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Abstract
Sex differences in aging occur in many animal species, and they include sex differences in lifespan, in the onset and progression of age-associated decline, and in physiological and molecular markers of aging. Sex differences in aging vary greatly across
the animal kingdom. For example, there are species with longer-lived females, species
where males live longer, and species lacking sex differences in lifespan. The underlying causes of sex differences in aging remain mostly unknown. Currently, we do not
understand the molecular drivers of sex differences in aging, or whether they are related to the accepted hallmarks or pillars of aging or linked to other well-characterized
processes. In particular, understanding the role of sex-determination mechanisms and
sex differences in aging is relatively understudied. Here, we take a comparative, interdisciplinary approach to explore various hypotheses about how sex differences
in aging arise. We discuss genomic, morphological, and environmental differences
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between the sexes and how these relate to sex differences in aging. Finally, we present some suggestions for future research in this area and provide recommendations
for promising experimental designs.
KEYWORDS
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I NTRO D U C TI O N

dimorphic selection trajectories can arise through sex-specific age
distribution skews, sex-specific responses to the environment, or

Aging (or senescence) is the decline or deterioration in physiologi-

sex-specific habitats and behaviors (reviewed in Lemaître et al.,

cal, biochemical, and physical function seen with increased age. At

2020). As an extreme example, consider systems in which males

the population scale, such deterioration in organismal phenotypes

compete for female mates with combat or bright ornamentation. It

often manifests as declining fertility and increasing mortality with

has been shown elsewhere that such behavioral and morphological

advancing adult age. It is well known that animal reproductive aging

differences between the sexes can increase male mortality relative

can differ between the sexes (reviewed in Comizzoli & Ottinger,

to female mortality. Such a difference would give rise to different

2021), with an extreme example being reproductive cessation in

age structures between males and females, from which sex-specific

some female, but not male mammals (Alberts et al., 2013) with a

senescence can evolve (e.g., Kappeler, 2017; Schacht et al., 2017).

long post-reproductive lifespan being seen in human females (Levitis

A less extreme example is seen in sex differences in resistance to

et al., 2013). Remarkably, sex differences in lifespan are observed

infectious disease, particularly during pregnancy when female mam-

in many animal species as well and can encompass differences be-

mals can be more susceptible to infection [as seen in Soay sheep

tween males and females in the age-of-onset of senescence, the rate

(Leivesley et al., 2019)]. Here too, high mortality in females could

of increase in age-specific mortality, and/or the initial mortality rate

give rise to sexual dimorphism in age structure, and concomitant

in early adulthood—all of which can lead to sex-specific aging tra-

sexual dimorphism in mutation-selection balance.

jectories. Although aging is a near universal phenomenon, sex dif-

Intimately entwined with sex-specific selection is the mecha-

ferences in aging are varied throughout the animal kingdom, with

nism of sex determination (Hägg & Jylhävä, 2021). Determining the

some species showing extreme sex differences and others showing

evolutionary genetic dynamics and environmental contributors to

none (Austad & Fischer, 2016). For example, in the ant Lasius niger,

age-specific senescence from mechanisms of sex determination—

female queens live up to 28 years, female workers live several years,

sex chromosomes (heteromorphic, homomorphic, ancient, new,

and males typically die within 2–3 months (Jemielity et al., 2007). In

absent, etc.) and sex-determining loci—remains a major challenge in

contrast, species lacking sex differences in lifespan are well docu-

the understanding of the evolution of sex-specific aging. For exam-

mented among a variety of different species groups, including many

ple, an early driver of sexual differentiation once sex is “determined”

mammals (Austad & Fischer, 2016) and birds (Liker & Szekely, 2005).

is the reproductive steroid hormones (androgens and estrogens/

Currently, the causes of this diversity in sex differences in aging

progestins). Reproductive hormones are important in early sexual

across the animal kingdom are not well understood and present a

dimorphism in addition to their primary role in sexual maturation

fascinating problem for comparative biologists.

(reviewed in de Vries et al., 2014). But in oviparous TSD reptiles, ma-

To study sex differences in aging and lifespan requires an under-

ternally allocated steroid hormones in the yolk can also mediate sex

standing of how senescence evolves, as well as its genetic and en-

determination itself (Bowden & Paitz, 2021). Disentangling the role

vironmental components. The evolutionary genetics of senescence

of sex chromosomes, sex-determining loci, and hormonally mediated

is the subject of ongoing investigation, particularly in wild-dwelling

sexual development is difficult, but there has been good progress

populations where senescence evolved [reviewed in (Bronikowski &

in specific model organisms for this endeavor. For example, in the

Promislow, 2005)]. Aging likely arises due to age-specific mutation–

Four Core Genotype mice, these factors are decoupled, and work on

selection balance. If selection declines with advancing age [a null

this model has revealed potential independent contributions from

expectation in populations that have young-skewed age distribu-

both factors (Davis et al., 2019). Interestingly, nature has provided

tions (Hamilton, 1966), see Box 1], two genetic processes may occur.

additional model organisms whose sex-determination mechanism

Mutations with deleterious late-age phenotypes may accumulate

recommends them for addressing this question. For example, closely

across generations (Medawar, 1946) and/or antagonistically pleiotro-

related species pairs that have genotypic sex determination versus

pic mutations may accumulate with positive fitness effects in early

environmental sex determination can reveal the role of sex-specific

life and negative fitness effects in late life (Williams, 1957). If age-

genetic loci versus hormonal cascades in the development of sex-

specific selection differs between the sexes—for example, through

specific aging (e.g., in reptiles, see turtle data in Box 1). At the mech-

sex-specific sources and drivers of mortality, then sex-specific se-

anistic level, determining whether and which proximate (molecular)

nescence can evolve provided genetic variation exists. Such sexually

mechanisms of senescence have diverged between the sexes is a
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BOX 1 Age-structured populations and selection

F I G U R E 1 Sex-specific age structure of adult wild baboons (Papio cynocephalus) and painted turtles (Chrysemys picta). Data
from Bronikowski et al. 2011 and Bronikowski et al. 2021, respectively. In both populations, the male distributions are left-skewed
relative to the female distributions, and females have right extended distributions. The intensity of selection acting against a
mutation that decreases age-specific survival declines more rapidly with age for males in both species. Baboons have genotypic
sex determination (degenerate sex chromosome in males). Painted turtles have environmental (temperature) sex determination
(no sex chromosomes).
As Medawar noted (see text), senescence evolves in senescent-free populations if age-structure decreases with advancing age classes
(for example, age-independent predation or accidents that accumulate with number of years alive). This skew causes the strength of
selection (i.e., the sensitivity of fitness to a small change in age-specific survival) to decline with age (see Charlesworth, 1992). That
is, the effect of a change in age-specific survival early in life would have a much greater effect on population growth rate (r from the
Euler-Lotka equation) than an equal change later in life. The role of fertility is such that in species where fertility also declines with
advancing age, the decline exacerbates the declining intensity of selection. Whereas, in species that exhibit increasing fertility with
age (such as in turtles), an active area of study is whether such increasing fertility can offset the declines in selection intensity due to
declining numbers of older individuals (See box 1 in Promislow and Bronikowski, 2006). The development of the formal mathematical
theory for the evolution of senescence is attributed to Hamilton (1966). A full description of these considerations and theory can be
found in Charlesworth (1992). Baboons and painted turtles were chosen to highlight the differences in sex-determination mechanism
(see Figure 1). Particularly interesting is the case of species with environmental sex determination, where genomic content and architecture are presumably identical between the sexes at fertilization.

complementary challenge. To this end, we convened a series of

This difference in lifespan leads to marked female bias in the sex

workshops in October 2020, bringing together experts from a wide

ratio of older cohorts. For example, the age pyramid of the United

range of biological disciplines to tackle these questions. Here, we

States shows the typical slight male bias in the youngest age group

report on the ideas, questions, and challenges identified. Our em-

(0–4 years), then equivalency between males and females, until a

phases were genomic architecture differences between the sexes,

bias toward females starts to appear at approximately 50 years of

including those deriving from sex-determining mechanisms in con-

age (US Census Bureau). This female bias becomes most extreme in

tributing to sex-specific aging and longevity.

the oldest age group, 85 years or older, which includes more than
twice as many women than men. This bias is also evident in the prob-

1.1 | Sex differences in aging in humans

ability of reaching the age of 85, which is ~36% for men but ~50% for
women based on the US Social Security Administration's Period Life
Table for 2019. This shift with age toward an increased fraction of

Life expectancy of human females, on average, exceeds that of males

women among the surviving individuals is a common characteristic

across different human populations and historical times for which

of human populations and illustrates how sex differences in aging im-

data are available (Mauvais-Jarvis et al., 2020; Sampathkumar et al.,

pact population structure. By uncovering the mechanisms by which

2020). This pattern is observed also in several other primate species

sex-specific aging occurs in other organisms, we will better under-

(Bronikowski et al., 2011; Colchero et al., 2016). The longest recorded

stand onset of disease and progression in the aging human popula-

lifespan for women is 122 years, whereas for men it is 116 years.

tion, which could include how we might reverse or slow this process.

4 of 25
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In addition to the well-documented sex differences in human
lifespan, there are many other sex differences in how humans senesce (Austad, 2006; Austad & Fischer, 2016; Sampathkumar et al.,
2020). These differences can be seen both at the organismal level as
well as in various molecular measures. On the organismal level, while
having an overall longer lifespan, women tend to be more “frail” and
suffer more from physical ailments than men as they age (Collard

♂

♀
♀

♂♀

♂

et al., 2012; Gordon & Hubbard, 2020; Gordon et al., 2017; Marck
et al., 2016). Osteoporosis, for example, is four times more common
in women than in men. Women are also more prone than men to suffer from dementia and other age-associated neurological diseases.
For instance, women have approximately twice the risk of developing Alzheimer's disease than men (Ferretti et al., 2018). This increased level of frailty and physical impairment in women is partially
due to their longer lifespan, but research suggests that other factors
play a role as well, including genetics and possibly hormone biology
(Ferretti et al., 2018). Despite this increased frailty seen in women,
they die at lower rates than men from 13 of 15 top causes of death

♂ longer-lived

no differences
in lifespan

♀ longer-lived

F I G U R E 2 Sex differences in lifespan vary widely across animal
taxa. Gray and black bars represent lifespan in females and males.
Humans are an example of a species where females live longer,
while in Brandt's bat, males live longer. See text for more examples.
The curve illustrates that sex differences in lifespan (absolute value
of lifespan(f)—lifespan(m)) form a continuum, from males living
longer shown (left) to females living longer (right)

in the US (Austad & Fischer, 2016). On the molecular level, men and

in lifespan between sexes or reproductive modes may be extreme

women show differences in how their immune response changes

in aquatic invertebrates as well; females of the rotifer Brachionus

with age (Klein & Flanagan, 2016), and women tend to show fewer

manjavacas live twice as long as males, and fertilized sexual females

somatic mutations and chromosomal abnormalities than men with

live 25% longer than asexual females (Snell, 2014). Sex differences in

age [reviewed in (Fischer & Riddle, 2018)]. However, the molecular

lifespan also vary widely in dioecious and androdioecious nematode

events that lead to the observed organismal level sex differences in

worms, and again, outcomes seem to vary substantially depending

human aging are not well understood.

on rearing conditions (Ancell & Pires-daSilva, 2017). These examples
illustrate that sex differences in terms of lifespan are widespread

1.2 | Sex differences in aging across
animal diversity

and highly variable across the animal tree of life.
Other aspects of senescence also show sex differences in diverse animal taxa. For example, reproductive potential declines
with age at different rates in males and females of many species

Like humans and many non-human primates, a number of species

(Comizzoli & Ottinger, 2021; Holmes et al., 2001). In the red wolf,

exhibit female-biased lifespans and slower aging (Austad & Fischer,

Canis rufus, male reproductive success, as measured by pup re-

2016), yet numerous other species exhibit male-biased lifespan and

cruitment, declines with age, while no such decline is observed in

slower aging, and still others lack sex differences in aging entirely

females (Sparkman et al., 2017). This situation is reversed in the

(Figure 2). Among mammals, females tend to have longer lifespans

black-footed ferret (Mustela nigripes) with females showing de-

than males, but exceptions do exist. For example, lifespan is equiva-

creasing fertility after 3 years of age, while male fertility drops later,

lent for both sexes in American beavers (Clutton-Brock & Isvaran,

at 6–7 years of age (Wolf et al., 2000). Further, on the molecular

2007), and in some bat species, including Brandt's bat, males are

level, we see that sexes can differ in the rate of decrease of telo-

longer lived than females (Kowalski et al., 2002; Podlutsky et al.,

mere length (Barrett & Richardson, 2011; Gardner et al., 2014). In

2005). In wild roe deer, which often show a female survival advan-

some species, males with a shorter lifespan have shorter telomeres

tage, the increase in lifespan for females over males ranges from 0%

earlier in life than females, as is the case in humans and many lab-

to 30% depending on environmental factors (Garratt et al., 2015).

oratory rodents (Barrett & Richardson, 2011; Gardner et al., 2014).

This within-class variation in longevity has been observed broadly

There are also species such as ants and gulls where there is neither

across vertebrates, including birds, reptiles, amphibians, and fish

a relationship between telomere length and lifespan nor a sex dif-

(Tower & Arbeitman, 2009; Xirocostas et al., 2020). Similarly, in-

ference in the telomere decay rate (Fischer & Riddle, 2018). For

sects and other invertebrates show striking variation in sex-specific

example, in two species of long-lived bats, no relationship between

longevity. Social insects offer some of the most extreme examples,

telomere length and age was detected in either sex (Foley et al.,

though are complicated by the fact that often two or more types of

2020; Lorenzini et al., 2009; Power et al., 2021), and a recent meta-

females exist with very different lifespans [i.e., worker and queen

analysis of 51 taxa found no consistent sex differences in telomere

bees (Vaiserman, 2014; Xirocostas et al., 2020)]. Yet sex differ-

length (Remot et al., 2020). The examples of reproductive senes-

ences in aging are also known from other diverse insect taxa, in-

cence and telomere length degradation illustrate the tremendous

cluding both hemimetabolous and holometabolous lineages (Bilde

variation across animal taxa in the organismal and molecular fea-

et al., 2009; Song et al., 2017; Zajitschek et al., 2009). Differences

tures that show sex differences with aging.

|
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1.3 | Mechanisms leading to sex differences
in aging
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environments (e.g., partitioning of home ranges / breeding grounds,
intra- and inter-sexual competition). How these biological and ecological differences between the sexes interact and impact the mo-

In 2013, Lopez-Otin and colleagues proposed nine “hallmarks of

lecular drivers of aging and thus precipitate sex differences in aging

aging,” that is, features that are commonly seen in aging animals

is an important open question in the comparative biology of aging.

across a wide range of species (López-Otín et al., 2013; for a simi-

Here, we summarize hypotheses and data related to genomic, mor-

lar characterization of seven “pillars of aging” see Kennedy et al.,

phological, and environmental differences between the sexes and

2014). These shared characteristics of aging include “genomic insta-

how these relate to differences in senescence and lifespan. We end

bility, telomere attrition, epigenetic alterations, loss of proteostasis,

by suggesting future research emphases in this area.

deregulated nutrient-sensing, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion, and altered intercellular communication” (López-Otín et al., 2013, see Box 2). The relationships among
these molecular hallmarks, and their relationship to senescence—

2 | G E N O M I C D I FFE R E N C E S B E T W E E N
TH E S E X E S A N D D I FFE R E N C E S I N AG I N G

either causal or consequential—remain unknown outside of a few
model species (i.e., humans, mouse, fruit flies).

Genomic differences between the sexes can arise at fertilization.

Research has revealed a variety of pathways contributing to

Thus, sex-specific aging may derive, in part, from differences in

aging, as summarized in the discussion of the nine hallmarks of aging

genotypes between males and females related to sex-determination

(López-Otín et al., 2013; but see Gems & de Magalhães, 2021). The

mechanisms.

molecular basis of sex differences in some species and absence of
these differences in other species is not well defined, currently. Sex
differences in any of the molecular drivers leading to the hallmarks

2.1 | Species with sex chromosomes

of aging, or other biological mechanisms absent from the hallmarks,
could potentially be involved. For example, males and females might

In species with sex chromosomes, the genomes of the two sexes dif-

have different levels of DNA repair enzymes, leading to different effi-

fer in their sex chromosome complement. While other systems exist,

ciencies in DNA damage repair and genome instability, thus impacting

most sex chromosomes generally fit into one of two categories: XX/

aging. This might be the case in Drosophila, as overexpression of DNA

XY systems, where males are the heterogametic sex (XY genotype)

repair genes can impact males and females differently (Shaposhnikov

and females are homogametic (XX); and ZZ/ZW systems, where

et al., 2015). Similarly, males and females might differ in the rate at

females are heterogametic (ZW) and males are homogametic (ZZ).

which they produce or clear senescent cells, thus leading to different

There is considerable variation within these two sex chromosome

rates at which senescent cells accumulate in various tissues. Sex dif-

types, as they have evolved multiple times independently (Bachtrog

ferences in aging could also involve tissue-specific pathophysiological

et al., 2014). Despite this variation, there is broad, empirical sup-

mechanisms affecting specific organs, including sex-specific organs,

port for shorter lifespans in the heterogametic sex compared to

and resulting in age-related pathologies (for an example of this in

the homogametic sex (Xirocostas et al., 2020), although with much

Drosophila, see Regan et al., 2016). While some data from model or-

variation (Marais et al., 2018). An analysis focused on tetrapods sug-

ganisms exist for some of the molecular drivers (Fischer & Riddle,

gested that the sex-determination system (XY vs. ZW) explained ¼

2018; Menees et al., 2021; Mitchell et al., 2016; Rodriguez-Fernandez

to ⅓ of the differences in the adult sex ratio (a proxy of sex differ-

et al., 2020; Tsurumi & Li, 2020), comprehensive investigations across

ences in adult mortality) observed between species, depending on

taxa are lacking. Thus, the molecular pathways involved in generating

the heterogametic sex (Pipoly et al., 2015). A similar result was ob-

sex differences in aging could be diverse and are poorly understood.

tained in a study focused on amphibians (Cayuela et al., 2021). Data

While sex differences in some molecular pathways associated

from the four core genotypes in mouse (animals with either XX or

with aging have been documented (reviewed in Hägg & Jylhävä,

XY sex chromosome complement and either ovaries or testes gener-

2021; see also Baar et al., 2016; Brown-Borg et al., 1996; Hwangbo

ated by exploiting a translocation of the SRY gene to an autosome)

et al., 2004; Selman et al., 2008; Svensson et al., 2011; Yoon et al.,

shows that the presence of two X chromosomes improves lifespan,

1990) the triggers of these differences remain obscure (but see Chen

irrespective of the gonads (Davis et al., 2019). Together, the available

et al., 2012; Sawala & Gould, 2017; Spaziani & Radicioni, 2020).

data suggest that sex chromosomes might have a role in generating

Ultimately, sex-specific selection (potentially arising from sexual se-

sex differences in aging (Marais et al., 2018).

lection) likely drives these sex differences in aging hallmarks, and

Several potential explanations for the shorter lifespan of the het-

the triggers of sex differences in aging are closely coupled with sex-

erogametic sex have been proposed. First, the “unguarded X” (or “Z”)

ual differentiation pathways. Males and females often differ in (i)

hypothesis (Trivers, 1985) suggests that the heterogametic sex (i.e.,

genome composition (e.g., sex chromosomes); (ii) adult morphology

with only one full sex chromosome X in males of XY species, and Z in

and life-history (e.g., adult sexual size dimorphism, reproductive

females of ZW species) might express more deleterious morphologi-

investment); and (iii) environments—both biological environments

cal and physiological characteristics. This prediction derives from the

(e.g., hormonal milieu, microbiomes, parasites), and ecological

observation that recessive deleterious X- or Z-linked alleles are likely

6 of 25
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BOX 2

Molecular mechanisms of aging
Genomic instability: Increasing genome instability with age (i.e.,

Loss of
proteostasis

rates of aneuploidy, somatic mutations, and dysregulation of
transposable elements [TEs]) is well documented in many species.
Evidence for a clear causal relationship to senescence is largely
lacking, but data from model species suggest that improved DNA
repair and increases in TE silencing can lead to longer lifespans.

