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Summary
Individual differences in telomere length are associated with individual differences in behaviour in humans
and birds. Within the human epidemiological literature this association is assumed to result from specific
behaviour patterns causing changes in telomere dynamics. We argue that selective adoption—the hypothesis
that individuals with short telomeres are more likely to adopt specific behaviours—is an alternative worthy
of consideration. Selective adoption could occur either because telomere length directly affects behaviour,
or because behaviour and telomere length are both affected by a third variable, such as exposure to early-life
adversity. We present differential predictions of the causation and selective adoption hypotheses and
describe how these could be tested with longitudinal data on telomere length. Crucially, if behaviour is
causal then it should be associated with differential rates of telomere attrition. Using smoking behaviour as
an example, we show that the evidence that smoking accelerates the rate of telomere attrition within
individuals is currently weak. We conclude that the selective adoption hypothesis for the association
between behaviour and telomere length is both mechanistically plausible and, if anything, more compatible
with existing empirical evidence than the hypothesis that behaviour is causal.

1. Introduction
There is mounting evidence for statistical associations between individual differences in telomere length and
behaviour. In both humans and birds, individuals with shorter telomeres make different behavioural
decisions as adults. For example, recent evidence suggests that there is an association between telomere
length and impulsivity in both humans (1,2) and European starlings (Sturnus vulgaris) (3). Adult humans with
shorter leukocyte telomeres and adult European starlings with more developmental erythrocyte telomere
attrition are both more impulsive in their choices, discounting rewards that are delayed in time more steeply
than individuals with longer telomeres or less developmental attrition. Our aim in this paper is to attempt to
answer the question of why such associations exist. In section 2 we start by reviewing the evidence for
associations between telomere length and behaviour in both humans and birds, with a view to describing the
suite of behaviour patterns that are associated with relatively shorter telomeres. In section 3 we present
two, not necessarily mutually exclusive, hypotheses to explain the observed associations between telomere
length and behaviour: first that behaviour is causal, and second that the association is due to selective
adoption, whereby individuals with shorter telomeres are more likely to adopt some behaviours. We develop
a specific account of selective adoption, whereby exposure to early-life adversity causes correlated changes
in both telomere length and subsequent behaviour. Distinguishing between causation and selective adoption
is important because, if the causal hypothesis is correct, then telomere attrition can be used to identify those
*Author for correspondence: Melissa Bateson (melissa.bateson@ncl.ac.uk).
†Present address: Institute of Neuroscience, Newcastle University, Henry Wellcome Building, Framlington Place, Newcastle upon Tyne, NE2 4HH,
UK.
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behaviours that are most harmful, whereas if the selective adoption hypothesis is correct, then we need to
reinterpret relatively short telomeres as a biomarker of something else (e.g. exposure to early-life adversity)
as opposed to as a dynamic consequence of current behaviour. In section 4 we outline a strategy for using
longitudinal data on telomere length to test between the causation hypothesis, the selective adoption
hypothesis and a mixed hypothesis that assumes that both causation and selective adoption are operative. In
section 5 we present a review of the data relating to the association between smoking behaviour and
telomere length as a test case of the predictions derived in section 4. In section 6 we provide a summary of
our arguments and conclude that the selective adoption hypothesis is more compatible with currently
available empirical data and theoretical thinking than the hypothesis that behaviour causes telomere
attrition.

