this, individuals that die during the calf period
are much less likely to be sexed. Our final sample included 339 unsexed individuals; 14.2% of sample
individuals over the age of 3 were unsexed and 6.8% of sample individuals over the age of 10 were
unsexed. We did not find a difference in the age at first documented sexing for males and females

(Wilcoxon rank sum test, p = 0.095, electronic supplementary material Fig S1B).

Analysis

We examined calf (birth to three years old), juvenile (three to 10 years old), and adult (>10 years
old) survival, and plotted Kaplan—Meier survival curves in the survival [52] and survminer [53] packages in
R. Individuals who were alive when the project began were left-truncated at their age on January 1, 1985,
and individuals who were still alive at the end of the data collection period were right-censored at their
age on January 1, 2020. Median lifespan and 90% lifespan (the age at which 90% of individuals have
died, a proxy for maximum lifespan [54]) were calculated for the overall population (N = 1003), and for
females (N = 308) and males (N = 322) who survived to at least age three.

We modeled the effect of sex on mortality hazard, the instantaneous rate of death at time t, given
that an individual has survived up to time t. We excluded unsexed individuals and individuals who died or
were censored before age three and left-truncated the remaining individuals at age three (sexed sample:
N = 308 female, N = 322 male). Cox regression is a commonly used semi-parametric model that can
estimate the effect of a covariate on time-to-event (e.g., time-to-death) data with right-censored
observations. These models are often referred to as Cox proportional hazards models; a major

assumption is that the effect of the covariate on hazard is proportional, or constant, over time. Diagnostic
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checks of our Cox model showed that the effect of sex does not meet the proportional hazards
assumption (p = 0.003, electronic supplementary material, Fig. S2). Instead, we implemented a piece-
wise exponential additive model (PAM) in the pammtools package [55] to estimate sex-specific hazard
over time. This approach applies the flexibility of generalized additive models to time-to-event data, and
allows for penalized estimation of baseline hazard (i.e., instantaneous rate of an event). PAMs are
unconstrained by the proportional hazard assumption, and covariate effects can be non-linear and time-
varying. The baseline log-hazard is estimated semi-parametrically by piece-wise constant hazards where
each unique event and censor time is a cut point. We used a stratified hazards model to separately
estimate the baseline hazard for males and females and included sex as a fixed effect.

As there is some inherent uncertainty in our age-at-death estimates, we conducted sensitivity
analysis by simulating age-at-death or right-censoring based on gamma error distributions and repeating
the PAM analysis 100 times (electronic supplementary material). To further verify our results, we
implemented a Cox regression model with an explicit linear interaction between sex and time (electronic
supplementary material). We also performed Bayesian Survival Trajectory analysis; this approach uses
capture-recapture analysis to estimate survival parameters in the absence of accurate age and death
information [57]. This allowed us to construct a model completely blind to both our birth and death date
estimates. Our Cox and Bayesian model results agreed with the results from the PAM model (electronic
supplementary material, Table S2, Fig S4, Table S4). As the PAM model allows for more flexibility in the
estimation of the baseline hazard and our sensitivity analysis supported our PAM results (electronic
supplementary material, Fig S3), our PAM results are presented here. All analyses were conducted in R

version 4.2.1 [58].

Results

Survival summary statistics
Mortality was high throughout the calf period but was highest in the first year of life. Male, female,
and unsexed calves were pooled, as most individuals are not sexed until the juvenile period. Survival to

age one was 80%; survival to age two and three was 72% and 67% respectively (Figure 1, electronic
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supplementary material Table S5). Annual mortality rate was lower in the juvenile period; 57% of all
individuals survived to age ten. The median lifespan was 16.5 years, 90% lifespan was 41 years, and the
maximum lifespan recorded was ~51 years.

To calculate sex-specific median and 90% lifespan, we included only individuals who survived to
at least age three. Median lifespan was slightly higher for females than males (male median lifespan =
29.5, female median lifespan = 31.5). In contrast, 90% lifespan for males was slightly higher than for
females (90% male lifespan = 45, 90% female lifespan = 44) (Figure 1, electronic supplementary material,
Table S6-S7). Males were moderately overrepresented at the oldest age class; 61% of individuals who
survived past 40 were male (25 male, 16 female). The oldest individual in our sample, a male, died at the
age of ~51, but one female is still alive at age ~50 in 2023.