Genome instability
Telomere attrition
Epigenetic alterations
Mitochondrial
dysfunction

In addition, in humans, premature aging syndromes are linked to

De-regulated
nutrient-sensing
Altered intercellular
communication

DNA repair and genome instability.
Telomere attrition: Telomere attrition in humans correlates with
age, and telomere attrition is directly related to cellular senescence (a primary cause of inflammation) and altered gene expression in sub-telomeric regions (Dong et al., 2021). In mammals, the
level of telomere maintenance with age depends on body size,

Stem cell
exhaustion

Cellular
senescence

with telomerase activity negatively correlated with body mass
(Tian et al., 2018). Thus, there are a significant number of species
documented, which lack telomere attrition, but nonetheless show
physiological aging similar to species that show telomere attrition.

Epigenetic alterations: Epigenetic changes with aging are widespread and include changes to cytosine methylation (Wilkinson et al.,
2021), histone modifications, and chromatin structure. Heterochromatin loss associated with aging occurs in several species and improved maintenance of heterochromatin extends health-  and lifespan (Ngian et al., 2021; Wood et al., 2016). In addition, a recent
study demonstrated that expressing the key reprogramming genes Oct4, Sox2, and Klf4 in old mice resulted in the re-establishment of
“young” cytosine methylation patterns and improved physiological functions (Lu et al., 2020), suggesting that epigenetic change underlies senescence.
Loss of proteostasis: To maintain cellular proteins in a functional state, protein production, folding, modification, and degradation
have to be carefully balanced. This balance is lost with advancing age, leading to a variety of problems. A causal link to aging is supported by studies that report increased lifespan in animals overexpressing chaperone proteins that promote proteostasis (Bobkova
et al., 2015; Hsu, Murphy & Kenyon, 2003; Morley & Morimoto, 2004; Morrow et al., 2004; Yokoyama et al., 2002).
Deregulated nutrient-sensing: Nutrient-sensing pathways in animals include the IIS (Insulin and Insulin-like growth factor [IGF-1]
signaling), sirtuin, AMPK (AMP kinase), and mTOR (mechanistic target of Rapamycin) pathways. These pathways are responsible for
assessing the body's nutritional needs and status, and their ability to do so decreases with age. Studies from several model species
suggest that modulating these pathways genetically or by dietary restriction can impact life- and healthspan.
Mitochondrial dysfunction: Mitochondrial function tends to decline with age. At the same time, mtDNA mutations increase with
age. The combined roles of mitochondrial function, oxidative stress, mutational load, and mitochondrial mass have been the subjects
of decades of research. Notwithstanding, the precise mechanisms by which mitochondrial phenotypes contribute to senescence
remain relatively unknown.
Cellular senescence: Loss of proliferative capacity is the main feature of cellular senescence (Di Micco et al., 2021). The accumulation of senescent cells leads to chronic localized inflammation. Senescent cells tend to have high levels of p16ink4a, which inhibits
cyclin-dependent kinases. Removal of cells with high p16 levels delays age-associated disorders in mice (Baker et al., 2011; Che et al.,
2020). However, this removal also has negative consequences and does not always lead to the desired senescence-delaying effects
(Grosse et al., 2020).
Stem cell exhaustion: Stem cell exhaustion refers to the shrinking pool of stem cells with age (Ren et al., 2017). Over time, stem cells
lose their capacity to produce differentiating daughter cells while maintaining their stem cell properties. Currently, it is mostly unclear
to which extent stem cell exhaustion contributes to aging in general.
Altered intercellular communication: With increased age, intercellular communications change and affect endocrine and neuronal
communication between cells (see López-Otín et al., 2013) and references therein). Particularly impacted are immune functions, with
inflammatory reactions tending to increase with age, while surveillance against pathogens and malignant cells decrease (Borgoni et al.
2021). The overall contribution, causal or correlative, of altered cell-to-cell communication (beyond inflammaging (Franceschi et al.,
2018) is not clear (but see Yousefzadeh et al., 2021 for a promising transplant study).
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to be masked by a dominant beneficial allele in the homogametic sex,

7 of 25

can result in effective haploidy of the somatic genome (Gardner &

but are exposed to selection in the heterogametic sex. Despite solid

Ross, 2014). Social Hymenoptera are of particular interest in terms

theoretical foundations, the unguarded X hypothesis has mixed em-

of sex differences in aging, as often the sexes differ significantly in

pirical support (Brengdahl et al., 2018; Sultanova et al., 2018, 2020).

terms of lifespan, but also because there often are multiple classes

Second, the “toxic Y” (or “W”) hypothesis (Brown et al., 2020; Marais

of females—extremely long-lived queens and sterile workers with

et al., 2018; Nguyen & Bachtrog, 2020) suggests that the Y or W chro-

lifespan more similar to the males. In these species, something similar

mosomes (which are sex-limited) might account for sex differences in

to the “unguarded X” hypothesis might explain the sex differences in

lifespan. Y-linked genetic variation for male lifespan exists in D. mela-

aging, as essentially the entire chromosome complement is unguarded

nogaster (Griffin et al., 2015) and chinook salmon (McKinney et al.,

in males, leading to the phenotypic manifestation of any deleterious

2020). Consistent with the role of the Y chromosome in aging, repet-

alleles present (Smith & Shaw, 1980). However, this hypothesis does

itive DNA on the Y chromosome is de-repressed in older Drosophila

not explain the extensive lifespan differences between castes of one

melanogaster males, leading to mis-expression of Y chromosome

sex, such as the diploid sterile workers and the diploid fertile queens,

repeats as a function of aging. Data from humans also support the

suggesting that other aspects of these animals’ biology (e.g., gene ex-

presence of a toxic Y effect, as the presence of an additional Y chro-

pression, environments, diet) precipitate these lifespan differences.

mosome in males (i.e., XYY) leads to a 10-year reduction in lifespan
(Stochholm et al., 2010). In contrast, human males with an additional X
chromosome (XXY, Klinefelter) only show a 2-year reduction in lifespan (Bojesen et al., 2004). Thus, either the “unguarded X” or “toxic

2.3 | The mother's curse: female-specific
inheritance of mitochondrial genomes

Y” hypotheses may help explain the shorter lifespan of the heterogametic sex, but the relative importance in various species is unknown.

An additional genetic difference between the sexes involves the inherit-

X (or Z) chromosome dosage compensation may also have sex-

ance of mitochondria, which typically are passed from mother to off-

specific effects on lifespan—either by upregulation of the single sex

spring. The matrilineal inheritance of mitochondria means that selection

chromosome in the heterogametic sex or by downregulation of the

on mitochondrial genomes (mtDNA) occurs only in females, leading to

duplicate sex chromosome in the homogametic sex. Some taxa have

the prediction that males may suffer a “mother's curse” from mtDNA al-

evolved sex-specific regulation of the X or Z chromosome in the heterog-

leles that are optimized for female-specific needs with respect to energy

ametic sex, which is predicted to compensate for the haploid expression

metabolism (Gemmell et al., 2004; Innocenti et al., 2011). Evidence for

of X- or Z-linked genes (Ohno, 1967). In Drosophila, the X chromosome is

the mother's curse in animals is mixed (Dowling & Adrian, 2019), but it

upregulated in hemizygous XY males to equilibrate with the diploid dos-

has been hypothesized to explain shorter lifespans in males than females

age of the autosomes (Lucchesi & Kuroda, 2015). Misregulation of dos-

(Camus et al., 2012; Frank & Hurst, 1996). For example, a study of Leber's

age compensation in males could explain shorter lifespan of Drosophila

hereditary optical neuropathy, a condition caused by mitochondrial

males. In comparison, in humans, where one copy of the X chromosome

mutations, discovered that these mutations lead to worse phenotypic

is inactivated in XX females (with some important exceptions, Tukiainen

outcomes in males than in females and are maintained in the popula-

et al., 2017), biased (non-random) inactivation of one copy of the X over

tion due to the matrilineal mtDNA transmission (Milot et al., 2017). The

the other is associated with shorter lifespan (Chuaire-Noack et al., 2014;

extent of the mother's curse may further depend on temperature for

Gentilini et al., 2012; Ostan et al., 2016). However, as this process oc-

poikilotherms (Montooth et al., 2019), and we discuss how differences in

curs in females, it does not explain the shorter male lifespan. Thus, while

temperature and energy metabolism can lead to sex differences in aging

sex-specific gene regulation via dosage compensation might impact sex

below. Moreover, the male-limited inheritance of the Y chromosome

differences in aging in some species, we maintain that it is not a general

may result in male-specific adaptations that negate the mother's curse

mechanism underlying sex differences in aging across taxa because of

or even create a countervailing “father's curse” on autosomal loci (Ågren

the idiosyncratic nature of dosage compensation across eukaryotes (Gu

et al., 2019). The compounding effects of these sexually antagonistic

& Walters, 2017; Mank, 2013).

selection pressures with sex-biased modes of inheritance could lead to
sex differences in aging. Nevertheless, it is difficult to predict which sex

2.2 | Species with haplodiploidy

should outlive the other without knowing the values of many different
parameters in a variety of population genetics models. For this reason,
the mother's and father's curses remain intriguing explanations for sex

Species where sex is determined by the presence/absence of chro-

differences in aging, but are of limited predictive value.

mosome pairs provide another opportunity to investigate the possible impacts of genomic differences between males and females on
sex differences in aging. Species with haplodiploidy are best known
among hymenopteran insects (e.g., bees, ants, wasps; female dip-

3 | PH E N OT Y PI C D I FFE R E N C E S B E T W E E N
TH E S E X E S A N D D I FFE R E N C E S I N AG I N G

loid, male haploid), but also include some scale insects and rotifers
(Blackmon et al., 2017). In addition, some insects have sex differences

In many species, in addition to the difference in sex organs, males and

in the elimination of the paternally inherited chromosomes, which

females also differ in a variety of features with varying degrees of
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brown antechinus (A. stuartii), a small marsupial, provides an extreme

with mating systems. When males physically compete for access to

example, as all males die after mating, while ~10%–15% of females sur-

females, the males tend to be the larger sex and may develop weap-

vive multiple mating seasons (Fisher & Blomberg, 2011). Phylogenetic

onry such as horns or antlers (e.g., Bro-Jørgensen, 2007; Lindenfors

constraints in sexual size dimorphism appear to be mostly absent; within

et al., 2007; but note that in ~70% of bovids, females also have horns:

many clades, sexual size dimorphism ranges from non-existent, to males

Lundrigan, 1996). When females choose mates among males, male

being twice as large as females, or females being much larger than males

ornamentation in plumage, horns, vocalizations, or bright colors often

(Bronikowski et al., 2011; Ceballos et al., 2013; Cheverud et al., 1985;

occurs (Zuk & Simmons, 2018). In contrast, females may evolve orna-

Ota et al., 2010; Rohner et al., 2018). In at least some species groups

ments in response to sexual selection or other selection pressures

(birds and mammals; Promislow, 1992; Promislow et al., 1992), sexual

(Murray et al., 2018; Tobias et al., 2012). These ornaments can be

dimorphisms and sexual selection are linked to sex differences in aging

costly to develop or maintain and thus may contribute to sex differ-

(but see Lemaître et al., 2020; Tidière et al., 2015).

ences in aging (reviewed in Tidière et al., 2015). In addition, sperm

Sexual dimorphism in body size is relevant to sex differences in

competition might also be costly for males, thus impacting sex differ-

aging as there are several connections between body size and aging.

ences in aging (Lemaître et al., 2020). Sexual dimorphism also extends

Generally speaking, among species, larger animals live longer than

to a variety of morphological, physiological, and likely, molecular

smaller animals (Speakman, 2005), whereas within species, the op-

characteristics. In humans, for example, males and females differ

posite can be true [e.g., dwarf mice (Bartke & Brown-Borg, 2004; de

in how their muscle develops and changes with age (Gheller et al.,

Magalhães & Faragher, 2008) or dogs (Fleming et al., 2011; Kraus

2016). Experimental evolution studies on wheel-running in mice have

et al., 2013)]. This relationship between body size and lifespan is

resulted in sex-specific differences in lifespan, morphology, and

likely due to the fact that the pathways controlling lifespan and body

physiology. For example, males are heavier than females in both high-

size overlap at least partially. For example, dwarf mice are deficient

running and control mice, but both sexes of the high-running strains

for growth hormone, which leads to their small body size. However,

are smaller than the control animals and the two sexes also show dif-

the growth hormone deficiency also leads to increased insulin sen-

ferences in body composition and corticosterone levels (Bronikowski

sitivity and impacts insulin signaling (reviewed in List et al., 2021),

et al., 2006; Castro et al., 2021). Given the wide-ranging phenotypes

which is an important modulator of lifespan. Interestingly, the lifes-

that show sexual dimorphism, they need to be considered as potential

pan extension seen in mice for growth hormone deficient animals

causes of sex differences in aging (Tobias et al., 2012).

is not seen in humans with growth hormone deficiencies (Bartke,
2021), suggesting that the link between growth regulation and lifes-

3.1 | Sexual dimorphism in body size

pan is complex.
The allometric scaling of lifespan, that is, smaller animals living
longer within species, however, is unlikely to explain sex differences

Sexual size dimorphism is common in many groups. In mammals, males

in aging. For example, in primates, males tend to be larger than fe-

are often larger than females, whereas in reptiles (including birds) and

males, which leads to the prediction that males should live longer

insects, females are often larger than males. Ray-finned fish exhibit the

based on their body size, which is not normally seen. In addition, the

widest range of sexual size dimorphism across animals, with variation

environment, especially diet, also has significant impacts on body

from dwarf and parasitic males to males that are more than 12 times

size and aging. Caloric restriction (CR)—within limits—often leads

larger than females (Fairbairn, 2015). Factors influencing the extent

to increased lifespan, while high calorie diets lead to accelerated

and direction of sexual dimorphism in body size include competition

aging. Indeed, CR is known to extend lifespan in a sex-specific and

for mates and resources, mating systems, predation risk, and diet. For

strain-specific manner, which is well documented in mice and fruit

example, selection for increased fecundity often favors large females

flies (reviewed in Garratt, 2020 and Krittika & Yadav, 2019). In some

(e.g., reptiles: Bronikowski & Arnold, 1999), while extensive competi-

insects, CR results in smaller, longer-lived animals. In the short-lived

tion among males for access to females favors large males (e.g., mam-

killifish Nothobranchius furzeri, CR extends lifespan of males, but not

mals: Andersson, 1994; Weckerly, 1998), and selection for a shorter

females (McKay et al., 2021). In Caenorhabditis elegans, CR increases

time to sexual maturity can lead to smaller animals of both sexes.

lifespan in hermaphrodites, but does not impact the lifespan in

Differences in selective pressures between females and males, and

males (Honjoh et al., 2017). These examples illustrate the complex

the resulting sexual dimorphisms in size, must be considered in the

nature of the body size/lifespan relationship and how sexual dimor-

context of life-history strategies. For example, along the fast-to-slow

phism in body size might contribute to sex differences in aging.

pace-of-life continuum, suites of life-history traits undergo correlated
evolution toward more fast-paced (fast growth, shorter lifespan) or
slow-paced (slow growth, longer lifespan) (e.g., Gangloff et al., 2020;
reviewed in Dammhahn et al., 2018]. Selective pressures that cause the

3.2 | Sexual dimorphisms related to differences in
developmental timing

evolution of slower- or faster-paced life histories can differ between the
sexes and result in significant variation in morphological dimorphism

In addition, one needs to consider the potential impact of differences

and lifespan (Fairbairn et al., 2007; Maklakov & Lummaa, 2013). The

in growth patterns and developmental timing on sexual dimorphisms

|
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that may result in sex differences in aging. While many species have

(Salmo salar), 1%–6% of females survive after spawning, and return to

genetically programmed growth cessation (i.e., determinate growth),

the ocean where they can recover and spawn again (National Research

species with indeterminate growth lack this limit and can theoretically

Council et al., 2004; Tessier & Bernatchez, 2000). Thus, some Atlantic

continue to grow when resources are available and the environment

salmon are iteroparous, creating a unique population of older females.

permits. While male and female animals both begin development from

In reptiles, plasticity in growth rates can be greater in one sex

a single identically sized cell, once developmental programs for each

than the other (e.g., turtles: Ceballos et al., 2013, 2014; Ceballos &

sex have been initiated, the two sexes have the potential to develop at

Valenzuela, 2011), reflecting sex-specific selective pressures that

different rates as they respond to different hormonal or environmental

can impact life histories, including aging (e.g., Bronikowski et al.,

cues. This process can lead to large differences between females and

2021; Hoekstra et al., 2018). These examples of sex-specific growth

males in age of maturity (Figure 3; de Magalhães et al., 2005), as well

and development illustrate how sex-specific selection pressures can

as sex differences in body size and other traits.

give rise to (or result from) these patterns. In turn, variation between

Sex differences in growth patterns are particularly common in

the sexes in selection and generation time may give rise to varia-

poikilotherms (e.g., insects, fishes, and reptiles), and are of interest

tion in strategies of somatic maintenance between the sexes, and

in aging biology because indeterminate growth can lead to indeter-

the molecular mechanisms that underlie such maintenance (see Box

minate fecundity, which can change selection pressures in adult an-

2). While this variation between the sexes might impact sex differ-

imals dramatically (Promislow & Bronikowski, 2006). In insects, the

ences in aging, it can be difficult to disentangle the effects of sex-

impact of growth rate and sex differences in developmental timing

specific growth rate, differences in absolute age at sexual maturity,

on body size is illustrated well by a study of black scavenger flies

and differences in body size. Likely, careful manipulations in model

(Rohner et al., 2016), which focused on populations of Sepsis neo-

species will be needed, with the goal of altering one trait while keep-

cynipsea in North America (males larger than females) and Europe

ing the others constant (for example, see Lind et al., 2017 for a study

(females larger than males). While in most insects, females are the

in C. elegans).

larger sex, Rohner and colleagues report growth rate differences between the sexes as well as a role for prolonged male development in
the populations that show larger male body size.
In fish, Pacific salmon species (Oncorhynchus spp.) that are anadromous and semelparous exhibit varying degrees of sexual dimorphism
and rapid senescence after spawning. Sexually mature sockeye salmon
(O. nerka) are sexually dimorphic where males are generally larger, with

4 | E N V I RO N M E NTA L D I FFE R E N C E S
B E T W E E N TH E S E X E S A N D D I FFE R E N C E S
I N AG I N G
4.1 | Sex-specific responses to the environment

deeper bodies and longer jaws than females (Johnson et al., 2006;
Quinn, 2018; Quinn & Foote, 1994). Growth rates vary between anad-