2. Evidence for associations between telomere length and behaviour
A large number of human correlational studies report evidence for associations between individual
differences in telomere length and behaviour. Table 1 summarises examples of the types of associations that
have been found; this list is not intended to be a systematic review, but to give a sense of the positive results
being reported in humans. In the majority of studies, the measure of telomere length is from leukocytes or
other categories of white blood cells. In a few studies, the behaviour of subjects has been directly measured,
such as choices in an economic game, activity levels via accelerometers and cortisol responses to an acute
stressor. However, in most studies the measures of behaviour are more indirect. For example, many
behavioural variables are measured via self-report, including the type of physical activity undertaken,
smoking behaviour and questionnaires designed to assess personality traits. We included studies on body
mass index (BMI) and other indices of obesity based on finding showing that these measures are likely to
imply variation in behavioural decisions regarding the amount or type of food consumed (4). We also
included studies that measured cortisol levels, either at baseline, or in response to an acute stressor, on the
assumption that differences in cortisol levels are likely to translate into differences in behaviour. Table 1
shows that in humans, shorter adult leukocyte telomere length appears to be associated with a suite of
differences in behaviour including: lower levels of physical activity, higher BMI (indicative of higher food
consumption), higher impulsivity in choices between delayed rewards, higher propensity to take risky
decisions, higher probability of smoking, higher alcohol consumption, higher stress reactivity, and more
neurotic and pessimistic personality types. While some of these associations are based on single papers and
may turn out not to be robust, others are based on meta-analyses of many published studies (e.g. for BMI,
physical activity and smoking).
In our recent work on European starlings, Sturnus vulgaris, we have found associations between
developmental erythrocyte telomere attrition and various aspects of behaviour. For example, adult starlings
with greater developmental telomere attrition were: more neophobic as measured by slower autoshaping to
a lit key (5), more impulsive in the pursuit of food as measured by cognitive bias (6) and delay discounting
tasks (3,5), less persistent in the pursuit of food as measured by progressive ratio and extinction tasks (5),
less risk prone in a foraging choice task (Andrews et al submitted). Starlings with greater developmental
telomere attrition also displayed an attenuated response to the acute stressor of being caught and restrained
in a bag (7).
Note that these starling studies used developmental telomere attrition (i.e. the extent to which
telomeres shorten over the developmental period) rather than adult telomere length (as in the human
studies in Table 1). However, it is reasonable to assume that developmental telomere attrition and adult
telomere length are related, because individuals whose telomeres shorten more during development will
tend to have shorter adult telomere length (8). In our starling studies, developmental telomere attrition and
adult telomere length are often both associated with adult behaviour and the direction of the effects is the
same (3,7). It should be noted that developmental telomere attrition is not the only contributor to adult
telomere length, since there is also heritable variation in telomere length (9).
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Table 1. Examples of associations between behaviour and telomere length in humans.
Behaviour type
Impulsivity (i.e.
impatience,
steeper time
discounting)
Risk-proneness
(i.e. strength of
preference for a
riskier option)
Physical activity

Eating (amount
and/or
frequency)
Smoking

Alcohol
consumption
Stress reactivity

Neurotic
personality type
Pessimistic
personality

Sample
Chinese undergraduate
students
Children with ADHD

Behavioural measure
Preference for smaller sooner versus larger
later financial reward.
Hyperactive-impulsive symptoms (assessed
via structured interview of parents)
Decision of how much to invest in an
experimental stock.

Tissue
Leukocytes

Result
Greater impulsivity associated with shorter telomeres.

Reference
(1)

Leukocytes

Higher levels of hyperactivity-impulsivity associated with shorter
telomeres.
Higher risk proneness associated with shorter telomeres.

(2)

Systematic review of 37
studies
British white twins
American men and women
(NHANES)
Less physically active white
and African-American women
Meta-analysis of 16 studies
Meta-analysis

All forms of exercise.

Tendency for exercise to be associated with longer telomeres.

(10) see also (11)

Physical activity in leisure time
Running

Varied but mostly
leukocytes
Leukocytes
Leukocytes

(12)
(13)

Accelerometer-measured sedentary time

Leukocytes

Less physical activity associated with shorter telomeres.
Meeting physical activity guidelines from running associated with
longer telomeres.
Higher sedentary time associated with shorter telomeres.

Body mass index (BMI)
Obesity (multiple measures)

Leukocytes
Mostly leukocytes

(15)
(10)

Systematic review of 84
studies and meta-analysis of
30.
Middle-aged, Finnish
businessmen
American kindergarten
children (5-6 years)
Community sample of caregiving and non-care-giving
American women
Population cohort study

Ever versus never smokers and pack years
smoked.

Varied but mostly
blood

Higher BMI associated with short telomeres.
Tendency for higher BMI/obesity to be associated with shorter
telomeres.
Smoking associated with shorter telomeres
More pack years smoked associated with shorter telomeres.