Effect of sex on mortality hazard

Our model of mortality hazard from age three to maximum lifespan showed a significant
main effect of sex; overall, males have higher mortality hazard than females (p = 0.002, Table 1). The
shape of the mortality hazard function differed for males and females; our piece-wise additive model
estimated a linear relationship between female mortality hazard and age (effective degrees of freedom =
1.00), and a non-linear mortality hazard for males (effective degrees of freedom = 3.01, Table 1). Male
mortality hazard was significantly higher than female mortality hazard in the juvenile period (Figure 2); at
age four, male mortality rate was almost four times higher than female mortality rate (HR = 3.91,
electronic supplementary material S8). The significant gap between male and female mortality hazard
closed around the age of 13, coincident with the age of first reproduction in females (mean age at first
birth is 12.8 years) [59]. We did not find a significant difference between male and female mortality hazard
in adulthood, though estimated female mortality rate was non-significantly higher than male mortality
hazard rate after age 20 (electronic supplementary material S8). Senescence, the rate of acceleration in
mortality hazard with age, did not appear to differ between the sexes, but interpretation is limited by small
sample sizes in the oldest age classes. These results were supported by our sensitivity analysis
(electronic supplementary material Fig S3), our Cox model (electronic supplementary material Table S2),

and our BaSTA model (electronic supplementary material Fig S4, Table S4).
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Discussion

The calf period is one of high vulnerability: mortality is highest in the first year and declines
continuously in the second and third years of life. Infant mortality is probably underestimated here, as
some calves likely die before they are observed by researchers. Our estimate of 20% mortality should be
regarded as a minimum for first-year calf mortality. One third of calves have shark bite scars [60], and
tiger shark predation is likely a major source of calf mortality. Female reproductive success in this
population is highly variable [61,62], and calf mortality is also affected by maternal condition [42,63,64].
Though sex differences in calf behavior emerge pre-weaning [65], and it is possible that sex differences in
mortality occur as well, due to the difficulties of sexing young calves and because the sex ratio at birth is
not known, we were unable to evaluate sex differences in calf mortality.

Male mortality hazard is significantly higher than female hazard in the juvenile period. In other
species, sex differences in juvenile mortality have been attributed to differential energetic requirements
that put the larger sex at risk [66,67]. As Shark Bay dolphins are monomorphic [68], differential growth
requirements are unlikely to play a role. Instead, the intense social competition juvenile males experience
may elevate their mortality risk relative to females. The alliance is a critical component of adult male
mating strategies, and the male-male social bonds that develop into adult alliances are formed in the
juvenile and early adult period [69,70]. Socially connected male calves have higher survival in the juvenile
period [71], but the process of forming social bonds with age mates is risky. Juvenile males have high
rates of tooth rakes from conspecific aggression [39,40], and male calves are common recipients of
juvenile male socio-sexual behaviors and harassment [72]. The presence of older males appears to be
stressful; male calves who associate with juvenile males are at higher mortality risk post-weaning [71],
and juvenile males avoid adult males [73]. While juvenile males separate from their maternal networks to
develop social bonds with peers, females maintain strong social bonds with their mothers [37]. Females
increase their time spent foraging in the juvenile period [73], developing the skills necessary to meet the
energetic demands of gestation and lactation. These juvenile strategies reflect the sex-specific demands
of adult reproduction as males invest in social bonds and females invest in foraging. The high-risk social
behaviors of juvenile males, and the lower-risk social and foraging behaviors of juvenile females, may

ultimately contribute to high male mortality relative to females in the juvenile period.
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Female mortality hazard begins to match male mortality hazard at the onset of female
reproduction, in the early teens. Further work is needed to determine the role of costs of reproduction in
determining female mortality hazard, but multiple stages of reproduction for females appear to carry
substantial costs. First, adult females are consorted by multiple male alliances within a breeding season
and can be mate guarded continuously for a month or more [38]. During consortship, females are
escorted away from their preferred foraging habitats [41] and suffer increased rates of injury from male
aggression [39]. Young females are particularly vulnerable to the costs of coercion, as evidenced by
higher rates of inbreeding and elevated risk of received aggression [74,75]. Second, the lengthy and
energetically costly periods of gestation and lactation (one year and three to eight years, respectively)
that females face could compound the costs of consortship. While energetic requirements increase
substantially during lactation [76], the demands of parental care simultaneously decrease the mother’s
ability to forage efficiently and may make her more vulnerable to predation. Both pregnancy and
swimming close to an infant decrease the mother’'s swimming performance [77,78] and mothers decrease
their dive durations to accommodate calves [79]. Sharks seem to target young calves, which could
increase the mothers’ risk as well, particularly if they intervene in attacks to defend their offspring [60].
Although grouping can mitigate predation risk, female social behavior is constrained by foraging
requirements, reflected by the fact that females spend more time alone [80] and have weaker social
bonds than adult males [81].