The environment experienced by the two sexes also needs to be

romous salmon as they can spend 1–4 years feeding and growing to

considered as a potential factor impacting sex differences in aging.

their final adult size in the ocean before returning to their spawning

Due to genetic differences and sexual dimorphism in various phe-

sites (Dittman & Quinn, 1996; Quinn, 2018), creating size-age varia-

notypes, males and females might experience and respond to the

tion at spawning and subsequent death. In contrast, in Atlantic salmon

environment differently, which, in turn, can influence sex-specific
trajectories of mortality and the molecular mechanisms underlying these trajectories. Temperature is a well-studied environmental

1000 1200

tures, animals have to expend more energy to maintain proteostasis
as more chaperones, including heat shock proteins, are required to
ensure proper protein folding (Somero, 2020). This gives rise to ther-

800

mal critical maxima (and minima) that are species- and sex-specific
(reviewed in Bodensteiner et al., 2021). These effects of heat on
cellular and biochemical functions may explain why ectotherms live
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variable with sex-specific responses. In general, at higher tempera-

longer at colder temperatures (Conti, 2008; Keil et al., 2015; Miquel
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Female bias - age at sexual maturity

F I G U R E 3 Variability in female age bias at sexual maturity
across chordates. Female age bias is defined as female maturation
age divided by the mean maturation age of both sexes. This
distribution is centered at 1 (i.e., no age bias), with range from 0.42
to 1.62, with equal tails. Data from AnAge (birds contribute 48% of
the data, mammals 40%)

Heat stress differentially impacts males and females in several
species. In Drosophila melanogaster, male fertility is impacted more
significantly than female fertility at higher temperatures (Zwoinska
et al., 2020). In reptiles, differential effects of temperature on growth
and immune function in the two sexes have been reported in common garden experiments (e.g., Palacios et al., 2020), including effects
on survival (Addis et al., 2017). Addis and colleagues report for garter snakes that the impact of temperature depends on sex as well as
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ecotypes, with one ecotype (lower elevation, fast growth) showing

Environmental factors also contribute to sequential hermaphro-

increased female mortality at low temperatures, which is absent in

ditism in fishes, where there are three patterns of sex change: (1)

males and both sexes of the second ecotype (higher elevation, slow

protogynous (female-to-male), (2) protandrous (male-to-female),

growth; Addis et al., 2017). Similarly, male fertility is negatively im-

and (3) serial bidirectional (Avise & Mank, 2009; Edgecombe et al.,

pacted by high temperatures in many mammals, often with a lesser

2021). All patterns of functional sex reversal include restructuring

effect seen in females (Takahashi, 2012). Given the importance of

of the gonad plus changes in behavior and morphology, which can

energy allocation toward reproduction versus somatic maintenance

include body size (Godwin, 2009; Nakamura et al., 2015; Warner,

for the progression of aging (Kirkwood, 1977), these examples illus-

1984). These data show that in addition to morphology and behav-

trate how temperature might impact sex differences in aging.

ior, biological sex can be plastic. How this impacts age-specific tra-

Studies in seabirds, snakes, and beetles further illustrate how

jectories of mortality and lifespan is unknown. A dominant theory

other environmental effects can influence sex differences in aging.

explaining the adaptive significance of the timing, direction, or pat-

A study from a seabird, the imperial shag Leucocarbo atriceps, re-

tern of sex change is the size advantage model, which details how

vealed a complex interaction between fledgling weight, resource

sex change is adaptive when the reproductive value is greater when

availability, and social environment (sibling number) (Svagelj et al.,

one sex is small and the other sex is older and thus larger (Ghiselin,

2021). Males are typically larger than females, and in poor years,

1969; Kazancioğlu & Alonzo, 2010; Munday et al., 2006; Warner,

chicks of both sexes without siblings showed worse performance.

1975). The timing of sex change should therefore maximize ex-

In good years, male chicks weighed less in the presence of a sibling,

pected lifetime reproductive success (Warner, 1988). Sex-specific

while female fledgling weight was unaffected by the social environ-

size advantages associated with different mating systems will drive

ment (Svagelj et al., 2021). In great skua (Stercorarius skua), females

the direction of hermaphroditism within a species (Munday et al.,

are larger than males, and female chicks typically grow faster than

2006), and thus environmental factors affecting size attainment can

males, but poor environmental conditions led to slower growth in fe-

directly influence sex change and alter individual lifespan. These

male chicks than in male chicks (Kalmbach et al., 2009). Sex-specific

sex-specific responses to the environment potentially impact aging.

effects of development under poor nutrition also have been studied
in garter snakes (Holden et al. 2019) where females, but not males,
had significantly lower adult survival when they developed under

4.2 | Sex-specific environments

poor nutrition (despite exhibiting catch-up growth when switched
to a high-nutrient diet pre-maturation). In humans, intra-uterine

In addition to sex-specific responses to shared environments, sex-

growth restriction leads to negative outcomes more often in males

specific aging can occur if the environments experienced by the

(reviewed in Cheong et al., 2016). These findings demonstrate that

two sexes differ, which can begin in utero in mammals and vivipa-

identical environments can have very different impacts on the two

rous reptiles, or at oviposition if mothers alter egg contents in an

sexes, leading to suboptimal outcomes in one sex, but not the other,

offspring-sex-dependent manner. Similarly, differences in prefer-

potentially impacting survival and aging.

ences between the sexes for habitat, thermal profiles, and diet can

A sex-specific environmental effect on lifespan has been explic-

also result in sex-specific environments. Such sex-specific environ-

itly demonstrated, for example, in the seed beetle Callosobruchus

ments are the norm for many species, often due to sex-dependent

maculatus (Sanghvi et al., 2021). Sanghvi and colleagues manipu-

dispersal behavior. Many mammals form matrilineal social groups

lated larval density to determine the impact of early life environ-

with males dispersing among groups, which results in males and

ment quality on flight performance, fecundity, and lifespan. They

females experiencing very different social environments as sub-

found that female fecundity and lifespan are negatively affected

adults (e.g., primates: Bronikowski et al., 2011). Indeed, such male

by poor larval environment, while male fecundity and lifespan are

dispersal is seen in most polygynous mammal species (Clutton-

not affected (Sanghvi et al., 2021). Another example is a study of

Brock & Lukas, 2012). As another example, most temperate bat

Seychelles warbler, Acrocephalus sechellensis, which demonstrates

species form female-only “maternity colonies'’ with males living

that the presence of non-breeding or co-breeding helper females in-

elsewhere. Even though both sexes are migratory, only females

creased survival for older dominant females significantly, but did not

return to these maternity colonies (Senior et al., 2005). While

do so for dominant males. Interestingly, dominant females lacking

female-biased dispersal was thought to be typical of socially mo-

helpers showed increased rates of telomere attrition compared to

nogamous birds (Greenwood, 1980), phylogenetic analysis has not

females with helpers, while male telomere attrition rate was not im-

confirmed an association between mating system and sex-biased

pacted by the presence of helpers (Hammers et al., 2019). These two

dispersal (Mabry et al., 2013).

studies demonstrate that identical environments can have very dif-

In addition to sex-specific environments due to dispersal behav-

ferent impacts on survival and aging for males and females and hint

ior, competition environments may also differ between the sexes. In

at possible mechanisms. However, assigning causal relationships in

many polygynous mammals, such as elephant seals, males aggres-

these kinds of studies can be difficult as even simple manipulations

sively compete with other males for access to mates while females

can have a variety of effects and impact various molecular pathways

avoid such dangerous conflicts and typically spend time obtaining

linked to aging.

sufficient resources for rearing offspring (reviewed in Fairbairn,
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2015). Such competition among males can be energetically costly

However, there are interesting intraspecific polymorphisms that pro-

and cause injury and death. Mathematical modeling suggests that

vide evidence that sex differences in aging are robust across diverse

this sex-specific “live fast, die young” strategy can evolve under con-

physical environments (e.g., temperature, altitude, seasonality) and

ditions with short mating seasons and intense competition among

behavioral variation, although the magnitude of these sex differences

individuals of one sex, which results in increased investment into

can change. Some marine turtles, for example, have wide ranges that

reproductive effort coupled with minimal investment into post-

span from North America to Australia. Interestingly, similar sex-

mating somatic maintenance (Fisher et al., 2013). While this type of

specific aging trajectories in loggerhead turtles occur in populations

reproductive strategy is rare in mammals, it is widespread in other

that differ substantially in their ages of sexual maturity (20 years in

taxa, such as many fishes, where differences in the competitive

N. America vs. 35 years in Australia; Mayne et al., 2020]. In contrast,

environments experienced by males and females lead to different

one population of painted turtles along the Mississippi River exhibits

life-history strategies and sex differences in lifespan and aging. It

sex-specific lifespans and aging rates, whereas other populations do

also should be noted that these sex-specific life-history strategies

not (Congdon et al., 2003; Reinke et al., 2020). Additionally, garter

do not only result in sex-specific environments, but are linked also to

snakes with populations of fast-  or slow-aging snakes (at low and

the evolution of size dimorphisms and other traits that might impact

high altitude, respectively) show greater skew in male vs. female

aging independently.

reproductive success in the fast-aging populations and exhibit sex-

Interactions between the two sexes and parental care repre-

specific effects of a SNP in mitochondrial Cytochrome B on meta-

sent other aspects of a sex-specific environment with the potential

bolic rate and aging/lifespan (Gangloff et al., 2020). Mexican cave

to impact sex differences in aging (Klug et al., 2013). In many spe-

fish (Astyanax mexicanus) are a particularly fascinating example of a

cies, mating itself (irrespective of successful fertilization) can impact

species with a sex-by-habitat interaction in the evolution of meta-

lifespan. In Drosophila melanogaster, male lifespan is reduced by mat-

bolic traits (Riddle et al., 2021), but without sex-specific or habitat-

ing and by even just the perception of the opposite sex (Gendron

specific lifespan (Riddle et al., 2018). Migratory species are also of

et al., 2014). Likewise, females living in the presence of males have

interest, as there can be migratory and non-migratory populations

shorter lifespan than expected when accounting for egg production

that experience vastly different environments and stresses, but still

(Harvanek et al., 2017; Landis et al., 2021; Partridge & Farquhar,

show similar levels of sex differences in aging and lifespan. A recent

1981; Partridge et al., 1987), but a recent study found surprisingly

comparative study of birds and mammals showed that migrant spe-

small effects of mating on lifespan across 15 Drosophila strains

cies and populations tended to have a faster-paced life-history strat-

(Hoffman et al., 2021). In many species, parental care is strongly

egy relative to non-migratory species (Soriano-Redondo et al., 2020).

dimorphic (reviewed in Clutton-Brock & Scott, 1991). For example,

A study of Chesapeake Bay striped bass demonstrated that migra-

in many mammals, females will provide for their offspring, first in

tions tended to be undertaken only once animals achieved a spe-

utero, later nursing their young, and eventually training them to pro-

cific size/age and that the non-migratory animals experienced higher

vide for themselves. The contribution from the male parent ranges

mortality than migratory animals. Interestingly, the sex distribution

from sperm-only to the extended participation in child rearing by

of migratory animals was skewed toward females, but it is unclear

both parents seen in humans. Sexually dimorphic parental care is

if this is due to differential mortality or aging between the sexes or

also seen in archosaurs (birds and crocodilians) and cichlid fishes (re-

sexual dimorphism in body size (Secor et al., 2020). These examples

viewed in Gans, 1996; Reynolds et al., 2002). Although most reptiles

illustrate how studying species experiencing diverse environments

do not show extensive parental care per se, females and not males

can provide insights into sex differences in aging.

often engage in nesting behaviors (such as digging nests in oviparous

Finally, short-lived species where subsequent generations expe-

species, and cessation of foraging in viviparous species: reviewed in

rience different environmental conditions are informative. Insects

Gans, 1996; Reynolds et al., 2002). A study of 37 Western Palearctic

that have spring versus winter generations might have different

bird species found parental care to significantly impact sex differ-

phenotypic morphs, but still experience sex differences in aging and

ences in lifespan, while size dimorphisms did not (Owens & Bennett,

lifespan. For example, Drosophila suzukii overwinter as adults, and

1994). Given the potential for sex differences in energy investment

females will lay eggs after the cold period, and these winter morphs

in reproduction, offspring survival, and parental care, this energetic

show significantly longer lifespans than summer morphs (Shearer

dimorphism can lead to a sex difference in somatic maintenance and,

et al., 2016). In the desert locust, the gregarious morph has a shorter

ultimately, senescence and lifespan.

lifespan than the solitary morph. In monarch butterflies, summertime “reproductive” individuals showed far more pronounced sex

4.3 | Species experiencing a range of environments

differences in aging than autumnal migratory individuals in reproductive diapause (Herman & Tatar, 2001). These examples illustrate
that, for some species, intrinsic factors might be more important

The previous two sections illustrate that both physical (e.g., temper-

than extrinsic environmental factors in generating sex differences

ature, resource availability) and behavioral (reproduction, competi-

in aging, but that for other species, the interaction between intrinsic

tion) environments can impact sex differences in aging and lifespan.

(biological) and extrinsic (environmental) factors might be key.
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in aging in species with larger sex-specific chromosomes (i.e., Y or W).
Similarly, we predict no observable effect in XX/XO or ZO/ZZ species
where the Y or W has been lost entirely (Cochran & Ross, 1967; Fraïsse

As the examples in the previous sections illustrate, there is immense

et al., 2017; Voelker & Kojima, 1971). Data from two Drosophila species

variation among male and female animals in chromosome complement,

illustrate this approach. Comparing D. pseudoobscura and D. miranda,

morphology, and life history, as well as in the contribution of environ-

both species with XY sex determination, but with Y chromosomes of

ment to sex differences in aging. In this section, we focus on genomic

different evolutionary age and size (D. p.- old, smaller; D. m.- young,

differences between the sexes as an especially promising avenue to

larger), D. miranda shows more expression and transpositions of del-

understand sex differences in longevity and aging. Our premise is that

eterious Y-linked transposable elements (Wei et al., 2020), illustrating

careful selection of species can reveal how genome content and dynam-

how a size-dependent toxic Y effect might operate.

ics can contribute to sex-specific aging in both inter- and intra-species

One limitation of inter-species comparisons is that there are

experimental designs. Below, we highlight three particularly promising

confounding differences among species other than sex chromo-

areas related to genome differences between males and females: sex

somes that may also affect aging. Thus, a complementary approach

chromosomes, genome instability, and gene regulatory cascades.

to comparing different species is to examine the effect of Y-linked
variation in aging within species that have documented Y polymor-

5.1 | Sex chromosomes in sex-specific aging

phisms (i.e., SNPs, copy number variation in repeats, structural
variants). For example, Y chromosome haplotypes in D. melanogaster have trans effects on gene expression and chromatin through-

As highlighted in Section 2, genomic differences between the sexes can

out the genome in both XY males and XXY females (Lemos et al.,

arise at fertilization due to sex chromosomes. Sex differences in aging

2008, 2010). Females do not transcribe any Y-linked genes, and

that may arise from sex chromosomes are likely due to the differences in

therefore, the effect of the Y chromosome on female transcrip-

gene content between the X and Y (or Z and W). In some animal groups,

tional regulation is most likely caused by the chromatin content of

including mammals, Drosophila, and caenorhabditid worms, the X and Y

the Y chromosome. Comparing aging in males and females carry-

(or Z and W) are highly differentiated, or heteromorphic. The Y or W has

ing different Y chromosome types would allow a direct test of the

fewer functional genes and more repetitive elements compared to the X

effect of different Y chromosomes. Other Drosophila species have

(or Z) (Charlesworth & Charlesworth, 2000; Graves & Marshall Graves,

documented Y chromosome polymorphisms (Archer et al., 2017;

2006; Rice, 1996). However, sex chromosome differentiation occurs

Branco et al., 2013; Dobzhansky, 1937), which offers the exciting

across a continuum, and numerous animal species lack heteromorphic

possibility of performing both within and among species compari-

sex chromosomes having instead poorly differentiated, or homomor-

sons in this model genus.

phic, sex chromosomes, which still retain many of their functional genes
and lack significant increase in repetitive elements.
Two competing hypotheses for sex-specific aging are the un-

5.2 | Genome instability in sex differences in aging

guarded X/Z (more genes on the larger X/Z chromosome reveal unmasked deleterious alleles in the heterogametic sex), and the toxic

Following from the above hypotheses on the direct role of sex

Y/W (more repetitive sequence on the Y/W are deleterious in the het-

chromosomes on sex-specific aging, there may exist genome-wide

erogametic sex) (see Section 2). In the first case, comparison across

phenomena that indirectly derive from sex determination. Animal

species with an X (or Z) with more genes, for example, on a larger chro-

species range in genome differentiation from heteromorphic sex

mosome, would predict a greater longevity differential between males

chromosomes to species with haplodiploidy, where females have

and females due to the number of genes impacted by hemizygosity.

twice the genomic content of males, to environmental sex deter-

We might also predict a similar effect in haplodiploid species where

mination, where genome content is identical between the sexes.

the entire genome is effectively unguarded in the haploid sex, with

Of particular interest is closely related species that show differ-

all deleterious alleles being unmasked. The greatest challenge with

ent levels of genome differentiation or different modes of sex

haplodiploid species is that sexual dimorphisms in life-history strate-

determination. In these species, it might be possible to untangle

gies often overwhelm lifespan differences, but solitary Hymenoptera

the impact of genomic differences on sex differences in aging

could be promising models that overcome this challenge. Under the

from other factors such as life-history strategies or environmen-

unguarded X/Z hypothesis, we would also predict little to no sex dif-

tal factors. Such species groups include both vertebrates—reptiles

ferences in aging in species that lack heteromorphic sex chromosomes

(turtles, squamates), fish [Neotropical silversides (Menidia spp.),

(e.g., homomorphic or lack of sex chromosomes altogether, such as

Poeciliids]—and invertebrates (marine worms, parasitic nematodes)

species with environmental sex determination). Comparisons among

(Janzen & Paukstis, 1991; Janzen & Phillips, 2006; Sabath et al.,

closely related taxa with and without heteromorphic sex chromo-

2016; Tree of Sex Consortium, 2014). For example, turtles have

somes would resolve this question. Alternatively, under the toxic Y/W

evolved several modes of sex determination including XX/XY and

hypothesis, comparison across species with a Y or W chromosome

ZZ/ZW sex chromosomes and temperature-dependent sex de-

ranging in size from smaller to larger predicts a greater sex differential

termination (TSD) (Bista & Valenzuela, 2020). Indeed, turtles and

|

BRONIKOWSKI et al.

13 of 25

lizards with sex chromosomes tend to live shorter lives than their

model species, where either the dosage compensation system or

TSD counterparts (Sabath et al., 2016). Yet, evidence of turtle se-

genomic characteristics can be manipulated to test specific hypoth-

nescence is mixed (reviewed in Hoekstra et al., 2020), and the sex

eses. Comparative studies across diverse taxa in conjunction with

specificity of demographic senescence is largely unstudied in tur-

directed experiments in model organisms have the potential to lead

tles (Bronikowski et al., 2021). Whether measures of genome sta-

to new insights into how dosage compensation systems might im-

bility (such as DNA repair efficiency, chromosome accessibility, TE

pact aging.

dysregulation, epigenetic modification) change in an age-specific,
sex-specific, or age-by-sex-specific manner in closely related species with variable sex-determining mechanisms are unknown, yet
could provide insights that would help disentangle sex determina-

5.3 | Identifying regulatory cascades that control
sex differences in aging

tion from sex-specific aging.
Sex chromosomes can be lost or newly evolved, even if the sex-

Another area of research that we believe could benefit from ex-

determination system is constant (Furman et al., 2020). Sometimes,

panded use of comparative studies concerns the gene regula-

sex chromosomes are differentiated, leading to increased transpos-

tory cascades that contribute to aging [e.g., Insulin Insulin-like

able element load or heterochromatin levels in one sex but not the

Signaling (IIS, p53)] and sex differences in aging (McGaugh et al.,

other, while in closely related species, the sex chromosomes might

2015; Passow et al., 2019; Tower, 2017). Gene regulatory cascades

show minimal levels of differentiation, as seen in related poecilid

are often pleiotropic, and currently, it is unknown if the interac-

fishes (Darolti et al., 2019). Sex chromosomes also differ in size, and,

tion between gene regulatory cascades and sexually dimorphic

in some species, the sex chromosomes can lead to significant dif-

genomes might contribute to sex differences in aging. For exam-

ferences in overall genome size between males and females [e.g.,

ple, the IIS pathway, implicated across animal diversity in regulat-

in Drosophila virilis females have the larger genome, while in D. per-

ing aging through nutrient-s ensing and stress responses, interacts

similis, males have a larger genome (Hjelmen et al., 2019)]. Among

with sex-d etermination mechanisms (Graze et al., 2018) and alters

species with old sex chromosomes, such as mammals, much of this

sexually dimorphic gene expression. As well, signaling through the

variation is caused by expansion and rearrangement of ampliconic

IIS network can differ between the sexes and the sexes can differ

regions (Brashear et al. 2018; Hughes et al. 2010). Thus, beyond

in their responses to treatments that alter IIS signaling (reviewed

the direct effect of sex chromosomes, genome size, transposable

in Towers, 2017). Even in non-t raditional species, sex differences

element content, and heterochromatin fraction (and concomitant

in IIS gene expression and protein levels have been observed (e.g.,

gene expression) are genomic features that vary between sexes and

Crain et al., 1995; Reding et al., 2016). For example, master sex-

species and have the potential to impact sex differences in aging

determination genes in vertebrates frequently encode proteins

by their impact on genome stability. Here again, comparison within

in the TGF-β (Transforming growth factor beta) signaling path-

and among species of Drosophila or fishes with neo-sex chromo-

way (Pan et al., 2021), which regulates many cellular processes

somes, such as sticklebacks (Ross et al., 2009) or African cichlids

(Derynck & Budi, 2019). TGF-β interacts with the highly evolu-

(Gammerdinger & Kocher, 2018), would allow for the separation

tionarily conserved IIS/mTor signaling network (e.g., Narasimhan

of sex-specific aging from sex chromosomes related to genome

et al., 2011), which underlies trade-offs between reproduction

stability.

and survival. It is possible for the sex-d etermination pathway to

Finally, it is possible to select species to investigate the impact

have sex-specific pleiotropic effects on aging. Another gene set

of dosage compensation systems and other sex chromosome reg-

of interest are imprinted genes, as they often impact growth pat-

ulatory pathways on sex differences in aging. In addition to the

terns in a sex-specific manner (Patten et al., 2014). Comparative

genome content, how specific chromosomes, in particular the sex

transcriptome studies and co-expression networks across species

chromosomes, are regulated in males and females can differ signifi-

with diverse sex-d etermination systems would help to distinguish

cantly. Best known are the dosage compensation systems. These

between pathways that impact aging in both versus just one of

systems, like the dosage compensation complex that upregulates

the sexes. These studies would also reveal the difference between

X chromosome genes in Drosophila melanogaster males, impact one

species-  or clade-specific mechanisms and mechanisms that act

sex, but not the other. If these sex-specific regulatory pathways are

globally across animal lineages. To reach this level of understand-

costly or are likely to break down with age, they might contribute

ing will likely require the collaboration of scientists from a variety

to sex differences in aging. The recent report of environmentally

of disciplines, as deep, omics-level data sets will be needed in ad-

sensitive dosage compensation in turtles with ZZ/ZW sex chromo-

dition to a comprehensive understanding of the organisms, their

somes, which is also age- and tissue-dependent (Bista et al. 2021),

physiology, and life history.

adds to the complexity of factors potentially affecting sex-specific

One important feature to consider when investigating regula-

aging. Selecting species with similar genomic features that differ in

tory pathways relevant to sex differences in aging is the question

sex chromosome regulation might provide insights into how these

of how sexual differentiation is accomplished, that is, via a cell

pathways impact genome instability and/or sex differences in aging.

autonomous system or via a hormonal system that affects cells

These comparative studies can then be complemented by work in

across the body (Bachtrog et al., 2014). In cell autonomous systems
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(such as seen in birds, Drosophila and nematodes), individual cells

sex-determination mechanisms, genome size, phenotypic dimor-

provide the genetic information to determine their sex, although

phisms, and more, it is possible to find suitable species groups to

signals from other cells might have some impact (Murray et al.,

investigate a range of hypotheses and include “natural replication”

2010). In contrast, in cell non-autonomous, hormonal systems (i.e.,

across different taxonomic groups.

in mammals, but see Arnold et al., 2013), specialized cells in the

Species that exhibit sequential hermaphroditism (individual be-

gonad produce sex-specific hormonal signals that are perceived by

gins life as one sex, changing to the other sex sometime later in life),

the rest of the body and result in a response to this signal, either

are documented in at least 27 families spread across nine teleost

male or female differentiation. While in species with hormonal

orders (Avise & Mank, 2009). Several species of African reed frogs

sexual differentiation all cells are of the same genotypic and phe-

(Grafe & Linsenmair, 1989) would be of great interest, as they could

notypic sex (precluding somatic mutations), in species with cell

reveal if and how aging trajectories change with a sex change. Ideally,

autonomous sex determination an individual can be a mosaic of

in each case, we would identify two or more species or populations

cells with different sexual phenotypes, male, female, or neither.

of interest from more than one major branch of the animal tree of

This potential for mosaicism in species with cell autonomous sex-

life to ensure that what we observe is a general phenomenon rather

ual differentiation is seen in gynandromorphs, individuals where

than a species-specific oddity. Likely, this approach will require bi-

a portion of the body shows female characteristics while the rest

ologists working with model species, lab-tractable species, captive

shows male characteristics. Gynandromorphs have been reported

populations, and wild populations. Despite the inherent challenges

for butterflies, insects, birds, and rodents, which is unexpected

in this approach, strategic utilization of the immense variability in

given their hormonal sex-d etermination system (Major & Smith,

both sex differences in aging, as well as the factors hypothesized to

2016; Nakamura, 2009). Gynandromorphs have the potential to

control them, is possible and has great potential for the study of sex

provide insights into the complex interactions between cell au-

differences in aging.

tonomous and non-autonomous regulators of sex differences that
can occur (e.g., see data from the four core genotypes model in
mouse; Arnold & Chen, 2009). Understanding how cells perceive
sex and what their identity is will be critical to correctly identifying

5.5 | Study designs and data types for comparative
studies of sex differences in aging

regulatory pathways that contribute to sex differences in aging.
In experimental designs for testing hypotheses of sex-specific aging,

5.4 | Taxon selection for comparative studies of
sex differences in aging

both sexes at various adult ages are needed. However, it can be difficult to define comparable cohorts and samples in diverse animal
taxa. Research communities focused on particular taxa typically
have an agreed-upon standard for adults, but these standards often

Species selection will be critical for comparative studies of sex dif-

do not translate easily among species groups. For example, many

ferences in aging. As the examples in earlier paragraphs illustrate,

research communities report age as time after sexual maturity, but

there are many taxa that can provide valuable insights into sex dif-

insect researchers typically report age as time after eclosion. As

ferences in aging (Figure 4). In our opinion, the most promising taxa

well, the age of sexual maturity can be different between males and

are those species where most of the factors that are likely to influ-

females, which begs the question of whether absolute age versus

ence aging and sex differences in aging are constant, while ideally

elapsed age since maturity is the appropriate chronological variable.

only one factor of interest is variable. For example, if our goal is to

Similarly, the developmental time prior to hatching can differ be-

investigate the role of sex chromosomes, we would choose closely

tween the sexes. Based on our discussions with biologists working

related species from a group, such as the geckos or turtles, where

with a range of species, there is no simple solution to this problem.

sex chromosomes are present in some species and absent in oth-

However, reporting age according to the species standard (age from

ers. In contrast, if our goal is to investigate the role of size dimor-

eclosion or sexual maturity, etc.), absolute age, and age as a percent-

phisms, we would choose species from the same species group,

age of the maximum lifespan is an approach that allows researchers

with similar life histories and environments, with one set of species

to compare across species as distinct as insects, fishes, and mam-

showing sexual size dimorphism, and the other lacking it, with “repli-

mals. For example, defining “young adults” as the first quartile of

cation” being provided by multiple independent evolutionary events.

adult lifespan and “old adults” as the fourth quartile of adult lifespan

Similarly, if we are interested in understanding if warmer climates

allows for comparable data sets to be collected from a variety of

exacerbate sex differences in aging, we could choose species with

species (see Ronget & Gaillard, 2020 for additional ideas).

wide geographic ranges and compare populations from different

Which tissues to sample are another important question to solve if

parts of the temperature cline. Species that reverse typically seen

diverse species are included in a comparative study of sex differences

patterns are also of great interest, such as bird species where the

in aging. With studies that span, for example, insects, fishes, and mam-

female is larger or more colorful than the male (Amundsen, 2000;

mals, the task to identify comparable tissues becomes difficult. This

Edward & Chapman, 2011). Given the immense variation in both

issue is further complicated when wild populations are sampled, as

sex differences in aging, as well as in features of interest such as

the types of tissues that can ethically and efficiently be sampled in a
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F I G U R E 4 Example taxonomic groups
for comparative studies of aging. Species
with diverse sex determining mechanisms
include those with heterogametic sex
chromosomes, non-differentiated sex
chromosomes, and environmental sex
determination (warm temperature-
dependent female determination
highlighted here; various forms of TSD
are found in many reptiles). Species
with contrasting patterns of sex-specific
lifespan include species with male-biased,
female-biased, and unbiased lifespan.
And species with inter- and intra-specific
variation in aging include diverse wild
population and laboratory model species

field setting are very limited. Given that data from humans and mice

collected will likely depend on the circumstances of collection (field

indicate that tissues may have tissue-specific aging rates (e.g., as in cy-

versus laboratory setting), as well as the amount of tissue that can

tosine methylation; Bell et al., 2019; Kling et al., 2020; Zupkovitz et al.,

be collected. For example, while 50 mg of tissue—sufficient for tran-

2021), deliberate tissue choice is important. Likely, no “one size fits all”

scriptome analysis by RNA-seq and chromatin integrity analysis by

solution is possible, but tissues of interest include muscle, brain, and

ATAC-seq (Assay for Transposase-Accessible Chromatin with high-

germ line, as these tissues show clear impacts of senescence in most

throughput sequencing)—can easily be collected from a larger animal,

species. Experimentalists will have to carefully review their choices for

for small animals such as many insects, this tissue amount requires

which tissues can realistically be sampled and carefully consider their

the dissection and pooling of dozens of animals. Similarly, in a labo-

choice in light of the overall study goal.

ratory setting samples can be flash frozen immediately to preserve

Finally, the analyses to be conducted on sampled tissues will have

them for metabolomic or proteomic analysis, but in a field setting,

to be chosen. Again, data type will depend on the ultimate study

tissue preservation methods are often much more limited, and may

goal, but a common minimal set of data and meta-data might be col-

not be compatible with proteomic or metabolomic analyses. DNA-

lected from a large number of species to allow for integration be-

based assays are typically compatible with field-collected samples,

tween studies. Meta-data should include demographic information

but some chromatin and transcriptome assays are possible as well.

about the individual sampled (age, sex, tissue, growth conditions,

Given continued development of methods that work with smaller

or location for wild species). Age might be difficult to determine, in

and smaller samples, a promising strategy might be to focus on DNA-

particular in wild populations, which might need to be considered

based assays in the short term and to store additional available sam-

during the study design. Cytosine methylation clocks provide some

ples for future investigation of other molecular aspects of aging.

promise for determining the age of wild animals that are not part
of tagged or monitored populations (for example, see Robeck et al.,
2021; Wilkinson et al., 2021). Additional data collected on individuals

6
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sampled will depend on the specific question under study, but information about size dimorphisms and overall physical health would be

Comparative studies using both intra- and inter-specific experimental

helpful. Finally, molecular measures of aging that can be collected

designs across the animal kingdom represent a promising opportu-

include nuclear and mitochondrial DNA sequences to measure so-

nity to gain new insights into the origins of sex differences in aging.

matic mutations and DNA damage, transcriptomic data to measure

Technological advances in next-generation sequencing among other

aberrant gene expression and activation of transposable elements,

methods have made assays that were until fairly recently restricted

telomere length to identify signs of telomere shortening, and chro-

to model and laboratory species adaptable to virtually any species of

matin integrity (Figure 5). Additional measures could be DNA dam-

interest. In addition, the amount of tissue needed for these assays has

age repair efficiency, levels of stress hormones or antioxidants, the

decreased significantly, making it now possible to apply a variety of

proteome, or metabolites. Limitations on what types of data can be

omics approaches in species across the tree of life. Other assays also
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F I G U R E 5 Example study design
focused on genome stability changes with
advancing age. i) First select a species that
has sex-specific variation in demographic
rate-of-aging (e.g., females live longer and
age slower than males as pictured here
for yellow baboons, Bronikowski et al.
2016). ii) Measure age-related accessible
(eu)chromatin and iii) concomitant gene
expression. iv) Measure additional
age-related features of the epigenome.
v) include functional assays of genome
stability such as DNA repair efficiency.
These genomic, epigenomic, and
functional data can be integrated in deep
learning pipelines to develop multi-variate
indices of sex-and-age specific change

have become more sensitive, and non-invasive alternatives are be-

AU T H O R C O N T R I B U T I O N S

coming more available, meaning that more senescence-related char-

NCR: Conceptualization and Supervision/Project administration.

acteristics can now be measured in more species than ever before.

AMB, RPM, PRB, JRW, JEM, EL, GSW, NV, and NCR: Writing—

The most promising comparative studies will involve biologists from

original draft preparation. AMB, RPM, PRB, JRW, JEM, EL, GSW, NV,

a variety of subdisciplines working together to tackle the question of

NCR, AMC, JPdM, J(E)D, AEE, TG, RMG, KEG, JAK: Writing—review

sex differences in aging from different angles and with complemen-

and editing. NCR, PRB, J(E)D, JEM: Visualization. NCR, JRW, EL:

tary approaches. Support from funding agencies and university ad-

Funding acquisition.

ministrations for these highly interdisciplinary studies will be needed,
but the high potential for impact makes these studies worth pursuing.

ORCID
Anne M. Bronikowski

https://orcid.org/0000-0001-6432-298X

AC K N OW L E D G M E N T S

Richard P. Meisel

We would like to thank all the participants in the series of workshops

Peggy R. Biga

focused on “Sex, Aging, Genomics, and Epigenetics” held in October

James R. Walters

2020 for their insightful and passionate discussions (I. Sullivan as

Judith E. Mank

https://orcid.org/0000-0002-2450-513X

well as unnamed participants). We also thank our facilitators from

Erica Larschan

https://orcid.org/0000-0003-2484-4921

KnowInnovation for helping us make these workshops a success de-

Gerald S. Wilkinson

spite the unplanned switch to a virtual format. Funding for these

Nicole Valenzuela

workshops was provided by National Science Foundation award

Ashley Mae Conard

number 2021305 (PI: NCR).

João Pedro de Magalhães

https://orcid.org/0000-0002-7362-9307
https://orcid.org/0000-0002-0540-291X
https://orcid.org/0000-0002-6340-995X

https://orcid.org/0000-0001-7799-8444
https://orcid.org/0000-0003-1148-631X
https://orcid.org/0000-0002-4143-6180
https://orcid.

org/0000-0002-6363-2465
C O N FL I C T O F I N T E R E S T

Jingyue (Ellie) Duan

The authors have no conflict of interest to declare.

Amy E. Elias

https://orcid.org/0000-0001-6416-2250

https://orcid.org/0000-0001-9013-6240

|

BRONIKOWSKI et al.

Tony Gamble

https://orcid.org/0000-0002-0204-8003

Rita M. Graze

https://orcid.org/0000-0001-9872-109X

Kristin E. Gribble
Jill A. Kreiling
Nicole C. Riddle

https://orcid.org/0000-0002-8781-9523
https://orcid.org/0000-0003-4440-2039
https://orcid.org/0000-0003-1827-9145

REFERENCES
Addis, E. A., Gangloff, E. J., Palacios, M. G., Carr, K. E., & Bronikowski,
A. M. (2017). Merging the “morphology–performance–fitness”
paradigm and life-history theory in the eagle lake garter snake research project. Integrative and Comparative Biology, 57(2), 423–435.
https://doi.org/10.1093/icb/icx079
Ågren, J. A., Munasinghe, M., & Clark, A. G. (2019). Sexual conflict
through mother’s curse and father's curse. Theoretical Population
Biology, 129, 9–17. https://doi.org/10.1016/j.tpb.2018.12.007
Alberts, S. C., Altmann, J., Brockman, D. K., Cords, M., Fedigan, L. M.,
Pusey, A., Stoinski, T. S., Strier, K. B., Morris, W. F., & Bronikowski,
A. M. (2013). Reproductive aging in primates. Proceedings
of the National Academy of Sciences of the United States of
America, 110(33), 13440–13445. https://doi.org/10.1073/pnas.
1311857110
Amundsen, T. (2000). Why are female birds ornamented? Trends in
Ecology & Evolution, 15(4), 149–155. https://doi.org/10.1016/S0169
-5347(99)01800-5
Ancell, H., & Pires-daSilva, A. (2017). Sex-specific lifespan and its evolution in nematodes. Seminars in Cell & Developmental Biology, 70,
122–129. https://doi.org/10.1016/j.semcdb.2017.05.012
Andersson, M. (1994). Sexual selection. Princeton University Press.
Archer, C. R., Stephens, R. M., Sharma, M. D., & Hosken, D. J. (2017). The
Drosophila simulans Y chromosome interacts with the autosomes
to influence male fitness. Journal of Evolutionary Biology, 30(10),
1821–1825.
Arnold, A. P., & Chen, X. (2009). What does the “four core genotypes”
mouse model tell us about sex differences in the brain and other
tissues? Frontiers in Neuroendocrinology, 30(1), 1–9. https://doi.
org/10.1016/j.yfrne.2008.11.001
Arnold, A. P., Chen, X., Link, J. C., Itoh, Y., & Reue, K. (2013). Cell-
autonomous sex determination outside of the gonad. Developmental
Dynamics: An Official Publication of the American Association of
Anatomists, 242(4), 371. https://doi.org/10.1002/dvdy.23936
Austad, S. N. (2006). Why women live longer than men: Sex differences
in longevity. Gender Medicine, 3(2), 79–92. https://doi.org/10.1016/
s1550-8579(06)80198-1
Austad, S. N., & Fischer, K. E. (2016). Sex differences in lifespan. Cell Metabolism, 23(6), 1022. https://doi.org/10.1016/j.
cmet.2016.05.019
Avise, J. C., & Mank, J. E. (2009). Evolutionary perspectives on hermaphroditism in fishes. Sexual Development: Genetics, Molecular
Biology, Evolution, Endocrinology, Embryology, and Pathology of Sex
Determination and Differentiation, 3(2–3), 152–163. https://doi.
org/10.1159/000223 079
Baar, E. L., Carbajal, K. A., Ong, I. M., & Lamming, D. W. (2016). Sex- and
tissue-specific changes in mTOR signaling with age in C57BL/6J
mice. Aging Cell, 15(1), 155–166.
Bachtrog, D., Mank, J. E., Peichel, C. L., Kirkpatrick, M., Otto, S. P.,
Ashman, T.-L ., Hahn, M. W., Kitano, J., Mayrose, I., Ming, R.,
Perrin, N., Ross, L., Valenzuela, N., Vamosi, J. C., & Tree of Sex
Consortium (2014). Sex determination: Why so many ways of
doing it? PLoS Biology, 12(7), e1001899. https://doi.org/10.1371/
journal.pbio.1001899
Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van
de Sluis, B., Kirkland, J. L., & van Deursen, J. M. (2011). Clearance
of p16Ink4a-positive senescent cells delays ageing-associated

17 of 25

disorders. Nature, 479(7372), 232–236. https://doi.org/10.1038/
nature10600. PMID: 22048312; PMCID: PMC3468323.
Barrett, E. L., & Richardson, D. S. (2011). Sex differences in telomeres and lifespan.
Aging Cell, 10(6), https://doi.org/10.1111/j.1474-9726.2011.00741.x
Brashear, W. A., Raudsepp, T., & Murphy, W. J. (2018). Evolutionary conservation of Y Chromosome ampliconic gene families despite extensive structural variation. Genome Research, 28(12), 1841–1851.
https://doi.org/10.1101/gr.237586.118. Epub 2018 Oct 31. PMID:
30381290; PMCID: PMC6280758.
Bartke, A. (2021). Growth hormone and aging. Reviews in Endocrine &
Metabolic Disorders, 22(1), 71–8 0. https://doi.org/10.1007/s1115
4-020-09593-2
Bartke, A., & Brown-Borg, H. (2004). Life extension in the dwarf mouse.
Current Topics in Developmental Biology, 63, 189–225.
Bell, C. G., Lowe, R., Adams, P. D., Baccarelli, A. A., Beck, S., Bell, J. T.,
Christensen, B. C., Gladyshev, V. N., Heijmans, B. T., Horvath, S.,
Ideker, T., Issa, J.-P., Kelsey, K. T., Marioni, R. E., Reik, W., Relton,
C. L., Schalkwyk, L. C., Teschendorff, A. E., Wagner, W., … Rakyan,
V. K. (2019). DNA methylation aging clocks: challenges and recommendations. Genome Biology, 20(1), Article number: 249 https://doi.
org/10.1186/s13059-019-1824-y
Bilde, T., Maklakov, A. A., Meisner, K., la Guardia, L., & Friberg, U. (2009).
Sex differences in the genetic architecture of lifespan in a seed beetle: extreme inbreeding extends male lifespan. BMC Evolutionary
Biology, 9, 33. https://doi.org/10.1186/1471-2148-9-33
Bista, B., & Valenzuela, N. (2020). Turtle insights into the evolution of the
reptilian karyotype and the genomic architecture of sex determination. Genes, 11(4), 416. https://doi.org/10.3390/genes11040416
Bista, B., Wu, Z., Literman, R., & Valenzuela, N. (2021). Thermosensitive
sex chromosome dosage compensation in ZZ/ZW softshell turtles,
Apalone spinifera. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences, 376(1833), 20200101. https://
doi.org/10.1098/rstb.2020.0101. Epub 2021 Jul 26. PMID:
34304598; PMCID: PMC8310717.
Blackmon, H., Ross, L., & Bachtrog, D. (2017). Sex determination, sex
chromosomes, and karyotype evolution in insects. The Journal of
Heredity, 108(1), 78–93. https://doi.org/10.1093/jhered/esw047
Bobkova, N. V., Evgen’ev, M., Garbuz, D. G., Kulikov, A. M., Morozov,
A., Samokhin, A., Velmeshev, D., Medvinskaya, N., Nesterova, I.,
Pollock, A., & Nudler, E. (2015). Exogenous Hsp70 delays senescence and improves cognitive function in aging mice. Proceedings
of the National Academy of Sciences, 112(52), 16006–16011. https://
doi.org/10.1073/pnas.1516131112. Epub 2015 Dec 14. PMID:
26668376; PMCID: PMC4702952.
Bodensteiner, B. L., Agudelo-C antero, G. A., Arietta, A. Z. A., Gunderson,
A. R., Muñoz, M. M., Refsnider, J. M., & Gangloff, E. J. (2021).
Thermal adaptation revisited: How conserved are thermal traits
of reptiles and amphibians? Journal of Experimental Zoology Part A:
Ecological and Integrative Physiology, 335(1), 173–194. https://doi.
org/10.1002/jez.2414
Bojesen, A., Juul, S., Birkebaek, N., & Gravholt, C. H. (2004). Increased
mortality in Klinefelter syndrome. The Journal of Clinical
Endocrinology and Metabolism, 89(8), 3830–3834. https://doi.
org/10.1210/jc.2004-0777
Borgoni, S., Kudryashova, K. S., Burka, K., & de Magalhães, J. P. (2021).
Targeting immune dysfunction in aging. Ageing Research Reviews,
70, 101410. https://doi.org/10.1016/j.arr.2021.101410
Bowden, R. M., & Paitz, R. T. (2021). Is thermal responsiveness affected
by maternal estrogens in species with temperature-dependent
sex determination? Sexual Development, 15, 69–79. https://doi.
org/10.1159/000515187
Branco, A. T., Tao, Y., Hartl, D. L., & Lemos, B. (2013). Natural variation of
the Y chromosome suppresses sex ratio distortion and modulates
testis-specific gene expression in Drosophila simulans. Heredity,
111(1), 8–15. https://doi.org/10.1038/hdy.2013.5

18 of 25

|

Brengdahl, M., Kimber, C. M., Maguire-Baxter, J., & Friberg, U. (2018). Sex
differences in life span: Females homozygous for the X chromosome do
not suffer the shorter life span predicted by the unguarded X hypothesis. Evolution; International Journal of Organic Evolution, 72(3), 568–577.
https://doi.org/10.1111/evo.13434
Bro-Jørgensen, J. (2007). The intensity of sexual selection predicts
weapon size in male bovids. Evolution, 61, 1316–1326. https://doi.
org/10.1111/j.1558-5646.2007.00111.x
Bronikowski, A. M., Alberts, S. C., Altmann, J., Brockman, D. K., Cords,
M., Fedigan, L. M., Pusey, A. E., Stoinski, T. S., Cords, M., & Morris,
W. F. (2016). Female and male life tables of seven wild primate species. Nature Scientific Data, 3, 160006. https://doi.org/10.1038/
sdata.2016.6
Bronikowski, A. M., Altmann, J., Brockman, D. K., Cords, M., Fedigan,
L. M., Pusey, A., Stoinski, T., Morris, W. F., Strier, K. B., & Alberts,
S. C. (2011). Aging in the natural world: Comparative data reveal
similar mortality patterns across primates. Science, 331(6022),
1325–1328.
Bronikowski, A. M., & Arnold, S. J. (1999). The evolutionary ecology
of life history variation in the garter snake Thamnophis elegans.
Ecology, 80(7), 2314. https://doi.org/10.2307/176912
Bronikowski, A. M., Morgan, T. J., Garland, T., & Carter, P. A. (2006). The
evolution of aging and age-related physical decline in mice selectively bred for high voluntary exercise. Evolution, 60(7), 1494–1508.
https://doi.org/10.1554/05-590.1
Bronikowski, A. M., & Promislow, D. E. L. (2005). Testing evolutionary
theories of aging in wild populations. Trends in Ecology & Evolution,
20(6), 271–273. https://doi.org/10.1016/j.tree.2005.03.011
Bronikowski, A. M., Reinke, B. A., Hoekstra, L., Janzen, F. J., & Miller,
D. A. W. (2021). Joint estimation of growth and survival from
mark–recapture data to improve estimates of senescence in
wild populations: Reply. Ecology, e03571. https://doi.org/10.1002/
ecy.3571
Brown, E. J., Nguyen, A. H., & Bachtrog, D. (2020). The Y chromosome may contribute to sex-specific ageing in Drosophila. Nature
Ecology & Evolution, 4(6), 853–862. https://doi.org/10.1038/s4155
9-020-1179-5
Brown-Borg, H. M., Borg, K. E., Meliska, C. J., & Bartke, A. (1996).
Dwarf mice and the ageing process. Nature, 384, 33. https://doi.
org/10.1038/384033a0
Camus, M. F., Clancy, D. J., & Dowling, D. K. (2012). Mitochondria, maternal inheritance, and male aging. Current Biology, 22(18), 1717–1721.
https://doi.org/10.1016/j.cub.2012.07.018
Castro, A. A., Rabitoy, H., Claghorn, G. C., & Garland, T. Jr (2021). Rapid
and longer-term effects of selective breeding for voluntary exercise
behavior on skeletal morphology in house mice. Journal of Anatomy,
238(3), 720–742. https://doi.org/10.1111/joa.13341
Cayuela, H., Lemaître, J. F., Léna, J. P., Ronget, V., Martínez-S olano,
I., Muths, E., Pilliod, D. S., Schmidt, B. R., Sánchez-M ontes,
G., Gutiérrez-R odríguez, J., Pyke, G., Grossenbacher, K.,
Lenzi, O., Bosch, J., Beard, K. H., Woolbright, L. L., Lambert,
B. A., Green, D. M., Jreidini, N., … Miller, D. A. W. (2021). Sex-
related differences in aging rate are associated with sex chromosome system in amphibians. Evolution, https://doi.org/10.1111/
evo.14410
Ceballos, C. P., Adams, D. C., Iverson, J. B., & Valenzuela, N. (2013).
Phylogenetic patterns of sexual size dimorphism in turtles and their
implications for Rensch’s rule. Evolutionary Biology, 40(2), 194–208.
https://doi.org/10.1007/s11692-012-9199-y
Ceballos, C. P., Hernández, O. E., & Valenzuela, N. (2014). Divergent
sex-specific plasticity in long-lived vertebrates with contrasting
sexual dimorphism. Evolutionary Biology, 41(1), 81–98. https://doi.
org/10.1007/s11692-013-9249-0
Ceballos, C. P., & Valenzuela, N. (2011). The role of sex-specific plasticity in shaping sexual dimorphism in a long-lived vertebrate, the

BRONIKOWSKI et al.

snapping turtle Chelydra serpentina. Evolutionary Biology, 38(2),
163–181. https://doi.org/10.1007/s11692-011-9117-8
Charlesworth, B. (1992). Evolution in age-structured populations, 2nd ed.
Cambridge University Press.
Charlesworth, B., & Charlesworth, D. (2000). The degeneration of Y
chromosomes. Philosophical Transactions of the Royal Society of
London. Series B: Biological Sciences, 355(1403), 1563–1572. https://
doi.org/10.1098/rstb.2000.0717
Che, H., Li, J., Li, Y., Ma, C., Liu, H., Qin, J., Dong, J., Zhang, Z., Xian,
C. J., Miao, D., Wang, L., & Ren, Y. (2020). p16 deficiency attenuates intervertebral disc degeneration by adjusting oxidative stress and nucleus pulposus cell cycle. Elife, 3(9), e52570.
https://doi.org/10.7554/eLife.52570. PMID: 32125276; PMCID:
PMC7065909.
Chen, X., McClusky, R., Chen, J., Beaven, S. W., Tontonoz, P., Arnold, A.
P., & Reue, K. (2012). The number of x chromosomes causes sex
differences in adiposity in mice. PLoS Genetics, 8(5), e1002709.
https://doi.org/10.1371/journal.pgen.1002709
Cheong, J. N., Wlodek, M. E., Moritz, K. M., & Cuffe, J. S. M. (2016).
Programming of maternal and offspring disease: Impact of growth
restriction, fetal sex and transmission across generations. Journal
of Physiology, 594(17), 4727–4740. https://doi.org/10.1113/
JP271745
Cheverud, J. M., Dow, M. M., & Leutenegger, W. (1985). The quantitative assessment of phylogenetic constraints in comparative analyses: Sexual dimorphism in body weight among primates. Evolution;
International Journal of Organic Evolution, 39(6), 1335–1351. https://
doi.org/10.1111/j.1558-5646.1985.tb05699.x
Chuaire-Noack, L., Sánchez-Corredor, M. C., & Martínez-A güero, M.
(2014). Revisiting the X-chromosome inactivation and its impact on
female longevity. Advances in Bioscience and Biotechnology, 05(06),
572–583. https://doi.org/10.4236/abb.2014.56067
Clutton-Brock, T. H., & Isvaran, K. (2007). Sex differences in ageing in
natural populations of vertebrates. Proceedings of the Royal Society
B: Biological Sciences, 274(1629), 3097. https://doi.org/10.1098/
rspb.2007.1138
Clutton-Brock, T. H., Scott, D. (1991). The evolution of parental care.
Princeton University Press NJ, US.
Clutton-Brock, T. H., & Lukas, D. (2012). The evolution of social philopatry and dispersal in female mammals. Molecular Ecology, 21(3),
472–492. https://doi.org/10.1111/j.1365-294X.2011.05232.x
Cochran, D. G., & Ross, M. H. (1967). Preliminary studies of the chromosomes of twelve cockroach species (Blattaria: Blattidae,
Blattellidae, Blaberidae). Annals of the Entomological Society of
America, 60(6), 1265–1272.
Colchero, F., Rau, R., Jones, O. R., Barthold, J. A., Conde, D. A., Lenart,
A., Nemeth, L., Scheuerlein, A., Schoeley, J., Torres, C., Zarulli, V.,
Altmann, J., Brockman, D. K., Bronikowski, A. M., Fedigan, L. M.,
Pusey, A. E., Stoinski, T. S., Strier, K. B., Baudisch, A., … Vaupel, J.
W. (2016). The emergence of longevous populations. Proceedings
of the National Academy of Sciences of the United States of America,
113(48), E7681–E7690. https://doi.org/10.1073/pnas.1612191113
Collard, R. M., Boter, H., Schoevers, R. A., & Rc, O. V. (2012). Prevalence
of frailty in community-dwelling older persons: A systematic review. Journal of the American Geriatrics Society, 60(8), https://doi.
org/10.1111/j.1532-5415.2012.04054.x
Comizzoli, P., & Ottinger, M. A. (2021). Understanding reproductive aging
in wildlife to improve animal conservation and human reproductive health. Frontiers in Cell and Developmental Biology, 9, 680471.
https://doi.org/10.3389/fcell.2021.680471
Conti, B. (2008). Considerations on temperature, longevity and aging.
Cellular and Molecular Life Sciences: CMLS, 65(11), 1626–1630.
https://doi.org/10.1007/s00018-0 08-7536-1
Congdon, J. D., Nagle, R. D., Kinney, O. M., van Loben Sels, R. C., Quinter,
T., & Tinkle, D. W. (2003). Testing hypotheses of aging in long-lived

BRONIKOWSKI et al.

painted turtles (Chrysemys picta). Experimental Gerontology, 38(7),
765–772. https://doi.org/10.1016/s0531-5565(03)00106-2. PMID:
12855285.
Crain, D. A., Bolten, A. B., Bjorndal, K. A., Guillette, J. L. J., & Gross, T.
S. (1995). Size-dependent, sex-dependent, and seasonal changes
in insulin-like growth factor I in the loggerhead sea turtle (Caretta
caretta). Journal of Endocrinology, 98, 219–226. https://doi.
org/10.1006/gcen.1995.1063
Dammhahn, M., Dingemanse, N. J., Niemelä, P. T., & Réale, D. (2018).
Pace-of-life syndromes: A framework for the adaptive integration
of behaviour, physiology and life history. Behavioral Ecology and
Sociobiology, 72(3), Article number: 62. https://doi.org/10.1007/
s00265-018-2473-y
Darolti, I., Wright, A. E., Sandkam, B. A., Morris, J., Bloch, N. I., Farré, M.,
Fuller, R. C., Bourne, G. R., Larkin, D. M., Breden, F., & Mank, J. E.
(2019). Extreme heterogeneity in sex chromosome differentiation
and dosage compensation in livebearers. Proceedings of the National
Academy of Sciences of the United States of America, 116(38), 19031–
19036. https://doi.org/10.1073/pnas.1905298116
Davis, E. J., Lobach, I., & Dubai, D. B. (2019). Female XX sex chromosomes increase survival and extend lifespan in aging mice. Aging
Cell, 18(1), e12871. https://doi.org/10.1111/acel.12871
de Magalhães, J. P., Costa, J., & Toussaint, O. (2005). HAGR: The human
ageing genomic resources. Nucleic Acids Research, 33(Database
issue), D537–D543. https://doi.org/10.1093/nar/gki017
de Magalhães, J. P., & Faragher, R. G. (2008). Cell divisions and mammalian
aging: Integrative biology insights from genes that regulate longevity.
BioEssays: News and Reviews in Molecular, Cellular and Developmental
Biology, 30(6), 567–578. https://doi.org/10.1002/bies.20760
de Vries, G. J., Fields, C. T., Peters, N. V., Whylings, J., & Paul, M. J.
(2014). Sensitive periods for hormonal programming of the brain. In
Andersen, S., & Pine, D. (eds.), The neurobiology of childhood, Current
Topics in Behavioral Neurosciences, vol 16. (pp. 79–108). Berlin,
Heidelberg: Springer. https://doi.org/10.1007/7854_2014_286
Derynck, R., & Budi, E. H. (2019). Specificity, versatility, and control of
TGF- family signaling. Science Signaling, 12(570), eaav5183. https://
doi.org/10.1126/scisignal.aav5183
Di Micco, R., Krizhanovsky, V., Baker, D., & d’Adda di Fagagna, F. (2021).
Cellular senescence in ageing: from mechanisms to therapeutic
opportunities. Nature Reviews Molecular Cell Biology, 22(2), 75–95.
https://doi.org/10.1038/s41580 -020-0 0314-w. Epub 2020 Dec
16. PMID: 33328614; PMCID: PMC8344376.
Dittman, A., & Quinn, T. (1996). Homing in Pacific salmon: Mechanisms
and ecological basis. The Journal of Experimental Biology, 199(Pt 1),
83–91. https://doi.org/10.1242/jeb.199.1.83
Dobzhansky, T. (1937). Further data on the variation of the Y chromosome in Drosophila pseudoobscura. Genetics, 22(3), 340–3 46.
https://doi.org/10.1093/genetics/22.3.340
Dong, X., Sun, S., Zhang, L., Kim, S., Tu, Z., Montagna, C., Maslov, A. Y.,
Suh, Y., Wang, T., Campisi, J., & Vijg, J. (2021). Age-related telomere attrition causes aberrant gene expression in sub-telomeric
regions. Aging Cell. 20(6), e13357. https://doi.org/10.1111/
acel.13357. Epub 2021 May 21. PMID: 34018656; PMCID:
PMC8208793.
Dowling, D. K., & Adrian, R. E. (2019). Challenges and prospects for
testing the mother’s curse hypothesis. Integrative and Comparative
Biology, 59(4), 875–889. https://doi.org/10.1093/icb/icz110
Edgecombe, J., Urban, L., Todd, E. V., & Gemmell, N. J. (2021). Might gene
duplication and neofunctionalization contribute to the sexual lability observed in fish? Sexual Development, 15(1-3), 122–133. https://
doi.org/10.1159/000515425
Edward, D. A., & Chapman, T. (2011). The evolution and significance of
male mate choice. Trends in Ecology & Evolution, 26(12), 647–654.
https://doi.org/10.1016/j.tree.2011.07.012
Fairbairn, D. J. (2015). Odd couples: Extraordinary differences between the
sexes in the animal kingdom. Princeton University Press.

|

19 of 25

Fairbairn, D. J., Blanckenhorn, W. U., & Székely, T. (2007). Sex, size and
gender roles: Evolutionary studies of sexual size dimorphism. Oxford
University Press.
Ferretti, M. T., Iulita, M. F., Cavedo, E., Chiesa, P. A., Schumacher,
D. A., Santuccione, C. A., Baracchi, F., Girouard, H., Misoch, S.,
Giacobini, E., Depypere, H., & Hampel, H. (2018). Sex differences
in Alzheimer disease – The gateway to precision medicine. Nature
Reviews Neurology, 14(8), 457–469. https://doi.org/10.1038/s4158
2-018-0 032-9
Fischer, K. E., & Riddle, N. C. (2018). Sex Differences in aging: Genomic
instability. The Journals of Gerontology. Series A, Biological Sciences
and Medical Sciences, 73(2), 166–174. https://doi.org/10.1093/
gerona/glx105
Fisher, D. O., & Blomberg, S. P. (2011). Costs of reproduction and terminal investment by females in a semelparous marsupial. PLoS One,
6(1), e15226. https://doi.org/10.1371/journal.pone.0015226
Fisher, D. O., Dickman, C. R., Jones, M. E., & Blomberg, S. P. (2013). Sperm
competition drives the evolution of suicidal reproduction in mammals. Proceedings of the National Academy of Sciences of the United
States of America, 110(44), 17910–17914. https://doi.org/10.1073/
pnas.1310691110
Fleming, J. M., Creevy, K. E., & Promislow, D. E. L. (2011). Mortality
in north american dogs from 1984 to 2004: An investigation
into age-, size-, and breed-related causes of death. Journal of
Veterinary Internal Medicine / American College of Veterinary
Internal Medicine, 25(2), 187–198. https://doi.org/10.1111/
j.1939-1676.2011.0 695.x
Foley, N. M., Petit, E. J., Brazier, T., Finarelli, J. A., Hughes, G. M., Touzalin,
F., Puechmaille, S. J., & Teeling, E. C. (2020). Drivers of longitudinal telomere dynamics in a long-lived bat species, Myotis myotis.
Molecular Ecology, 29(16), 2963–2977. https://doi.org/10.1111/
mec.15395
Fraïsse, C., Picard, M. A. L., & Vicoso, B. (2017). The deep conservation of
the Lepidoptera Z chromosome suggests a non-c anonical origin of
the W. Nature Communications, 8(1), Article number: 1486. https://
doi.org/10.1038/s41467-017-01663-5
Franceschi, C., Garagnani, P., Parini, P., Giuliani, C., & Santoro, A. (2018).
Inflammaging: A new immune-metabolic viewpoint for age-related
diseases. Nature Reviews Endocrinology, 14(10), 576–590. https://
doi.org/10.1038/s41574-018-0 059-4
Frank, S. A., & Hurst, L. D. (1996). Mitochondria and male disease. Nature,
383(6597), 224. https://doi.org/10.1038/383224a0
Furman, B. L. S., Metzger, D. C. H., Darolti, I., Wright, A. E., Sandkam, B. A.,
Almeida, P., Shu, J. J., & Mank, J. E. (2020). Sex chromosome evolution: So
many exceptions to the rules. Genome Biology and Evolution, 12(6), 750–
763. https://doi.org/10.1093/gbe/evaa081
Gammerdinger, W. J., & Kocher, T. D. (2018). Unusual diversity of sex
chromosomes in African Cichlid fishes. Genes, 9(10), 480. https://
doi.org/10.3390/genes9100480
Gangloff, E. J., Schwartz, T. S., Klabacka, R., Huebschman, N., Liu, A. Y.,
& Bronikowski, A. M. (2020). Mitochondria as central characters in
a complex narrative: Linking genomics, energetics, pace-of-life, and
aging in natural populations of garter snakes. Experimental Gerontology,
137, 110967. https://doi.org/10.1016/j.exger.2020.110967
Gans, C. (1996). An overview of parental care among the reptilia. In
Rosenblatt, J. S., Snowdon, C. T. (eds.), Advances in the study of
behavior (Vol. 25, pp. 145–157). Academic Press. https://doi.
org/10.1016/S0065-3 454(08)60332- 0
Gardner, A., & Ross, L. (2014). Mating ecology explains patterns of genome elimination. Ecology Letters, 17(12), 1602–1612. https://doi.
org/10.1111/ele.12383
Gardner, M., Bann, D., Wiley, L., Cooper, R., Hardy, R., Nitsch, D., Martin-
Ruiz, C., Shiels, P., Sayer, A. A., Barbieri, M., Bekaert, S., Bischoff,
C., Brooks-Wilson, A., Chen, W., Cooper, C., Christensen, K., De
Meyer, T., Deary, I., Der, G., … Ben-Shlomo, Y. (2014). Gender
and telomere length: Systematic review and meta-analysis.

20 of 25

|

Experimental Gerontology, 51, 15–27. https://doi.org/10.1016/j.
exger.2013.12.004
Garratt, M. (2020). Why do sexes differ in lifespan extension? Sex-
specific pathways of aging and underlying mechanisms for dimorphic responses. Nutrition and Healthy Aging, 5(4), 247–259. https://
doi.org/10.3233/NHA-190067
Garratt, M., Lemaître, J. F., Douhard, M., Bonenfant, C., Capron, G.,
Warnant, C., Klein, F., Brooks, R. C., & Gaillard, J. M. (2015). High
juvenile mortality is associated with sex-specific adult survival and
lifespan in wild roe deer. Current Biology, 25(6), 759–763. https://
doi.org/10.1016/j.cub.2014.11.071
Gemmell, N. J., Metcalf, V. J., & Allendorf, F. W. (2004). Mother’s curse:
The effect of mtDNA on individual fitness and population viability. Trends in Ecology & Evolution, 19(5), 238–244. https://doi.
org/10.1016/j.tree.2004.02.002
Gems, D., & de Magalhães, J. P. (2021). The hoverfly and the wasp: A
critique of the hallmarks of aging as a paradigm. Ageing Research
Reviews, 70, 101407. https://doi.org/10.1016/j.arr.2021.101407
Gendron, C. M., Kuo, T.-H ., Harvanek, Z. M., Chung, B. Y., Yew, J. Y.,
Dierick, H. A., & Pletcher, S. D. (2014). Drosophila life span and
physiology are modulated by sexual perception and reward.
Science, 343(6170), 544–5 48. https://doi.org/10.1126/science.
1243339
Gentilini, D., Castaldi, D., Mari, D., Monti, D., Franceschi, C., Di Blasio, A.
M., & Vitale, G. (2012). Age-dependent skewing of X chromosome
inactivation appears delayed in centenarians’ offspring. Is there a
role for allelic imbalance in healthy aging and longevity? Aging Cell,
11(2), 277–283.
Gheller, B. J., Riddle, E. S., Lem, M. R., & Thalacker-Mercer, A. E. (2016).
Understanding age-related changes in skeletal muscle metabolism:
Differences between females and males. Annual Review of Nutrition,
36, 129–156. https://doi.org/10.1146/annurev-nutr-071715-050901
Ghiselin, M. T. (1969). The evolution of hermaphroditism among animals. The Quarterly Review of Biology, 44(2), 189–208. https://doi.
org/10.1086/406066
Godwin, J. (2009). Social determination of sex in reef fishes. Seminars
in Cell & Developmental Biology, 20(3), 264–270. https://doi.
org/10.1016/j.semcdb.2008.12.003
Gordon, E. H., & Hubbard, R. E. (2020). Differences in frailty in older
men and women. The Medical Journal of Australia, 212(4), 183–188.
https://doi.org/10.5694/mja2.50466
Gordon, E. H., Peel, N. M., Samanta, M., Theou, O., Howlett, S. E., &
Hubbard, R. E. (2017). Sex differences in frailty: A systematic review and meta-analysis. Experimental Gerontology, 89, 30–4 0.
https://doi.org/10.1016/j.exger.2016.12.021
Grafe, T. U., & Linsenmair, K. E. (1989). Protogynous sex change in the
reed frog Hyperolius viridiflavus. Copeia, 1989(4), 1024–1029.
https://doi.org/10.2307/1445989
Graves, J. A. M., & Marshall Graves, J. A. (2006). Sex chromosome specialization and degeneration in mammals. Cell, 124(5), 901–914.
https://doi.org/10.1016/j.cell.2006.02.024
Graze, R. M., Tzeng, R. Y., Howard, T. S., & Arbeitman, M. N. (2018).
Perturbation of IIS/TOR signaling alters the landscape of sex-
differential gene expression in Drosophila. BMC Genomics,
19(1), 893. https://doi.org/10.1186/s12864-018-5308-3. PMID:
30526477; PMCID: PMC6288939.
Greenwood, P. J. (1980). Mating systems, philopatry and dispersal in
birds and mammals. Animal Behaviour, 28(4), 1140–1162. https://
doi.org/10.1016/S0003-3 472(80)80103-5
Griffin, R. M., Le Gall, D., Schielzeth, H., & Friberg, U. (2015). Within-
population Y-linked genetic variation for lifespan in Drosophila
melanogaster. Journal of Evolutionary Biology, 28(11), 1940–1947.
Grosse, L., Wagner, N., Emelyanov, A., Molina, C., Lacas-Gervais, S.,
Wagner, K. D., & Bulavin, D. V. (2020). Defined p16High senescent
cell types are indispensable for mouse Healthspan. Cell Metabolism,

BRONIKOWSKI et al.

32(1), 87–99.e6. https://doi.org/10.1016/j.cmet.2020.05.002.
Epub 2020 Jun 1 PMID: 32485135.
Gu, L., & Walters, J. R. (2017). Evolution of sex chromosome dosage
compensation in animals: A beautiful theory, undermined by facts
and bedeviled by details. Genome Biology and Evolution, 9(9), 2461–
2476. https://doi.org/10.1093/gbe/evx154
Hägg, S., & Jylhävä, J. (2021). Sex differences in biological aging with a
focus on human studies. eLife, 10, e63425. https://doi.org/10.7554/
eLife.63425
Hamilton, W. D. (1966). The moulding of senescence by natural selection. Journal of Theoretical Biology, 12(1), 12–45. https://doi.
org/10.1016/0022-5193(66)90184-6
Hammers, M., Kingma, S. A., Spurgin, L. G., Bebbington, K., Dugdale,
H. L., Burke, T., Komdeur, J., & Richardson, D. S. (2019). Breeders
that receive help age more slowly in a cooperatively breeding bird.
Nature Communications, 10(1301), 1301. https://doi.org/10.1038/
s41467-019-09229-3
Harvanek, Z. M., Lyu, Y., Gendron, C. M., Johnson, J. C., Kondo, S.,
Promislow, D. E. L., & Pletcher, S. D. (2017). Perceptive costs of reproduction drive ageing and physiology in male Drosophila. Nature
Ecology & Evolution, 1(6), 152. https://doi.org/10.1038/s4155
9-017-0152
Herman, W. S., & Tatar, M. (2001). Juvenile hormone regulation of longevity in the migratory monarch butterfly. Proceedings. Biological
Sciences/the Royal Society, 268(1485), 2509–2514.
Hjelmen, C. E., Blackmon, H., Holmes, V. R., Burrus, C. G., & Johnston, J.
S. (2019). Genome size evolution differs between subgenera with
striking differences in male and female genome size in Sophophora.
G3 (Bethesda, Md.), 9(10), 3167–3179.
Hoekstra, L. A., Schwartz, T. S., Sparkman, A. M., Miller, D. A. W., &
Bronikowski, A. M. (2020). The untapped potential of reptile biodiversity for understanding how and why animals age. Functional
Ecology, 34(1), 38–54. https://doi.org/10.1111/1365-2435.13450
Hoekstra, L. A., Weber, R. C., Bronikowski, A. M., & Janzen, F. J. (2018).
Sex-specific growth, shape, and their impacts on the life history of
a long-lived vertebrate. Evolutionary Ecology Research, 19, 639–657.
Hoffman, J. M., Dudeck, S. K., Patterson, H. K., & Austad, S. N. (2021).
Sex, mating and repeatability of Drosophila melanogaster longevity.
Royal Society Open Science, 8(8), 210273.
Holmes, D. J., Flückiger, R., & Austad, S. N. (2001). Comparative biology
of aging in birds: an update. Experimental Gerontology, 36(4–6), 869–
883. https://doi.org/10.1016/s0531-5565(00)00247-3
Holden, K. G., Reding, D. M., Ford, N. B., & Bronikowski, A. M. (2019).
Effects of early nutritional stress on physiology, life-histories
and their trade-offs in a model ectothermic vertebrate. Journal
of Experimental Biology, 222(Pt 11). https://doi.org/10.1242/
jeb.200220. PMID: 31109972.
Honjoh, S., Ihara, A., Kajwara, Y., Yamamoto, T., & Nishida, E. (2017).
The sexual dimorphism of dietary restriction responsiveness in
Caenorhabditis elegans. Cell Reports, 21(13), 3646–3652. https://doi.
org/10.1016/j.celrep.2017.11.108
Hsu, A. L., Murphy, C. T., & Kenyon, C. (2003). Regulation of aging and
age-related disease by DAF-16 and heat-shock factor. Science,
300(5622), 1142–1145. https://doi.org/10.1126/science.1083701.
Erratum. In: Science. 2003 Jun 27;300(5628):2033. PMID:
12750521.
Hughes, J. F., Skaletsky, H., Pyntikova, T., Graves, T. A., van Daalen, S.
K., Minx, P. J., Fulton, R. S., McGrath, S. D., Locke, D. P., Friedman,
C., Trask, B. J., Mardis, E. R., Warren, W. C., Repping, S., Rozen, S.,
Wilson, R. K., & Page, D. C. Chimpanzee and human Y chromosomes
are remarkably divergent in structure and gene content. Nature.
2010;463(7280):536–539. https://doi.org/10.1038/nature 08700.
Epub 2010 Jan 13. PMID: 20072128; PMCID: PMC3653425.
Hwangbo, D., Gersham, B., Tu, M.-P., Palmer, M., & Tatar, M. (2004).
Drosophila dFOXO controls lifespan and regulates insulin

BRONIKOWSKI et al.

signalling in brain and fat body. Nature, 429, 562–566. https://doi.
org/10.1038/nature 02549
Innocenti, P., Morrow, E. H., & Dowling, D. K. (2011). Experimental evidence supports a sex-specific selective sieve in mitochondrial genome evolution. Science, 332(6031), 845–8 48.
Janzen, F. J., & Paukstis, G. L. (1991). Environmental sex determination in reptiles: Ecology, evolution, and experimental design.
The Quarterly Review of Biology, 66(2), 149–179. https://doi.
org/10.1086/417143
Janzen, F. J., & Phillips, P. C. (2006). Exploring the evolution of
environmental sex determination, especially in reptiles.
Journal of Evolutionary Biology, 19(6), 1775–1784. https://doi.
org/10.1111/j.1420-9101.2006.01138.x
Jemielity, S., Kimura, M., Parker, K. M., Parker, J. D., Cao, X., Aviv, A., &
Keller, L. (2007). Short telomeres in short-lived males: what are the
molecular and evolutionary causes? Aging Cell, 6(2), 225. https://
doi.org/10.1111/j.1474-9726.2007.00279.x
Johnson, S. P., Carlson, S. M., & Quinn, T. P. (2006). Tooth size and
skin thickness in mature sockeye salmon: Evidence for habitat constraints and variable investment between the sexes.
Ecology of Freshwater Fish, 15(3), 331–338. https://doi.
org/10.1111/j.1600-0633.2006.00175.x
Kalmbach, E., Griffiths, R., & Furness, R. W. (2009). Sex-specific growth
patterns and effects of hatching condition on growth in the reversed sexually size-dimorphic great skua Stercorarius skua. Journal
of Avian Biology, 40(4), 358–368.
Kappeler, P. M. (2017). Sex roles and adult sex ratios: Insights from
mammalian biology and consequences for primate behaviour.
Philosophical Transactions of the Royal Society B: Biological Sciences,
372, 20160321. https://doi.org/10.1098/rstb.2016.0321
Kazancioğlu, E., & Alonzo, S. H. (2010). A comparative analysis of sex
change in Labridae supports the size advantage hypothesis.
Evolution; International Journal of Organic Evolution, 64(8), 2254–
2264. https://doi.org/10.1111/j.1558-5646.2010.01016.x
Keil, G., Cummings, E., & de Magalhães, J. P. (2015). Being cool: how body
temperature influences ageing and longevity. Biogerontology, 16(4),
383–397. https://doi.org/10.1007/s10522-015-9571-2
Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel,
E. S., Franceschi, C., Lithgow, G. J., Morimoto, R. I., Pessin, J. E.,
Rando, T. A., Richardson, A., Schadt, E. E., Wyss-Coray, T., & Sierra,
F. (2014). Aging: A common driver of chronic diseases and a target
for novel interventions. Cell, 159(4), 709.
Kirkwood, T. B. (1977). Evolution of ageing. Nature, 270(5635), 301–3 04.
Klein, S. L., & Flanagan, K. L. (2016). Sex differences in immune responses. Nature Reviews Immunology, 16, 626–638. https://doi.
org/10.1038/nri.2016.90
Kling, T., Wenger, A., & Carén, H. (2020). DNA methylation-based age
estimation in pediatric healthy tissues and brain tumors. Aging,
12(21), 21037–21056. https://doi.org/10.18632/aging.202145
Klug, H., Bonsall, M. B., & Alonzo, S. H. (2013). The origin of parental care
in relation to male and female life history. Ecology and Evolution,
3(4), 779–791. https://doi.org/10.1002/ece3.493
Kowalski, M., Lesiński, G., Fuszara, E., Radzicki, G., & Hejduk, J. (2002).
Longevity and winter roost fidelity in bats of central Poland.
Nyctalus (NF), 8, 257–261.
Kraus, C., Pavard, S., & Promislow, D. E. L. (2013). The size-life span
trade-off decomposed: Why large dogs die young. The American
Naturalist, 181(4), 492–505. https://doi.org/10.1086/669665
Krittika, S., & Yadav, P. (2019). An overview of two decades of diet restriction studies using Drosophila. Biogerontology, 20(6), 723–740.
https://doi.org/10.1007/s10522-019-09827- 0
Landis, G. N., Doherty, D. V., Yen, C. A., Wang, L., Fan, Y., Wang, I.,
Vroegop, J., Wang, T., Wu, J., Patel, P., Lee, S., Abdelmesieh, M.,
Shen, J., Promislow, D. E. L., Curran, S. P., & Tower, J. (2021).
Metabolic signatures of life span regulated by mating, sex peptide, and mifepristone/RU486 in female Drosophila melanogaster.

|

21 of 25

Journals of Gerontology. Series A, Biological Sciences and Medical
Sciences, 76(2), 195–204.
Leivesley, J. A., Bussière, L. F., Pemberton, J. M., Pilkington, J. G., Wilson,
K., & Hayward, A. D. (2019). Survival costs of reproduction are mediated by parasite infection in wild Soay sheep. Ecology Letters, 22,
1203–1213. https://doi.org/10.1111/ele.13275
Lemaître, J. F., Gaillard, J. M., & Ramm, S. A. (2020). The hidden ageing costs of sperm competition. Ecology Letters, 23(11), 1573–
1588. https://doi.org/10.1111/ele.13593. Epub 2020 Sep 9 PMID:
32906225.
Lemaître, J.-F., Ronget, V., Tidière, M., Allainé, D., Berger, V., Cohas, A.,
Colchero, F., Conde, D. A., Garratt, M., Liker, A., Marais, G. A. B.,
Scheuerlein, A., Székely, T., & Gaillard, J.-M. (2020). Sex differences
in adult lifespan and aging rates of mortality across wild mammals. Proceedings of the National Academy of Sciences of the United
States of America, 117(15), 8546–8553. https://doi.org/10.1073/
pnas.1911999117
Lemos, B., Araripe, L. O., & Hartl, D. L. (2008). Polymorphic Y chromosomes harbor cryptic variation with manifold functional consequences. Science, 319(5859), 91–93.
Lemos, B., Branco, A. T., & Hartl, D. L. (2010). Epigenetic effects of
polymorphic Y chromosomes modulate chromatin components,
immune response, and sexual conflict. Proceedings of the National
Academy of Sciences of the United States of America, 107(36), 15826–
15831. https://doi.org/10.1073/pnas.1010383107
Levitis, D. A., Burger, O., & Lackey, L. B. (2013). The human post-
fertile lifespan in comparative evolutionary context. Evolutionary
Anthropology, 22, 66–79. https://doi.org/10.1002/evan.21332
Liker, A., & Szekely, T. (2005). Mortality costs of sexual selection and
parental care in natural populations of birds. Evolution, 59, 890–897.
https://doi.org/10.1111/j.0014-3820.2005.tb01762.x
Lind, M. I., Chen, H.-Y., Meurling, S., Guevara Gil, A. C., Carlsson,
H., Zwoinska, M. K., Andersson, J., Larva, T., & Maklakov,
A. A. (2017). Slow development as an evolutionary cost of
long life. Functional Ecology, 31, 1252–1261. https://doi.
org/10.1111/1365-2435.12840
Lindenfors, P., Gittleman, J. L., & Jones, K. E. (2007). Sexual size dimorphism in mammals. In D. J. Fairbairn, W. U. Blanckenhorn, &
T. Szekely (Eds.), Sex, size, and gender roles: Evolutionary studies of
sexual size dimorphism (pp. 16–26). Oxford University Press.
List, E. O., Basu, R., Duran-Ortiz, S., Krejsa, J., & Jensen, E. A. (2021).
Mouse models of growth hormone deficiency. Reviews in Endocrine
& Metabolic Disorders, 22(1), 2–16. https://doi.org/10.1007/s1115
4-020-09601-5
López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G.
(2013). The hallmarks of aging. Cell, 153(6), 1194–1217. https://doi.
org/10.1016/j.cell.2013.05.039
Lorenzini, A., Johnson, F. B., Oliver, A., Tresini, M., Smith, J. S., Hdeib,
M., Sell, C., Cristofalo, V. J., & Stamato, T. D. (2009). Significant
correlation of species longevity with DNA double strand break
recognition but not with telomere length. Mechanisms of Ageing
and Development, 130(11–12), 784–792. https://doi.org/10.1016/j.
mad.2009.10.004
Lu, Y., Brommer, B., Tian, X., Krishnan, A., Meer, M., Wang, C., Vera, D. L.,
Zeng, Q., Yu, D., Bonkowski, M. S., Yang, J. H., Zhou, S., Hoffmann, E.
M., Karg, M. M., Schultz, M. B., Kane, A. E., Davidsohn, N., Korobkina,
E., Chwalek, K., … Sinclair, D. A. (2020). Reprogramming to recover youthful epigenetic information and restore vision. Nature.
588(7836), 124–129. https://doi.org/10.1038/s41586-020-2975-4.
Epub 2020 Dec 2. PMID: 33268865; PMCID: PMC7752134.
Lucchesi, J. C., & Kuroda, M. I. (2015). Dosage compensation in Drosophila.
Cold Spring Harbor Perspectives in Biology, 7(5), a019398. https://doi.
org/10.1101/cshperspect.a019398
Lundrigan, B. (1996). Morphology of horns and fighting behavior in the
family Bovidae. Journal of Mammalogy, 77(2), 462–475. https://doi.
org/10.2307/1382822

22 of 25

|

Mabry, K. E., Shelley, E. L., Davis, K. E., Blumstein, D. T., & Van Vuren, D.
H. (2013). Social mating system and sex-biased dispersal in mammals and birds: A phylogenetic analysis. PLoS One, 8(3), e57980.
https://doi.org/10.1371/journal.pone.0057980
Major, A. T., & Smith, C. A. (2016). Sex Reversal in Birds. Sexual
Development: Genetics, Molecular Biology, Evolution, Endocrinology,
Embryology, and Pathology of Sex Determination and Differentiation,
10(5–6), 288–3 00. https://doi.org/10.1159/000448365
Maklakov, A. A., & Lummaa, V. (2013). Evolution of sex differences in
lifespan and aging: Causes and constraints. BioEssays: News and
Reviews in Molecular, Cellular and Developmental Biology, 35(8), 717–
724. https://doi.org/10.1002/bies.20130 0 021
Mank, J. E. (2013). Sex chromosome dosage compensation: Definitely
not for everyone. Trends in Genetics, 29(12), 677–683. https://doi.
org/10.1016/j.tig.2013.07.005
Marais, G. A. B., Gaillard, J.-M., Vieira, C., Plotton, I., Sanlaville, D.,
Gueyffier, F., & Lemaitre, J.-F. (2018). Sex gap in aging and longevity: Can sex chromosomes play a role? Biology of Sex Differences,
9(1), 1–14. https://doi.org/10.1186/s13293-018-0181-y
Marck, A., Berthelot, G., Foulonneau, V., Marc, A., Antero-J acquemin,
J., Noirez, P., Bronikowski, A. M., Morgan, T. J., Garland, T.,
Carter, P. A., Hersen, P., Di Meglio, J.-M ., & Toussaint, J.-F.
(2016). Age-r elated changes in locomotor performance reveal
a similar pattern for Caenorhabditis elegans, Mus domesticus,
Canis familiaris, Equus caballus, and Homo sapiens. The Journals
of Gerontology. Series A, Biological Sciences and Medical Sciences,
72(4), 455–4 63.
Mauvais-Jarvis, F., Bairey, M. N., Barnes, P. J., Brinton, R. D., Carrero, J. J.,
DeMeo, D. L., De Vries, G. J., Epperson, C. N., Govindan, R., Klein, S.
L., Lonardo, A., Maki, P. M., McCullough, L. D., Regitz-Zagrosek, V.,
Regensteiner, J. G., Rubin, J. B., Sandberg, K., & Suzuki, A. (2020). Sex and
gender: Modifiers of health, disease, and medicine. Lancet, 396(10250),
565–582. https://doi.org/10.1016/S0140-6736(20)31561-0
Mayne, B., Tucker, A. D., Berry, O., & Jarman, S. (2020). Lifespan estimation in marine turtles using genomic promoter CpG density. PLoS One, 15(7), e0236888. https://doi.org/10.1371/journ
al.pone.0236888
McGaugh, S. E., Bronikowski, A. M., Kuo, C.-H., Reding, D. M., Addis, E.
A., Flagel, L. E., Janzen, F. J., & Schwartz, T. S. (2015). Rapid molecular evolution across amniotes of the IIS/TOR network. Proceedings
of the National Academy of Sciences of the United States of America,
112(22), 7055–7060. https://doi.org/10.1073/pnas.1419659112
McKay, A., Hu, C.-K ., Chen, S., Bedbrook, C. N., Thielvoldt, M.,
Wyss-Coray, T., & Brunet, A. (2021). An automated feeding
system for the African killifish reveals effects of dietary restriction on lifespan and allows scalable assessment of associative learning. bioRxiv, 2021.03.30.437790. https://doi.
org/10.1101/2021.03.30.437790
McKinney, G. J., Seeb, J. E., Pascal, C. E., Schindler, D. E., Gilk-Baumer,
S. E., & Seeb, L. W. (2020). Y-chromosome haplotypes are associated with variation in size and age at maturity in male Chinook
salmon. Evolutionary Applications, 13(10), 2791–2806. https://doi.
org/10.1111/eva.13084
Medawar, P. B. (1946). Old age and natural death. Modern Quarterly, 2,
30–49.
Menees, K. B., Earls, R. H., Chung, J., Jernigan, J., Filipov, N. M.,
Carpenter, J. M., & Lee, J.-K . (2021). Sex- and age-dependent alterations of splenic immune cell profile and NK cell phenotypes and
function in C57BL/6J mice. Immunity & Ageing, 18(1), 3. https://doi.
org/10.1186/s12979-021-0 0214-3
Milot, E., Moreau, C., Gagnon, A., Cohen, A. A., Brais, B., & Labuda, D.
(2017). Mother’s curse neutralizes natural selection against a human
genetic disease over three centuries. Nature Ecology & Evolution, 1,
1400–1406. https://doi.org/10.1038/s41559-017-0276-6
Miquel, J., Lundgren, P. R., Bensch, K. G., & Atlan, H. (1976). Effects
of temperature on the life span, vitality and fine structure of

BRONIKOWSKI et al.

Drosophila melanogaster. Mechanisms of Ageing and Development,
5(5), 347–370. https://doi.org/10.1016/0047-6374(76)90034-8
Mitchell, S. J., Madrigal-Matute, J., Scheibye-Knudsen, M., Fang, E.,
Aon, M., González-Reyes, J. A., Cortassa, S., Kaushik, S., Gonzalez-
Freire, M., Patel, B., Wahl, D., Ali, A., Calvo-Rubio, M., Burón, M.
I., Guiterrez, V., Ward, T. M., Palacios, H. H., Cai, H., Frederick, D.
W., … de Cabo, R. (2016). Effects of sex, strain, and energy intake
on hallmarks of aging in mice. Cell Metabolism, 23(6), 1093–1112.
https://doi.org/10.1016/j.cmet.2016.05.027
Montooth, K. L., Dhawanjewar, A. S., & Meiklejohn, C. D. (2019).
Temperature-sensitive reproduction and the physiological and evolutionary potential for mother’s curse. Integrative and Comparative
Biology, 59(4), 890–899. https://doi.org/10.1093/icb/icz091
Morley, J. F., & Morimoto, R. I. (2004). Regulation of longevity in
Caenorhabditis elegans by heat shock factor and molecular chaperones. Molecular Biology of the Cell, 15(2), 657–664. https://
doi.org/10.1091/mbc.e03-07-0532. Epub 2003 Dec 10. PMID:
14668486; PMCID: PMC329286.
Morrow, G., Samson, M., Michaud, S., & Tanguay, R. M. (2004).
Overexpression of the small mitochondrial Hsp22 extends
Drosophila life span and increases resistance to oxidative stress.
The FASEB Journal, 18(3), 598–599. https://doi.org/10.1096/fj.03-
0860fje. Epub 2004 Jan 20 PMID: 14734639.
Munday, P. L., Buston, P. M., & Warner, R. R. (2006). Diversity and
flexibility of sex-change strategies in animals. Trends in Ecology &
Evolution, 21(2), 89–95. https://doi.org/10.1016/j.tree.2005.10.020
Murray, R. L., Wheeler, J., Gwynne, D. T., & Bussière, L. F. (2018). Sexual
selection on multiple female ornaments in dance flies. Proceedings.
Biological Sciences/the Royal Society, 285(1887), 20181525. https://
doi.org/10.1098/rspb.2018.1525
Murray, S. M., Yang, S. Y., & Van Doren, M. (2010). Germ cell sex determination: A collaboration between soma and germline. Current
Opinion in Cell Biology, 22(6), 722–729. https://doi.org/10.1016/j.
ceb.2010.09.006
Nakamura, M. (2009). Sex determination in amphibians. Seminars in Cell
& Developmental Biology, 20(3), 271–282. https://doi.org/10.1016/j.
semcdb.2008.10.003
Nakamura, M., Miura, S., Nozu, R., & Kobayashi, Y. (2015). Opposite-
directional sex change in functional female protandrous anemonefish, Amphiprion clarkii: effect of aromatase inhibitor on the ovarian tissue. Zoological Letters, 1(1), https://doi.org/10.1186/s4085
1-015-0 027-y
Narasimhan, S. D., Yen, K., Bansal, A., Kwon, E.-S., Padmanabhan, S., &
Tissenbaum, H. A. (2011). PDP-1 links the TGF-β and IIS pathways
to regulate longevity, development, and metabolism. PLoS Genetics,
7(4), e1001377. https://doi.org/10.1371/journal.pgen.1001377
National Research Council, Division on Earth and Life Studies, Ocean
Studies Board, Board on Environmental Studies and Toxicology, &
Committee on Atlantic Salmon in Maine (2004). Atlantic salmon in
maine. National Academies Press.
Ngian, Z. K., Lin, W. Q., & Ong, C. T. (2021). NELF-A controls Drosophila
healthspan by regulating heat-shock protein-mediated cellular
protection and heterochromatin maintenance. Aging Cell, 20(5),
e13348. https://doi.org/10.1111/acel.13348
Nguyen, A. H., & Bachtrog, D. (2020). Toxic Y chromosome: Increased
repeat expression and age-
associated heterochromatin loss in
male Drosophila with a young Y chromosome. Cold Spring Harbor
Laboratory.
Ohno, S. (1967). Sex Chromosomes and Sex-Linked Genes. Springer.
Ostan, R., Monti, D., Gueresi, P., Bussolotto, M., Franceschi, C., & Baggio,
G. (2016). Gender, aging and longevity in humans: An update of
an intriguing/neglected scenario paving the way to a gender-
specific medicine. Clinical Science, 130(19), 1711–1725. https://doi.
org/10.1042/CS20160004
Ota, K., Kohda, M., & Sato, T. (2010). Unusual allometry for sexual
size dimorphism in a cichlid where males are extremely larger

BRONIKOWSKI et al.

than females. Journal of Biosciences, 35(2), 257–265. https://doi.
org/10.1007/s12038-010-0 030-6
Owens, I. P. F., & Bennett, P. M. (1994). Mortality costs of parental care
and sexual dimorphism in birds. Proceedings of the Royal Society of
London, Series B: Biological Sciences, 257, 1–8.
Palacios, M. G., Gangloff, E. J., Reding, D. M., & Bronikowski, A. M.
(2020). Genetic background and thermal environment differentially
influence the ontogeny of immune components during early life in
an ectothermic vertebrate. Journal of Animal Ecology, 89(8), 1883–
1894. https://doi.org/10.1111/1365-2656.13271
Pan, Q., Kay, T., Depincé, A., Adolfi, M., Schartl, M., Guiguen, Y., & Herpin,
A. (2021). Evolution of master sex determiners: TGF-β signaling
pathways at regulatory crossroads. Philosophical Transactions of
the Royal Society of London. Series B, Biological Sciences, 376(1832),
20200091.
Partridge, L., & Farquhar, M. (1981). Sexual activity reduces lifespan of
male fruitflies. Nature, 294(5841), 580–582.
Partridge, L., Green, A., & Fowler, K. (1987). Effects of egg-production
and of exposure to males on female survival in Drosophila melanogaster. Journal of Insect Physiology, 33(10), 745–749. https://doi.
org/10.1016/0022-1910(87)90060-6
Passow, C. N., Bronikowski, A. M., Blackmon, H., Parsai, S., Schwartz, T.
S., & McGaugh, S. E. (2019). Contrasting patterns of rapid molecular evolution within the p53 network across mammal and sauropsid
lineages. Genome Biology and Evolution, 11(3), 629–6 43.
Patten, M. M., Ross, L., Curley, J. P., Queller, D. C., Bonduriansky, R., &
Wolf, J. B. (2014). The evolution of genomic imprinting: Theories,
predictions and empirical tests. Heredity, 113(2), 119–128. https://
doi.org/10.1038/hdy.2014.29
Pipoly, I., Bókony, V., Kirkpatrick, M., Donald, P. F., Székely, T., & Liker,
A. (2015). The genetic sex-determination system predicts adult sex
ratios in tetrapods. Nature, 527(7576), 91–94.
Podlutsky, A. J., Khritankov, A. M., Ovodov, N. D., & Austad, S. N. (2005).
A new field record for bat longevity. The Journals of Gerontology.
Series A, Biological Sciences and Medical Sciences, 60(11), 1366–
1368. https://doi.org/10.1093/gerona/60.11.1366
Power, M. L., Power, S., Bertelsen, M. F., Jones, G., & Teeling, E. C. (2021).
Wing: A suitable nonlethal tissue type for repeatable and rapid
telomere length estimates in bats. Molecular Ecology Resources,
21(2), 421–432. https://doi.org/10.1111/1755-0998.13276
Promislow, D. E. L. (1992). Costs of sexual selection in natural populations of mammals. Proceedings of the Royal Society of London, Series
B: Biological Sciences, 247, 203–210.
Promislow, D. E. L., & Bronikowski, A. M. (2006). The evolutionary genetics of senescence. In Fox, C. W. & Wolf, J. B. (eds.), Evolutionary genetics: Concepts and case studies (pp. 464–481). Oxford University
Press.
Promislow, D. E. L., Montgomerie, R., & Martin, T. E. (1992). Mortality
costs of sexual dimorphism in birds. Proceedings of the Royal Society
of London, Series B: Biological Sciences, 250, 143–150.
Quinn, T. P. (2018). The behavior and ecology of Pacific salmon and trout,
2nd ed. University of British Columbia Press.
Quinn, T. P., & Foote, C. J. (1994). The effects of body size and sexual
dimorphism on the reproductive behaviour of sockeye salmon,
Oncorhynchus nerka. Animal Behaviour, 48(4), 751–761. https://doi.
org/10.1006/anbe.1994.1300
Reding, D. M., Addis, E. A., Palacios, M. G., Schwartz, T. S., & Bronikowski,
A. M. (2016). Insulin-like signaling (IIS) responses to temperature,
genetic background, and growth variation in garter snakes with divergent life histories. General and Comparative Endocrinology, 233,
88–99. https://doi.org/10.1016/j.ygcen.2016.05.018
Regan, J. C., Khericha, M., Dobson, A. J., Bolukbasi, E., Rattanavirotkul,
N., & Partridge, L. (2016). Sex difference in pathology of the ageing
gut mediates the greater response of female lifespan to dietary restriction. eLife, 5, e10956.

|

23 of 25

Reinke, B. A., Hoekstra, L., Bronikowski, A. M., Janzen, F. J., & Miller,
D. (2020). Joint estimation of growth and survival from mark-
recapture data to improve estimates of senescence in wild populations. Ecology, 101(1), e02877. https://doi.org/10.1002/ecy.2877
Remot, F., Ronget, V., Froy, H., Rey, B., Gaillard, J.-M., Nussey, D. H., &
Lemaître, J.-F. (2020). No sex differences in adult telomere length
across vertebrates: A meta-analysis. Royal Society Open Science,
7(11), 200548. https://doi.org/10.1098/rsos.200548
Ren, R., Ocampo, A., Liu, G. H., & Izpisua Belmonte, J. C. (2017). Regulation
of stem cell aging by metabolism and epigenetics. Cell Metabolism,
26(3), 460–474. https://doi.org/10.1016/j.cmet.2017.07.019. Epub
2017 Aug 17 PMID: 28826795.
Reynolds, J. D., Goodwin, N. B., & Freckleton, R. P. (2002). Evolutionary
transitions in parental care and live bearing in vertebrates.
Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences, 357(1419), 269–281. https://doi.org/10.1098/
rstb.2001.0930
Rice, W. R. (1996). Evolution of the Y sex chromosome in animals.
BioScience, 46(5), 331–3 43. https://doi.org/10.2307/1312947
Riddle, M. R., Aspiras, A., Damen, F., McGaugh, S., Tabin, J. A., & Tabin, C.
J. (2021). Genetic mapping of metabolic traits in the blind Mexican
cavefish reveals sex-dependent quantitative trait loci associated
with cave adaptation. BMC Ecology and Evolution, 21(1), 94. https://
doi.org/10.1186/s12862-021-01823-8
Riddle, M. R., Aspiras, A. C., Gaudenz, K., Peuß, R., Sung, J. Y., Martineau,
B., Peavey, M., Box, A. C., Tabin, J. A., McGaugh, S., Borowsky, R.,
Tabin, C. J., & Rohner, N. (2018). Insulin resistance in cavefish as
an adaptation to a nutrient-limited environment. Nature, 555(7698),
647–651.
Robeck, T. R., Fei, Z., Lu, A. T., Haghani, A., Jourdain, E., Zoller, J. A., Li, C.
Z., Steinman, K. J., DiRocco, S., Schmitt, T., Osborn, S., Van Bonn,
B., Katsumata, E., Mergl, J., Almunia, J., Rodriguez, M., Haulena,
M., Dold, C., & Horvath, S. (2021). Multi-species and multi-tissue
methylation clocks for age estimation in toothed whales and dolphins. Communications Biology, 4(1), Article number: 642. https://
doi.org/10.1038/s42003-021-02179-x
Rodriguez-Fernandez, I. A., Tauc, H. M., & Jasper, H. (2020). Hallmarks
of aging Drosophila intestinal stem cells. Mechanisms of Ageing
and Development, 190, 111285. https://doi.org/10.1016/j.
mad.2020.111285
Rohner, P. T., Blanckenhorn, W. U., & Puniamoorthy, N. (2016). Sexual selection on male size drives the evolution of male-biased sexual size
dimorphism via the prolongation of male development. Evolution,
70(6), 1189–1199. https://doi.org/10.1111/evo.12944
Rohner, P. T., Teder, T., Esperk, T., Lüpold, S., & Blanckenhorn, W. U. (2018).
The evolution of male-biased sexual size dimorphism is associated
with increased body size plasticity in males. Functional Ecology,
32(2), 581–591. https://doi.org/10.1111/1365-2435.13004
Ronget, V., & Gaillard, J.-M. (2020). Assessing ageing patterns for comparative analyses of mortality curves: Going beyond the use of
maximum longevity. Functional Ecology, 34, 65–75. https://doi.
org/10.1111/1365-2435.13474
Ross, J. A., Urton, J. R., Boland, J., Shapiro, M. D., & Peichel, C. L.
(2009). Turnover of sex chromosomes in the stickleback fishes
(Gasterosteidae). PLoS Genetics, 5(2), e1000391. https://doi.
org/10.1371/journal.pgen.1000391
Sabath, N., Itescu, Y., Feldman, A., Meiri, S., Mayrose, I., & Valenzuela,
N. (2016). Sex determination, longevity, and the birth and death of
reptilian species. Ecology and Evolution, 6(15), 5207–5220. https://
doi.org/10.1002/ece3.2277
Sampathkumar, N. K., Bravo, J. I., Chen, Y., Danthi, P. S., Donahue, E.
K., Lai, R. W., Lu, R., Randall, L. T., Vinson, N., & Benayoun, B. A.
(2020). Widespread sex dimorphism in aging and age-related diseases. Human Genetics, 139(3), 333–356. https://doi.org/10.1007/
s00439-019-02082-w

24 of 25

|

Sanghvi, K., Zajitschek, F., Iglesias-C arrasco, M., & Head, M. L. (2021).
Sex- and trait-specific silver-spoon effects of developmental environments, on ageing. Evolutionary Ecology, 35(3), 367–385. https://
doi.org/10.1007/s10682-021-10115-y
Sawala, A., & Gould, A. P. (2017). The sex of specific neurons controls
female body growth in Drosophila. PLoS Biology, 15(10), e2002252.
https://doi.org/10.1371/journal.pbio.2002252
Schacht, R., Kramer, K. L., Székely, T., & Kappeler, P. M. (2017). Adult sex
ratios and reproductive strategies: A critical re-examination of sex
differences in human and animal societies. Philosophical Transactions
of the Royal Society B: Biological Sciences, 372, 20160309. https://
doi.org/10.1098/rstb.2016.0309
Secor, D. H., O’Brien, M. H. P., Gahagan, B. I., Watterson, J. C., & Fox,
D. A. (2020). Differential migration in Chesapeake Bay striped
bass. PLoS One, 15(5), e0233103. https://doi.org/10.1371/journ
al.pone.0233103
Selman, C., Lingard, S., Choudhury, A. I., Batterham, R. L., Claret, M.,
Clements, M., Ramadani, F., Okkenhaug, K., Schuster, E., Blanc,
E., Piper, M. D., Al-Q assab, H., Speakman, J. R., Carmignac, D.,
Robinson, I. C. A., Thornton, J. M., Gems, D., Partridge, L., &
Withers, D. J. (2008). Evidence for lifespan extension and delayed age-related biomarkers in insulin receptor substrate 1 null
mice. The FASEB Journal, 22, 807–818. https://doi.org/10.1096/
fj.07-9261com
Senior, P., Butlin, R. K., & Altringham, J. D. (2005). Sex and segregation in temperate bats. Proceedings. Biological Sciences, 272(1580), 2467–2473.
Shaposhnikov, M., Proshkina, E., Shilova, L., Zhavoronkov, A., & Moskalev,
A. (2015). Lifespan and stress resistance in Drosophila with overexpressed DNA repair genes. Scientific Reports, 5, 15299. https://doi.
org/10.1038/srep15299
Shearer, P. W., West, J. D., Walton, V. M., Brown, P. H., Svetec, N., &
Chiu, J. C. (2016). Seasonal cues induce phenotypic plasticity of
Drosophila suzukii to enhance winter survival. BMC Ecology, 16, 11.
https://doi.org/10.1186/s12898-016-0 070-3
Smith, R. H., & Shaw, M. R. (1980). Haplodiploid sex ratios and the mutation rate. Nature, 287(5784), 728–729.
Snell, T. W. (2014). Rotifers as models for the biology of aging. International
Review of Hydrobiology, 99(1–2), https://doi.org/10.1002/iroh.20130
1707
Somero, G. N. (2020). The cellular stress response and temperature:
Function, regulation, and evolution. Journal of Experimental Zoology
Part A: Ecological and Integrative Physiology, 333(6), 379–397.
https://doi.org/10.1002/jez.2344
Song, J., Tang, D., Li, Z., Tong, X., Zhang, J., Han, M., Hu, H., Lu, C., & Dai,
F. (2017). Variation of lifespan in multiple strains, and effects of dietary restriction and BmFoxO on lifespan in silkworm, Bombyx mori.
Oncotarget, 8(5), 7294–7300.
Soriano-Redondo, A., Gutiérrez, J. S., Hodgson, D., & Bearhop, S. (2020).
Migrant birds and mammals live faster than residents. Nature
Communications, 11(1), 5719. https://doi.org/10.1038/s41467-020-
19256-0
Sparkman, A. M., Blois, M., Adams, J., Waits, L., Miller, D. A. W., &
Murray, D. L. (2017). Evidence for sex-specific reproductive senescence in monogamous cooperatively breeding red wolves.
Behavioral Ecology and Sociobiology, 71(1). https://doi.org/10.1007/
s00265-016-2241-9
Spaziani, M., & Radicioni, A. F. (2020). Metabolic and cardiovascular
risk factors in Klinefelter syndrome. American Journal of Medical
Genetics Part C: Seminars in Medical Genetics, 184(2), 334–3 43.
https://doi.org/10.1002/ajmg.c.31792
Speakman, J. R. (2005). Body size, energy metabolism and lifespan. The
Journal of Experimental Biology, 208(Pt 9), 1717–1730. https://doi.
org/10.1242/jeb.01556
Stochholm, K., Juul, S., & Gravholt, C. H. (2010). Diagnosis and mortality in 47, XYY persons: A registry study. Orphanet Journal of Rare
Diseases, 5, 15. https://doi.org/10.1186/1750-1172-5-15

BRONIKOWSKI et al.

Sultanova, Z., Andic, M., & Carazo, P. (2018). The “unguarded-X” and the
genetic architecture of lifespan: Inbreeding results in a potentially
maladaptive sex-specific reduction of female lifespan in Drosophila
melanogaster. Evolution; International Journal of Organic Evolution,
72(3), 540–552.
Sultanova, Z., Downing, P. A., & Carazo, P. (2020). Genetic sex determination and sex-specific lifespan in tetrapods –  Evidence
of a toxic Y effect. bioRxiv, 2020.03.09.983700. https://doi.
org/10.1101/2020.03.09.983700
Svagelj, W. S., Gómez-L aich, A., Pérez, M. R., Somoza, G. M., & Quintana,
F. (2021). Sex-specific environmental sensitivity on the postnatal
growth of a sexually size-dimorphic seabird. Ibis, 163(3), 1032–
1044. https://doi.org/10.1111/ibi.12920
Svensson, J., Sjögren, K., Fäldt, J., Andersson, N., Isaksson, O., Jansson,
J. O., & Ohlsson, C. (2011). Liver-derived IGF-I regulates mean life
span in mice. PLoS One, 6, e22640. https://doi.org/10.1371/journ
al.pone.0022640
Takahashi, M. (2012). Heat stress on reproductive function and fertility in mammals. Reproductive Medicine and Biology, 11(1), 37–47.
https://doi.org/10.1007/s12522-011-0105-6
Tessier, N., & Bernatchez, L. (2000). A genetic assessment of single versus double origin of landlocked Atlantic salmon (Salmo salar) from
Lake Saint-Jean, Québec, Canada. Canadian Journal of Fisheries
and Aquatic Sciences. Journal Canadien Des Sciences Halieutiques Et
Aquatiques, 57(4), 797–8 04.
Tian, X., Doerig, K., Park, R., Qin, A. C. R., Hwang, C., Neary, A., Gilbert,
M., Seluanov, A., & Gorbunova, V. (2018). Evolution of telomere
maintenance and tumour suppressor mechanisms across mammals.
Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences, 373(1741), 20160443. https://doi.org/10.1098/
rstb.2016.0443
Tidière, M., Gaillard, J.-M., Müller, D. W. H., Lackey, L. B., Gimenez,
O., Clauss, M., & Lemaître, J.-F. (2015). Does sexual selection
shape sex differences in longevity and senescence patterns
across vertebrates? A review and new insights from captive ruminants. Evolution, 69, 3123–3140. https://doi.org/10.1111/
evo.12801
Tobias, J. A., Montgomerie, R., & Lyon, B. E. (2012). The evolution of female ornaments and weaponry: social selection, sexual selection
and ecological competition. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences, 367(1600), 2274–
2293. https://doi.org/10.1098/rstb.2011.0280
Tower, J. (2017). Sex-specific gene expression and life span regulation.
Trends in Endocrinology and Metabolism, 28(10), 735–747. https://
doi.org/10.1016/j.tem.2017.07.002
Tower, J., & Arbeitman, M. (2009). The genetics of gender and life span.
Journal of Biology, 8(4), 38. https://doi.org/10.1186/jbiol141
Tree of Sex Consortium (2014). Tree of sex: A database of sexual systems. Scientific Data, 1, 140015.
Trivers, R. (1985). Social evolution. Benjamin-Cummings Publishing
Company.
Tsurumi, A., & Li, W. X. (2020). Aging mechanisms—A perspective mostly
from Drosophila. Advanced Genetics, 1(1), e10026. https://doi.
org/10.1002/ggn2.10026
Tukiainen, T., Villani, A. C., Yen, A., Rivas, M. A., Marshall, J. L., Satija,
R., Aguirre, M., Gauthier, L., Fleharty, M., Kirby, A., Cummings,
B. B., Castel, S. E., Karczewski, K. J., Aguet, F., Byrnes, A., GTEx
Consortium, Lappalainen, T., Regev, A., Ardlie, K. G., … MacArthur,
D. G. (2017). Landscape of X chromosome inactivation across
human tissues. Nature, 550(7675), 244–248.
US Census Bureau (n.d.). America’s age profile told through population
pyramids.
https://www.census.gov/newsroom/blogs/random-
samplings/2016/06/americ as-age-profile-told-through-population
-pyramids.html
Vaiserman, A. (2014). Developmental epigenetic programming of caste-
specific differences in social insects: An impact on longevity. Current

|

BRONIKOWSKI et al.

Aging Science, 7(3), 176–186. https://doi.org/10.2174/1874609807
666141129173749
Voelker, R. A., & Kojima, K.-I. (1971). Fertility and fitness of XO males
in Drosophila I. Qualitative study. Evolution; International Journal of
Organic Evolution, 25(1), 119–128.
Warner, R. R. (1975). The adaptive significance of sequential hermaphroditism in animals. The American Naturalist, 109(965), 61–82. https://
doi.org/10.1086/282974
Warner, R. R. (1984). Mating behavior and hermaphroditism in coral reef
fishes. American Scientist, 72(2), 128–136.
Warner, R. R. (1988). Sex change and the size-advantage model.
Trends in Ecology & Evolution, 3(6), 133–136. https://doi.
org/10.1016/0169-5347(88)90176- 0
Weckerly, F. W. (1998). Sexual-size dimorphism: Influence of mass
and mating systems in the most dimorphic mammals. Journal of
Mammalogy, 79(1), 33–52. https://doi.org/10.2307/1382840
Wei, K.-H.-C ., Gibilisco, L., & Bachtrog, D. (2020). Epigenetic conflict
on a degenerating Y chromosome increases mutational burden in
Drosophila males. Nature Communications, 11(1), 5537. https://doi.
org/10.1038/s41467-020-19134-9
Wilkinson, G. S., Adams, D. M., Haghani, A., Lu, A. T., Zoller, J., Breeze, C.
E., Arnold, B. D., Ball, H. C., Carter, G. G., Cooper, L. N., Dechmann,
D. K. N., Devanna, P., Fasel, N. J., Galazyuk, A. V., Günther, L.,
Hurme, E., Jones, G., Knörnschild, M., Lattenkamp, E. Z., …
Horvath, S. (2021). DNA methylation predicts age and provides
insight into exceptional longevity of bats. Nature Communications,
12(1), Article number: 1615. https://doi.org/10.1038/s41467-
021-21900-2
Williams, G. C. (1957). Pleiotropy, natural selection, and the evolution of
senescence. Evolution; International Journal of Organic Evolution, 11(4),
398–411. https://doi.org/10.1111/j.1558-5646.1957.tb02911.x
Wolf, K. N., Wildt, D. E., Vargas, A., Marinari, P. E., Kreeger, J. S., Ottinger,
M. A., & Howard, J. G. (2000). Age-dependent changes in sperm
production, semen quality, and testicular volume in the black-
footed ferret (Mustela nigripes). Biology of Reproduction, 63(1), 179–
187. https://doi.org/10.1095/biolreprod63.1.179
Wood, J. G., Jones, B. C., Jiang, N., Chang, C., Hosier, S., Wickremesinghe,
P., Garcia, M., Hartnett, D. A., Burhenn, L., Neretti, N., & Helfand,
S. L. (2016). Chromatin-modifying genetic interventions suppress
age-associated transposable element activation and extend life
span in Drosophila. Proceedings of the National Academy of Sciences
of the United States of America, 113(40), 11277–11282. https://doi.
org/10.1073/pnas.1604621113
Xirocostas, Z. A., Everingham, S. E., & Moles, A. T. (2020). The sex with
the reduced sex chromosome dies earlier: A comparison across

25 of 25

the tree of life. Biology Letters, 16(3), 20190867. https://doi.
org/10.1098/rsbl.2019.0867
Yokoyama, K., Fukumoto, K., Murakami, T., Harada, S., Hosono, R.,
Wadhwa, R., Mitsui, Y., & Ohkuma, S. (2002). Extended longevity of
Caenorhabditis elegans by knocking in extra copies of hsp70F, a homolog of mot-2 (mortalin)/mthsp70/Grp75. FEBS Letters, 516(1–3),
53–57. https://doi.org/10.1016/s0014-5793(02)02470-5. PMID:
11959102.
Yoon, J. S., Gagen, K. P., & Zhu, D. L. (1990). Longevity of 68 species of
Drosophila. The Ohio Journal of Science, 90, 16–32.
Yousefzadeh, M. J., Flores, R. R., Zhu, Y., Schmiechen, Z. C., Brooks, R.
W., Trussoni, C. E., Cui, Y., Angelini, L., Lee, K. A., McGowan, S.
J., Burrack, A. L., Wang, D., Dong, Q., Lu, A., Sano, T., O'Kelly, R.
D., McGuckian, C. A., Kato, J. I., Bank, M. P., … Niedernhofer, L. J.
(2021). An aged immune system drives senescence and ageing of
solid organs. Nature, 594(7861), 100–105.
Zajitschek, F., Bonduriansky, R., Zajitschek, S. R. K., & Brooks, R. C. (2009).
Sexual dimorphism in life history: Age, survival, and reproduction in
male and female field crickets Teleogryllus commodus under seminatural conditions. The American Naturalist, 173(6), 792–802.
Zuk, M., & Simmons, L. W. (2018). Sexual selection: A very short introduction. Oxford University Press.
Zupkovitz, G., Kabiljo, J., Kothmayer, M., Schlick, K., Schöfer, C., Lagger,
S., & Pusch, O. (2021). Analysis of methylation dynamics reveals
a tissue-specific, age-dependent decline in 5-methylcytosine
within the genome of the vertebrate aging model Nothobranchius
furzeri. Frontiers in Molecular Biosciences, 8, 627143. https://doi.
org/10.3389/fmolb.2021.627143
Zwoinska, M. K., Rodrigues, L. R., Slate, J., & Snook, R. R. (2020).
Phenotypic responses to and genetic architecture of sterility
following exposure to sub-lethal temperature during development. Frontiers in Genetics, 11, 573. https://doi.org/10.3389/
fgene.2020.00573

How to cite this article: Bronikowski, A. M., Meisel, R. P.,
Biga, P. R., Walters, J. R., Mank, J. E., Larschan, E., Wilkinson,
G. S., Valenzuela, N., Conard, A. M., de Magalhães, J. P.,
Duan, J. (E)., Elias, A. E., Gamble, T., Graze, R. M., Gribble, K.
E., Kreiling, J. A., & Riddle, N. C. (2022). Sex-specific aging in
animals: Perspective and future directions. Aging Cell, 00,
e13542. https://doi.org/10.1111/acel.13542