Past alcohol consumption

Leukocytes

More alcohol consumption associated with shorter telomeres

(17)

Heart rate, salivary cortisol, internalising
behaviours
Cortisol responses to acute stress (Trier
Social Stress Test), overnight urinary free
cortisol, diurnal basal cortisol slope
Neuroticism scale of Eysenck Personality
Questionnaire
Questionnaire (Revised Life Orientation
Test)

Buccal cells

(18)

Leukocytes

Higher heart rate, cortisol and internalising behaviours associated
with shorter telomeres.
Higher cortisol responses to an acute stressor, higher overnight
urinary free cortisol and flatter daytime cortisol slopes associated
with shorter telomeres.
Higher neuroticism associated with shorter telomeres

Leukocytes

Higher pessimism associated with shorter telomeres.

(21)

Chinese undergraduate
students

Post-menopausal American
women

Leukocytes

PBMCs

(1)

(14)

(16)

(19)

(20)

3. Hypotheses and causal pathways
Logically, there are two possible explanations for the patterns of association between telomere length and
behaviour described above. First, behaviour might directly cause changes in telomere length; we henceforth
refer to this as the ‘causation hypothesis’. Second, individuals with short telomeres might be more likely to
adopt certain patterns of behaviour; henceforth the ‘selective adoption hypothesis’. Selective adoption could
result from two alternative causal pathways. Either short telomeres could directly cause changes in
behaviour (henceforth ‘reverse causation’); or behaviour and telomere length could both be caused by a
third variable (Figure 1). We describe these three causal pathways in more detail below and discuss their
mechanistic plausibility.

Figure 1. Three possible causal pathways via which behaviour could be associated with telomere length: (a) behaviour
causes telomere attrition, (b) telomere attrition causes changes in behaviour, and (c) another variable, which we refer
to as ‘state’, causes both telomere attrition and changes in behaviour. The two emerging hypotheses for the pattern in
the observed data are named according to whether the difference in behaviour is assumed to be causal (causation
hypothesis) or secondary (selective adoption hypothesis).

(a)

Causation: behaviour causes telomere attrition

There is evidence that the rate of telomere attrition is altered via a range of cellular mechanisms.
Inflammation causes telomere attrition in blood by increasing the rate of leukocyte turnover and hence
increasing the rate of replicative senescence. Oxidative stress involves the production of reactive oxygen
species that can cause telomere attrition by damaging the vulnerable G triplets of the telomeric sequence
(22). Finally, although the activity of telomerase (the enzyme that repairs telomeres) is generally repressed in
somatic cells, cortisol may further inhibit it, and hence decrease telomere repair (23). Cortisol also increases
free radical production and interferes with antioxidant defences, thus increasing oxidative stress within the
cell (reviewed in (24)). Thus, increased inflammation, oxidative stress and biological stress are all implicated
in increased telomere attrition.
The way in which an individual behaves could plausibly change the levels of inflammation, oxidative
stress and stress hormones within the body. Behaviour could acutely alter exposure to environmental
conditions, or substances (either via foods or environmental toxins) that directly increase or reduce
inflammation, oxidative stress or telomerase activity. For example, the toxins in tobacco smoke cause
increased inflammation and oxidative stress (25,26), whereas eating a diet high in fresh fruit and vegetables
boosts anti-oxidant defences, and some naturally occurring substances in food may boost telomerase activity
(27). Furthermore, habitually performing certain behaviours may cause chronic changes in inflammation,
oxidative stress or biological stress. For example, obesity, the cumulative effect of overeating, is
characterised by high oxidative stress and inflammation (28), and behaving impatiently or engaging in more
risky behaviour might be associated with differences in exposure to biological stress (29). In contrast, regular
physical exercise causes a net reduction in inflammation, oxidative stress and stress hormones (despite

individual bouts of exercise causing acute increases in all three), and has been associated with increases in
telomerase activity in both humans and mice (30). In humans, practising mindfulness meditation is also
associated with decreased cortisol and inflammation and increased telomerase levels (31).
Thus, there are multiple plausible mechanisms via which behaviour could directly affect the cellular
mechanisms responsible for telomere attrition and repair, and hence affect telomere length (32). However, it
is important to point out that many of these mechanisms have only been demonstrated in vitro, and it is
unclear whether they also operate in vivo under biologically realistic physiological conditions. A recent study
in jackdaws (Corvus monedula) found no evidence that oxidative stress shortens telomeres in vivo (33).

(b)

Reverse causation: telomere length causes behaviour

Until recently, the function of telomeres was believed to be solely in protecting the chromosome ends and
preventing activation of the DNA damage response. However, recent work has shown that telomeres also
have a function in regulating gene expression. For some time it has been known that genes proximal to
telomeres (within ~100 kb) are silenced by the spreading of heterochromatin from the telomeres into the
subtelomeric region, an effect known as the telomere position effect (TPE) (34). However, more recent work
has shown that telomeres can also affect gene expression over much longer distances by looping back onto
chromosomes, a mechanism referred to as TPE over long distances (TPE-OLD). Robin et al. (35) identified
>140 genes within 10 Mb of telomeres whose expression was affected by the telomere. These long-range
interactions between telomeres and target genes are lost as telomeres shorten, providing a potential
regulatory role of telomeres on these genes. This regulation occurs long before telomeres become short
enough to produce a DNA damage response. Thus, telomere length could directly cause adaptive, agerelated changes in physiology as an organism ages (35,36). TPE/TPE-OLD-regulated genes known to be
involved in behavioural differences have not yet been identified, but it is at least theoretically plausible that
they will be in the future. Thus, it is not possible to discount the hypothesis that shorter telomere length
could have a direct causal effect on behaviour by changing the expression of genes involved in behaviour.

(c)

A third variable causes telomere length and behaviour

The final possibility that we consider is that both telomere length and behaviour are caused by a third
variable. Although there are other possibilities, the specific hypothesis that we develop here is that exposure
to early-life adversity causes both shorter telomeres and changes in adult behaviour. Living organisms are
thought to be particularly vulnerable to being damaged by exposure to adverse experiences early in life,
when the rate of developmental change is at its fastest (37). In support of this ‘high initial damage load’
hypothesis, there is mounting evidence that adversity of various types, especially that experienced early in
life, causes enduring changes in biological systems including both telomeres and the mechanisms that
underlie behaviour.
In humans, there are numerous correlational studies linking early-life adversity with shorter adult
telomeres (38–42). Establishing causation in humans is difficult since experimental manipulation of early-life
adversity is unethical, but longitudinal studies provide the best evidence available that early-life adversity
causes telomere attrition. For example, childhood exposure to violence between 5 and 10 years of age is
associated with significantly greater telomere attrition over the same time period (43). In altricial birds it has
been possible to conclusively demonstrate that early-life adversity causes accelerated telomere attrition via
experimental studies in which early-life adversity is manipulated in various ways. For example, competitively
disadvantaging a starling or jackdaw nestling within its brood, either by experimentally manipulating brood
size (44,45) or by manipulating the relative size of the focal nestling’s competitors (46), accelerates the rate
of erythrocyte telomere attrition measured in the first few weeks of life. Similarly, stress induced by daily
human handling of European shag nestlings between days 10 and 30 post-hatch caused accelerated
erythrocyte telomere shortening relative to unhandled controls (47). In a recent hand-rearing study in which
we experimentally dissociated the adversity caused by developmental food deprivation and the adversity
caused by increased begging effort (both of which are likely to occur when there is greater competition
within the brood), we showed that these two sources of adversity had additive effects on erythrocyte
telomere attrition in nestling starlings (48).
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There is also considerable evidence that experience of early-life adversity alters subsequent
behaviour in humans and other species. In humans, childhood adversity is associated with a range of
enduring changes in brain structure, stress physiology and behaviour (49,50). For example, childhood
adversity is associated with a greater probability of smoking, starting smoking at an earlier age, smoking
more and being less likely to quit (51,52). While the human evidence is correlational, evidence that these
associations are due to early-life adversity causing changes in behaviour come from experimental studies on
animals. For example, European starlings subjected to the same developmental manipulations that
accelerate telomere attrition showed a range of alterations in adult behaviour. Birds that were competitively
disadvantaged as nestlings were fatter than their advantaged siblings as adults and showed altered foraging
behaviour, investing more time in seeking information about food and eating more following food
deprivation (53). Similarly, birds reared in large broods were less discriminating in their food choices than
their siblings reared in small broods, behaving as if acutely hungry despite equivalent levels of actual food
deprivation (54). The developmentally disadvantaged birds also showed altered escape flight performance
indicative of a steeper trade-off between take off speed and take off angle (55). Daily treatment of zebra
finch nestlings with corticosterone to simulate the effects of early-life stress caused changes in the
subsequent juvenile response to an acute stressor (56).
Given the evidence that exposure to early-life adversity causes both telomere attrition and changes
in later behaviour, we therefore expect indirect correlations between telomere length and behaviour.
Furthermore, the suite of behaviour patterns associated with short telomeres should be similar to that
associated with experience of early-life adversity. In humans, this prediction appears to be broadly correct. In
birds, there are currently too few data to assess to what extent the behaviours associated with short
telomeres overlap with those caused by early-life adversity. In our recent studies with European starlings we
have found some behaviour patterns that are significantly predicted by the early-life adversity manipulation
to which the birds have been subjected (53–55) and others that are significantly predicted by telomere
attrition or length (3). However, the statistical effects of telomere attrition/length and the developmental
manipulation on behaviour are generally in the same direction (7). Furthermore, because we know that our
manipulations of early-life adversity cause changes in telomere length, it seems probable that any
differences in whether behaviour is significantly predicted by early-life adversity or by telomere length are
explained by our relatively small sample sizes.
In summary, we have reviewed evidence that early-life adversity damages the developing individual,
causing enduring changes in its somatic state. Shorter telomere length is one of the symptoms of exposure to
early-life adversity and hence a biomarker of this damage. The observed behavioural differences in
individuals that have experienced early-life adversity are either further pathological symptoms of adversity,
or alternatively, evidence of an adaptive response to an alteration in state (57). For the purposes of
understanding why there might be associations between telomere length and behaviour it is not significant
whether the behavioural change is pathological or adaptive, all that matters is that both telomere length and
adult behaviour are affected by exposure to early-life adversity.

(d)

The case for selective adoption

Within the biomedical and epidemiological literatures it is almost universally assumed that observed
correlations between behaviour and telomere length are due to behaviour causing altered rates of telomere
attrition. For example, many cross-sectional studies have found an association between smoking and shorter
leukocyte telomeres in humans (58–67). These data are widely interpreted as demonstrating that smoking
reduces health by accelerating the rate of biological aging (58,60). In their discussion of one such study,
Valdes et al. (58) conclude, “Our findings suggest that obesity and cigarette smoking accelerate human
ageing…smoking a pack a day for 40 years corresponds to 7.4 years of ageing”. This leap from correlation to
causation is probably explained by the existence of the many plausible mechanisms outlined in section 3a via
which smoking could alter telomere length. Thus, the possibility that there might exist plausible alternative
hypotheses to explain the associations between behaviour and telomere length has not been seriously
considered. Benetos et al. (8) simply dismiss the possibility that short telomeres might cause smoking as
‘unlikely’. In a recent study demonstrating a correlation between delay discounting and leukocyte telomere
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length in humans, Yim et al. (1) briefly discuss the possibility of a reverse causation explanation of their
finding, but discard it as less plausible than the hypothesis that impatience causes telomere attrition.
In contrast, within the behavioural ecology literature there is a strong tradition of research into the
effects of state on behaviour. State is used in a broad sense to refer to any variation within or between
individuals (e.g. territory size, dominance status, fat reserves, age, etc.) that might have consequences for
how it is optimal to behave in order to maximise Darwinian fitness. In the current context, we suggest that
state could be conceived as referring to the degree of overall damage caused to the body by exposure to
adversity. