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Abstract

Although early-life adversity has been associated with negative consequences during

adulthood, growing evidence shows that such adversity can also lead to subsequent

stress resilience and positive fitness outcomes. Telomere dynamics are relevant in this

context because of the link with developmental conditions and longevity. However,

few studies have assessedwhether the effects of early-life adversity on developmental

telomere dynamicsmay relate to adult telomere dynamics.Wepropose that the poten-

tial links between early-life adversity and adult telomere dynamics could be driven

by developmental constraints (the Constraint hypothesis), by the nature/severity of

developmental adversity (the Resilience hypothesis), or by developmental-mediated

changes in individual life-history strategies (the Pace of Life hypothesis). We dis-

cuss these non-mutually exclusive hypotheses, explore future research directions, and

propose specific studies to test these hypotheses. Our article aims to expand our

understanding of the evolutionary role of developmental conditions on adult telomere

dynamics, stress resilience and ageing.
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INTRODUCTION

Early-life adversity and fitness

Conditions experienced during early development can have profound

effects on physiology, behavior, and health that can persist long into

the future, within and over multiple generations. Earlier studies in

humans highlight that different forms of early-life stress, are typi-

cally associated with impaired cognition and higher propensity for

psychological/mood, cardiovascular and metabolic disorders into

adulthood.[1,2] The term “stress” here broadly refers to the activation

of themolecular, physiological, and behavioral stress response systems

and we use the term early-life stress to indicate different kinds of

adversities, including, but not limited to, nutritional restrictions,

limited parental resources, social competition, predation pressures,

pollutants, or hormones.[3,4] The clinical findings in this context greatly

contributed to the foundation of the “Developmental Origins of Health

and Disease hypothesis” in which early-life adversity has a central role

in altering performance and ageing trajectories, most often with neg-

ative long-lasting consequences.[5,6] More recently, however, various

theoretical models and empirical studies carried out in diverse species

formulated plausible scenarios in support of adaptive operational

changes that would improve fitness outputs of individuals even if

developing under challenging circumstances.[7–9] These changesmight

lead to organisms better able to cope with subsequent adversities,

or give rise to suboptimal phenotypes which might still have the best

fitness advantage given the prevailing circumstances—“the best of

a bad job” as defined in.[8] However, we still know very little about

the main biological factors and mechanisms shaping the negative or

positive organismal outcomes linked to early-life experience. In this

opinion article, we highlight the potential importance of telomere

dynamics as a mediator of the impact of early-life adversity on adult
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performance. Here, we specifically propose the novel hypothesis that

early-life adversity may affect adult telomere dynamics, and therefore

adult performance, through its effect on the ontogeny of multiple

organismal systems that are linked to lifestyle, and stress resilience.

Telomere dynamics, a relevant marker of biological
age and adult performance

An important route whereby the effects of early-life adversity

might alter adult performance and fitness outputs is via changes in

telomeres.[10–12] Telomeres are highly conserved nucleo-protein com-

plexes found at the end of each eukaryotic chromosome arm and

consist of tandem repeats of the non-coding guanine (G) enriched

DNA sequence TTAGGG.[13] Telomeres play a key role in genome sta-

bility and integrity as they act as “protective caps” shielding genes

from loss of coding sequences during cell division and preventing end-

to-end fusion of chromosomes.[14] As a result of incomplete DNA

replication (i.e., the “end replication problem”) part of telomeric DNA

sequences are lost at each cell division.[15] Once telomeres have short-

ened beyond a critical length, the cell loses its ability to replicate and

enters a senescent or non-dividing state and this leads to apoptosis.[16]

Other factors also contribute to further losses of telomeric sequences.

Due to the high guanine content, telomeres are particularly vulner-

able to oxidative damage, which is a major determinant of telomere

loss from studies in vitro,[17] and probably in vivo.[18] Different mech-

anisms exist to maintain or restore telomere length. One of the best

known restorative mechanisms involves the enzyme telomerase.[19]

The restorative abilities of cells are however limited as telomerase

appears down-regulated in most differentiated somatic cells,[20] how-

ever we still have limited knowledge of the functioning of this enzyme

in vivo.[21]

Research across various species shows that telomere length is

regulated by dynamic restoration and loss processes involving cell

replication,[22] the influence of endocrine axes,[23] oxidative stress,[18]

and telomerase activity.[24] In vivo experiments in several studied

organisms show that mean telomere length tends to progressively

decline with age, and this decline is especially pronounced during

early development.[23,25] Telomere length and/or the rate of telom-

ere change over time (i.e., telomere dynamics) have been associated

with fitness proxies as shorter telomeres and/or greater rates of telom-

ere attrition have been related to reduced lifespan, though most of

the evidence is based on cross-sectional samples.[25–28] Exposure to

stressors in growing individuals associated with increased exposure

to glucocorticoid hormones, such as reduced food availability and

maternal care have been shown to foster developmental telomere

shortening.[22,29–32] Importantly, such effects often correlatewith sur-

vival or recruitment probability over the juvenile life stages.[29,33,34]

We also have good evidence indicating that adult telomere dynam-

ics may be an even better marker of adult performance than absolute

telomere length. In adults, there is often a large inter-individual vari-

ability in telomere dynamics and this variability has been linked with

the occurrences of environmental challenges (reviewed in[35,36]) or

physiological stress exposure (reviewed in,[23] including infection,[37]

low-quality habitat,[38] harsh weather,[39] or pollution[40]). Similarly

to that demonstrated in developing organisms (studies cited above),

a rapid rate of telomere attrition in adult individuals has been associ-

atedwith lower survival (e.g.,[27,41–45]), with behavioral and physiologi-

calmarkers of lower individual quality (i.e., foraging behavior, glucocor-

ticoid hormones, breeding success,[46,47] and evenwith a higher risk of

population collapse in wild vertebrates[48]).

Current gap: What is the link between early-life
adversity and adult telomere dynamics?

First, while we have relatively good evidence for a strong legacy from

early-life stress exposure to developmental telomere dynamics (exam-

ples in humans:[31,32]), the extent to which such effects persist and

relate to rates of telomere change through adulthood remains poorly

understood (Figure 1). Second, while it is well established that early-

life adversity has long-lasting effects on stress reactivity, emotion reg-

ulation, and life history trade-offs, we still know very little about the

relative contribution of these long-lasting changes on adult telomere

dynamics (Figure 1).Third, while it is generally assumed that early-life

adversity has negative long-lasting health and fitness consequences,

we still have a limited knowledge about the exact nature of the rela-

tionship between various levels of severity of early-life adversity and

its long-lasting consequences on telomeres. This is because most stud-

ies are based on cross-sectional designs and the relatively fewer lon-

gitudinal studies mostly assessed the effects of early-life adversity on

adult telomere length at a single time point rather than across multi-

ple adult life stages. A lifetime perspective of the effects of stress expo-

sure is necessary as it accounts for biological embedding of early-life

experience, and for vulnerability and resiliency factors that can change

over the life course, thus potentially altering the extent to which life-

time stress exposure alters fitness outcomes.[36,49,50] Here, we focus

on two central, and yet largely unexplored questions: What are the

links between early-life adversity and telomere dynamics into adult-

hood at the individual level? How are these links mediated by the

effects of early-life adversity on lifestyle, behavior, and physiology?

Below,we discussmechanistic plausibility of three non-mutually exclu-

sive hypotheses on the potential evolutionary role of early-life stress

on telomere dynamics at adulthood. Our hypotheses build on known

theories about the organizational role of early-life adversity on adult

physiology, cognition, and behavior. Finally, we conclude by exploring

future research directions that would be important to undertake and

propose specific studies needed to test these hypotheses.

HYPOTHESES ON ULTIMATE CONSEQUENCE OF
EARLY-LIFE ADVERSITY ON ADULTHOOD
TELOMERE LENGTH

Constraint hypothesis

A common theme in early-life stress research is that premature expo-

sure to harsh conditions, in the form of nutritional and adverse social
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F IGURE 1 Schema illustrating the hypothesized links between developmental conditions and adulthood telomere dynamics (dashed arrows)
on the basis of the available literature (black arrows).We lack experimental/manipulative data to elucidate the link between developmental
conditions and changes in telomere length over the adult life stages (larger red dashed arrow). Changes in telomere length during early-life
(developmental telomere dynamics) as a consequence of developmental cuesmay shape the ontogeny of organismal systems and then orientate an
individual phenotype towards a specific stress-coping strategy and/or pace of life. Such phenotypic effects may contribute to explain the link
between developmental conditions and adult telomere dynamics, and possibly organismal outcomes

experiences, is directly related to poorer organismal outcomes what-

ever the adult conditions.[51–53] The Constraint hypothesis follows

the so-called “Silver Spoon” model (reviewed in[54]) whereby individ-

uals experiencing adverse environmental circumstances will be able

to invest less into growth, cognitive, and neurodevelopment, result-

ing in accelerated telomere attrition during adulthood, and ultimately

in reduced survival probabilities and lifetime reproductive success.

There are three concepts central to the Constraint hypothesis. First

is that there are trade-offs to be faced in early-life when resources

are scarce.[51,55] Individuals experiencing harsh conditionsmaybe con-

strained to share the available resources between investments into

somatic maintenance or into growth and development. Second, trade-

offs must result in setbacks that will have consequences into adult-

hood. Finally, the damage incurred in early-life cannot be remedied

before adulthood via catch-up growth or delayed somatic repair.[56,57]

The general assumption of the Constraint hypothesis is that early-life

adversity leads to inevitable developmental impairments that would

lead to permanent cellular damage and result in reduced fitness out-

comes. As telomere length reflects the physiological consequences of

within-individual experiences (e.g.,[46,58]), increased constraints or a

lower ability to cope with constraints, would lead to increased telom-

ere shortening during adulthood (Figure 2A). Under this assumption,

the Constraint hypothesis predicts direct links between adverse devel-

opmental conditions and adult telomere dynamics.

The concept finds support in many human clinical studies.[59] An

overview of clinical psychology research[60] identified growing evi-

dence that early-life stress impacts later life telomere length and that

this could be a mechanism for psychiatric disease states in later-life.

Interestingly, a recent study showed that risky family environments are

associated with heightened negative emotions, and subsequently with

shorter telomeres during adulthood,[61] supporting therefore the idea

that early-life adversity may impact adult telomere length through its

effect on the development of cognitive and emotional processes.[62]

Ridout and colleagues[63] extended this further tomore general health

issues, with a meta-analysis concluding that early-life adversity may

have long-lasting physiological consequences contributing to disease

risk and biological ageing. The meta-analysis in literature is,[63] how-

ever, mostly based on cross-sectional studies, which makes it diffi-

cult to establish a direct/causal link between the three critical compo-

nents: early-life adversity, somatic damage, and adult telomere dynam-

ics. Importantly, recently published longitudinal studies provide evi-

dence that goes in contrast with the expected link between early-life

adversity and increased rates of adult telomere shortening (see para-

graph "Resilience hypothesis" below).

In non-human literature various studies demonstrate that exposure

to a variety of environmental stressors during growth often leads to

reduced juvenile telomere length (e.g.,[64–67]; but see[33,68]). Linking

this evidence of reduced juvenile telomere length to compromised
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F IGURE 2 Predictedmain associations between early-life adversity and adulthood telomere dynamics. In the (A) Constraint hypothesis, the
association is driven by the amount of developmental constraints with increased rate of adult telomere shortening at increasing levels of
susceptibility to constraints; in the (B) Resilience hypothesis the link is driven by the severity of early-life adversity exposure with adults that
experiencedmild/moderate stressors showing reduced rate of telomere loss relative to adults that experienced either low or severe stressors, in
the (C) Pace of Life hypothesis the association is driven by changes in investment trade-offs under the assumption that early-life adversity
accelerates the pace of life leading to high investment in reproduction and low investment in soma

adult telomere dynamics is often limited by study duration. More

complete longitudinal studies are however emerging providing some

support to such associations. A study of European badgers,[69] showed

that the relationship between early-life telomere length and lifespan

was associated with early-life cohort differences. However, the latter

work was based on a correlative study design and did not manip-

ulate early-life conditions. To our knowledge, only a single study

provides convincing support for the Constraint hypothesis. Nettle

and colleagues[70] were able to clearly outline, in European starlings,

the link between early-life adversity, accelerated telomere attrition

in juveniles and increased inflammation in adulthood, an immune

mechanism known to induce telomere shortening.[37,71] Neverthe-

less, it remains largely untested whether developmental telomere

length actually relates to adulthood telomere dynamics in early-life

stress-exposed phenotypes.

Resilience hypothesis

Emerging evidence highlights that certain forms of mild developmen-

tal stressors can actually promote stress coping behaviors and have

positive rather than negative effects on fitness-related proxies.[72,73]

The “Stress InoculationModel”, almost exclusively employed in psycho-

neurobiology research, states that early-life adversities that are

not overwhelming but just challenging enough to stimulate cogni-

tive and emotional processing improve stress coping strategies into

adulthood.[74,75] The model implies that the effects of early-life stress

on organism function vary following an inverted U-shaped reaction

norm on the basis of the intensity and/or duration of the challenge.

It is important to remark that the gradient in stress exposure sever-

ity could be generated by various eco-physiologically relevant param-

eters related to social competition, food supply, temperature, preda-

tion, pollutants, or stress hormones. This concept is related to that

of “Hormesis”—a phenomenon to explain anti-ageing effects produced

by exposure to various mild stressors (see review in literature [76]

on its eco-evolutionary relevance). However, while the “Stress Inocu-

lation Model” is necessarily bound to early-life programming effects,

hormetic responses can emerge at any time throughout the individual’s

life course.

The Resilience hypothesis extrapolates from the Stress Inoculation

Model and the Hormesis theory. It aims to functionally link the bene-

ficial “inoculation-like” effects of mild-to-moderate stressors on emo-

tional and cognitive processes with changes in adulthood telomere

dynamics and potentially on fitness outcomes. The basic prediction of

the Resilience hypothesis is that individuals developing under mildly

challenging circumstances will show reduced rate of adult telomere

shortening compared to individuals developing under either low or

severe stress exposure (Figure 2B). As a consequence, it is only severe

stressors that would lead to irreversible cellular damage, contributing

to acceleratedmortality risk or ageing rates (supporting the previously

described Constraint hypothesis) while mild stressors would, on the

contrary, decrease mortality risk or slow ageing processes as a conse-

quence of increased repair of endogenous damage.

The plausibility of the Resilience hypothesis is supported by at

least three sets of indirect empirical evidence. First, a substantial

amount of work in rodentmodels shows thatmildly challenging neona-

tal experiences (e.g., brief periods of maternal separation or moder-

ate increases in foraging demands) reduces hypothalamic-pituitary-

adrenal axis (HPA axis) responses to stressors into adulthood, while

severe neonatal challenges generally increase it.[77,78] Low stress reac-

tivity could signify higher resilience due to increased ability to recover

from acute challenges by attenuating maximal glucocorticoid respon-

siveness or by quickly returning to baseline glucocorticoids.[79] In wild

barn swallows, adult telomere dynamics covaried with corticosterone

stress responses to a standardized acute restraint protocol, with indi-

viduals showing a faster recovery to baseline also having reduced rates
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of adult telomere loss.[80] Second, short-term developmental nutri-

tional and social stressors can lead to long-lasting changes in adult

stress coping behaviors, thus influencing an individual’s exposure to

risks.[73] Despite someof these changes undoubtedly leading to behav-

ioral deficits, their potential adaptive role might depend on the indi-

vidual’s degree of flexibility to adapt to varying social landscapes into

adulthood.[81] In a social bird, thewhite-browedsparrow-weaver, dom-

inant breeders with shorter telomeres showed lower rates of telom-

ere attrition than dominants with longer telomeres.[82] It may thus

be plausible that certain early-life stress-induced behavioral pheno-

types might display long-term somatic integrity strategies that could

mitigate, rather than accelerate, subsequent telomere loss in adult-

hood. The fact that the rate of developmental telomere attrition is

linkedwith regulationof emotional reactivity into adulthood[83–85] fur-

ther supports this possibility. Third, evidence is accumulating show-

ing that the link between stress exposure and the telomeric system

is likely to be stressor type-, duration-, and dose-dependent.[63,86] For

example, a study in laboratory rats show that exposure to stressors

of intermediate durations can lead to rapid and marked increases

(rather than decreases) in telomerase activity.[87] In the yellow-legged

gull[33] a physiologically moderate increase of embryonic glucocorti-

coids (corticosterone) also up-regulated telomerase activity soon after

hatching and this was correlated with telomere elongation; however,

very high pre-natal glucocorticoid exposure was shown to increase

developmental telomere loss in the domestic chicken.[88] In further

support of curvilinear relationships between early-life stress expo-

sure and telomeres, there are recent longitudinal studies in humans

and nonhuman primates. By separating acute/short-term adversities

from chronic/long-termadversities over childhood andmid-adulthood,

Mayer et al.[50] demonstrated that only chronic stressors during child-

hood (age up to 18 years old) predicted greater telomere loss over

the 2 years period in mid-adulthood. Ridout et al.[89] reported longer

telomeres in children (age: 3–5 years) that experienced moderate-

severe levels of childhood maltreatment in the prior 6 months; and,

similarly, maternal variable foraging demands in bonnet macaques (i.e.,

a validated early-life maternal manipulation resulting in anxiety-like

symptoms in offspring) led to longer adult telomere length.[9] Alto-

gether these studies support the idea that exposure to relatively mod-

erate and/or brief levels of early-life stress may lead to compensatory

changes in the stress system through inoculation-like effects that could

promote increases in resilience factors, including up-regulated telom-

erase activity, and thus reduced adult telomere shortening, or possibly,

even adult telomere elongation.

However, other than the severity, duration, and exact nature of

early-life adversity, the link between developmental stress exposure,

subsequent resilience, and adult telomere dynamics could be more

complex and depend on various other factors, including age-specific

developmental effects and the timing of follow-up measurements of

adult telomere length (see[90,91] for a discussion on these aspects).

For instance, the association between early-life adversity and later-life

telomere lengthweakenswith progressing age since exposure,[63] sug-

gesting a critical role for subsequent adult life events in mitigating, or

potentially even reversing the effects of early-life adversity on telom-

ere length at earlier ages. In addition, the emergence of a resilient phe-

notype could also depend on functional interactions between stres-

sor severity and the degree of matching between the early-and late-

life environments,[92] thus potentially influencing changes in telomere

dynamics across adult life.

Pace of life hypothesis

There is now large evidence that developmental conditions can affect

resource allocation processes towards competing life-history traits

later in life,[51,53] and as a consequence, early-life conditions can ori-

entate the phenotype towards specific life-history strategies[54] with

potential, but currently unknown, consequences on telomere dynam-

ics during adulthood. This phenotypic plasticity is closely linked with

“the Pace of Life” theory, which suggests that individuals adopt a spe-

cific pace of life along a fast to slow continuum.[93,94] A slowpace of life

is associated with a delayed maturity, a low reproductive investment,

and a long lifespan while a fast pace of life is associated with a rapid

maturity, a high reproductive investment, and a short lifespan.

A large amount of theoretical, empirical and experimental work sug-

gests that this plasticity in the pace of life may be adaptive (e.g.,[95,96]),

especially if it allows individuals to match their life-history strategy

either to the environmental conditions that are likely to be encoun-

tered during adulthood (the external predictive adaptive response

[ePAR][97]), or to their expected somatic state during adulthood (the

internal predictive adaptive response [iPAR][97]). In both cases, the-

ory predicts that early-life adversity may be associated with the adop-

tion of a fast pace of life as this should be beneficial under harsh envi-

ronmental conditions thatmay compromise longevity, or in low-quality

individuals that are unlikely to have a long lifespan.[54,97]

The “Pace of Life theory” logically supports the idea that early-life

adversity should be associated with an accelerated rate of telomere

attrition during adulthood (hereafter called “the Pace of Life hypoth-

esis”, Figure 2c), mainly because early-life adversity is thought to

result not only in a higher reproductive investment later in life but

also to a lower allocation of resources to maintenance, and lower

longevity.[98] Specifically, the logic behind “the Pace of Life hypothe-

sis” comes from the links that may exist between telomere dynamics

and several interconnected phenotypic determinants of the pace of

life (i.e., behavior, physiology[93,99]). Firstly, a fast pace of life has been

associated with several behavioral and personality traits that could

trigger a rapid rate of telomere attrition in adults, such as risk-taking

behavior, boldness and aggressiveness.[100] Secondly, a fast pace of

life requires a high energy workload and it is therefore often associ-

atedwith increased glucocorticoids, which often also accelerate telom-

ere attrition and reduce telomerase activity.[23,101] Thirdly, a fast pace

of life has been associated with increased metabolic rates and energy

expenditures that may induce higher oxidative stress, which is one

of the main causes of telomere attrition.[18,102] Finally, a fast pace

of life is associated with a lower investment towards immunity, and
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therefore with a higher probability of multiple infections, which can

increase the rate of telomere shortening.[37,71] In addition, the ratio-

nale of “the Pace of Life hypothesis” is also supported by the associ-

ation between adult telomere dynamics, survival and reproduction as

high reproductive investment can trigger an accelerated rate of telom-

ere attrition.[103] Moreover, several studies have found that a rapid

rate of telomere attrition during adulthood is associated with a higher

risk of mortality,[41,44,45,104] which is also a consequence of a fast pace

of life.

Interestingly, findings from a few experimental studies suggest that

the link between early-life adversity and adult telomere dynamics

could be less straightforward than stipulated in the “Pace of Life

hypothesis”. Indeed, early-life adversity might apparently have oppo-

site effects on the pace of life depending on its severity[105] and its

variability.[106] Thus, several studies have also shown that early-life

adversity could trigger a slow pace rather than a fast pace of life in

some species or under specific developmental constraints.[107] In addi-

tion, it has also been convincingly demonstrated that there may be an

interactive effect of early-life adversity and environmental conditions

encountered during adulthood on the pace of life of organisms.[108]

This suggests that the influence of early-life adversity on adult telom-

ere dynamics is likely to be mitigated or exacerbated by the severity

and the type of early life adversity, by the variability of early-life condi-

tions, and by the environmental conditions that are encountered dur-

ing adulthood, as stipulated in the non-mutually exclusive Resilience

hypothesis.

PERSPECTIVE AND FUTURE DIRECTIONS

Need for studies monitoring telomere length through
the whole lifespan

Although a few correlative and cross-sectional studies have pro-

vided support for some of these three hypotheses (e.g.,[50,63] see

paragraphs above), it is clear that we currently have limited experi-

mental/manipulative data available to explicitly test them. Such data

are however important not only to determine the potential impact

of developmental conditions on ageing processes, cellular/molecular

damages, and performance later in life, but also to understand to

what extent this impact can be mediated by telomere dynamics. As

mentioned above, there is clear evidence that developmental condi-

tions can affect developmental telomere dynamics.[22,23,31,32,109,110]

However, it remains so far unclear whether and how developmen-

tal conditions and early life-adversity influence the operation of the

telomeric system through adulthood in vivo and how this links to life-

history evolution. There is strong support for a positive relationship

between offspring telomere length and adult performance, involving

key proxies of fitness (e.g.,[25,111,112]), and it is also true that adult

telomere dynamics has been convincingly related to adult survival

and performance.[47,104,113,114] We thus require studies attempting to

tease apart the relative importanceof developmental telomeredynam-

ics and adult telomere dynamics for adult performance. How do devel-

opmental telomere dynamics relate to later adult telomere dynamics?

What is the role of the organizational effects of early-life stress on

physiology and behavior in the regulation of adult telomere dynam-

ics? Is the influence of early-life adversity on adult performance driven

by its impact on developmental telomere dynamics, its impact on adult

telomere dynamics or, more likely, by amix of both? Carefully designed

longitudinal long-term experiments will be needed to answer these

questions.

Need to manipulate the severity of developmental
adversity in an appropriate ecological setting

Understanding the extent to which the severity of early-life stress

exposure matters in the biological embedding equation, and how vul-

nerability and resiliency factors relate to adult telomere dynamics is

a necessary step forward to test our three hypotheses. Despite there

being some information about how varying levels of early-adversity

might be associated with health status and adult telomere length

(e.g.,[9,50,63]), most of these studies are limited to a single point mea-

surement of telomere length during adulthood. We see the need for

studies simulating ecologically relevant gradients of adversity to test

for functional links between the severity of developmental challenges

andwithin-individual changes in telomere dynamics and repair mecha-

nisms, not only in juveniles but also in ageing individuals. Several stud-

ies have successfully manipulated developmental conditions to exam-

ine their influence on developmental telomere dynamics or perfor-

mance (references above). However, despite few exceptions,[9,50,88]

most of these experimental studies have compared one type of stres-

sor with a control group, and they have not compared different stres-

sor types and different degrees of stress exposure. Although this

would require a larger sample size, it can certainly be achieved in both

oviparous and viviparous vertebrates, for instance via experimentally

manipulating the degree of nutritional constraints of developing off-

spring either directly (by modifying the type or abundance of food)

or indirectly, by manipulating breeding effort, parental care, or sibling

competition. This could also be achieved through direct experimen-

tal manipulations of other biotic and abiotic variables, such as expo-

sure to predators, ambient temperature, or pollutants. Finally, to bet-

ter understand the proximate mechanisms involved in the potential

impactof early-life adversityonadult telomeredynamics, itwill be rele-

vant tomanipulate key determinants of telomere attrition, such as hor-

mones (glucocorticoids), the balance between oxidative damage and

antioxidants, telomere repair mechanisms (see next paragraph), and to

examine their long-lasting impact onphysiological andmolecularmark-

ers of stress, including adult telomere dynamics. Finally, performing

suchmanipulations at different developmental timewindows (e.g., pre-

natal vs. post-natal) could also be pertinent in terms of the severity of

adversity as the long-lasting/irreversiblenatureof theeffects generally

diminishes with the developmental age in which the challenge occurs

([63,115]).
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The importance of including telomerase
measurement to test the three hypotheses

Telomere repair mechanisms are likely to be critical players in the

framework of coping with the long-term effects of early stressors and

in modulating the damage throughout later life. In that respect, the

activity of telomerase certainly deserves a specific attention when

aiming to test the three hypotheses we put forward as it is likely to

be a prime candidate to follow for potential interplays with stress

responses.[116] Telomerase is known to be regulated at different lev-

els across tissue types and developmental stages.[24] Its demonstrated

role in elongating telomeres provides an obviousmechanism for recov-

ering from cellular damage after early-life adversity, and the ability for

it to be up- and down-regulated at different stages offers the tantaliz-

ing prospect that it can be invoked on an “as needed” basis.[117] Crucial

to this however, are the costs that may be associated with telomerase

activation. There is growing evidence that telomere repair induces high

energy costs and this will be an important determinant for whether

it can be used as a buffer against detrimental early-life effects.[118]

The measurement of telomerase activity is now within reach for most

experimental settings[116] and we suggest that its inclusion is vital for

future ecological and experimental studies aiming to test the impact of

early-life adversity on adult telomere dynamics.

CONCLUSION

The three hypotheses presented in this opinion piece should not be

considered in isolation and as opposing each other. The numerous

examples that we present throughout this article strongly suggest

that the relevance of each hypothesis will be highly condition depen-

dent. There is little doubt that long-term extreme and chronic stres-

sors are likely to impair brain development, to affect the ontogeny of

key organismal systems, and lead to irreversible somatic damage in

most organisms.[4,119] In this context, theConstraint hypothesis and, at

least to some extent, the Pace of Life hypothesis probably provide the

most fitting models to predict scenarios through which developmen-

tal adversity may be linked to adult telomere dynamics. However, we

have little data to date to make specific predictions about associated

outcomes of moderate/short-term stressors, and about their relative

contribution in fostering resiliency factors throughout the life course.

These kinds of stressors are likely to be the most relevant in ecological

contexts, and more broadly, in healthy ageing populations. We would

expect that the Resilience hypothesis may provide a better framework

to explain why certain forms of mild adversities, such as brief neonatal

handling ormoderate dosing of glucocorticoid hormone, can have long-

lasting positive effects and to predict the role of telomeremaintenance

and repair processes in the evolution of stress coping mechanisms and

stress resilience. Another related aspect often overlooked in experi-

mental planning, concerns the large inter-individual variability in the

phenotypic responses to early-life adversity.[4] As a consequence, sim-

ilar or even the same particular early-life event could have major long-

lasting effects in the ontogeny of organismal systems in one individ-

ual and have negligible effect in another and this could also change the

way through which early-life experiences are linked to adult telomere

dynamics. This statement probably also holds truewhen comparing dif-

ferent species, meaning that it may be difficult to generalize the results

from one species to another. This is especially true because different

types of early-life adversity may not entail the same costs, and there-

fore, the same phenotypic responses for all species. These contrasted

responses may for example depend on the species-specific life-history

strategies (e.g., long-lived vs. short lived) and social systems (e.g., gre-

garious vs. solitary). In that context, future studies should test these

three hypotheses in the light of the ecology of the study species. Com-

bining experimental studies in laboratory models and epidemiological

studies inwild vertebrates and humans appears crucial to properly test

these hypotheses. This will shed some light on the impact of develop-

mental conditions on lifelong ageing processes and fitness outcomes,

and on the evolution of developmental plasticity.
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