While male and female mortality hazard in adulthood does not differ significantly, male
mortality hazard begins to increase in the mid-teens, consistent with the hypothesis that male-male
competition increases mortality risk. Males begin reproduction later than females and may not reach peak
reproductive success until their mid-30s [49]. In early adulthood, males continue to solidify their alliance
bonds [69] and may avoid conflicts over reproductive opportunities until those bonds are fortified. Scarring
rates increase as males enter their prime reproductive years [40], and paternity is skewed [82], with a few
males obtaining a disproportionately high number of paternities. This suggests that costs of reproductive
competition are considerable; however, the strong social bonds between alliance partners may mitigate
these costs and reduce mortality hazard for adult males. There is robust evidence that social bonds

extend lifespan in primates [83—-85], cetaceans [71,86], and other mammals [87-89]. Strong social bonds
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and affiliative behaviors can reduce stress responses and glucocorticoid secretion [90-92], resulting in
better health and survival outcomes [93,89,94]. In Shark Bay, males have significantly stronger social
bonds than females do [81]. Dyadic alliance bonds can last decades [38], and adult male mortality risk
increases significantly after the death of an alliance partner [95]. Adult males also spend less time alone
and more time in large groups than females [80,96], which could lower predation risk. While strong social
bonds and high social connectedness might also make males more vulnerable to pathogen transmission
[97], strong male-male social bonds could extend male longevity.

Our results demonstrate that the magnitude and direction of sex bias in mortality hazard changes
over the lifespan of a long-lived cetacean, and highlight the potential roles of social bonds, social
harassment, sexual coercion, and maternal investment in mortality risk and lifespan. While strong social
bonds likely reduce mortality for adult males, our results also underscore the costs of social living. Male
and female dolphins are exposed to high levels of social and sexual harassment at different life stages.
The process of forming male-male social bonds in the juvenile period exposes males to high levels of
harassment and high mortality risk, but the bonds they develop during that time may prove protective later
in life. Females, conversely, may have more social support from maternal networks and lower risk of
harassment in the juvenile period, but suffer costs of sexual harassment and maternal investment during
adulthood. These life-stage specific selection pressures could result in the filtering of poor-condition
males out of the population in the juvenile stage, while relatively poor-condition females may survive until
early adulthood, when they experience elevated energetic demands that result in increased mortality risk.

These results raise the possibility that costs of reproduction to females impact sex biases in
mortality in this population. While some researchers have been careful to note that sex differences in
lifespan are not reflective of reproductive costs per se, but rather the type and scheduling of investment
[2], research on sex biases in lifespan have often defined “reproductive investment” as male investment in
competition and overlooked the costs of female investment in reproduction. In birds, parental care can
incur mortality costs for both sexes [19,98] and Promislow [1] emphasized that costs of lactation and care
could have a strong impact on sex-specific mortality. In feral sheep, female mortality is correlated with the
number of rutting rams, resulting in a male-biased adult sex ratio [99]. Recent work even suggests that

female costs of reproduction may have shaped longevity patterns in humans; the apparently robust
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pattern of female-biased longevity may be a recent phenomenon, mediated by a decline in birth rates in
the last 200 years [100,101]. In mammals, particularly long-lived mammals with long periods of offspring
dependency, female investment in reproduction could be large enough to alter expected patterns of sex-
specific mortality, and explicit incorporation of selection pressures on females in studies of sex bias in
longevity could help resolve inconsistencies in the literature.

Few empirical studies evaluate changes in sex-specific mortality hazard over time, and many rely
on single metrics, such as median lifespan, to describe overall sex biases in lifespan. In humans, the
species where we have the by far most data, women survive better than men in almost every age class
and almost every context [102,103], perhaps predisposing us to assume that sex effects on mortality
would be consistent with age in other species as well. Had we looked at median lifespan alone we would
have concluded that females live slightly longer than males in this population and overlooked the life
history stage-specific patterns in mortality risk. Mating system categories do not capture the myriad ways
that animals invest in reproduction, and each life stage carries its own set of risks, challenges, and
tradeoffs for each sex. In long-lived iteroparous mammals, variation in lifespan is a major driver of
variation in reproductive success for both males and females [104,105], and the drivers of sex-specific
longevity are likely under strong selection. Research that investigates the specific demographic,
ecological, and social conditions that produce variation in mortality hazard within populations can provide

novel insights into the evolution of longevity.
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Figure captions and tables

Figure 1: Kaplan-Meier survival curves for A) all individuals (N=1003) and B) by sex (N = 323 female, N =

341 male, N = 339 unknown sex).

Figure 2: Estimated mortality hazard for females and males from age 3 to end of lifespan (N = 308

female, N = 322 male). A) Stratified log-hazards for males and females and B) effect of sex on mortality

hazard over time

Table 1: Main effects and smoothing terms from PAM stratified hazards model. EDF is the effective

degrees of freedom for the spline representing each covariate; an EDF of 1 represents a linear

relationship, while an EDF of >2 represents a highly non-linear relationship.

Estimate Std. Error zvalue p-value

Intercept -4.19 0.12 -34.22 < 0.001
Sex[Male] 0.49 0.16 3.15 0.002

Effective

degrees of Chi square

freedom value p-value
Male 3.10 89.5 < 0.001
Female 1.00 133.4 < 0.001
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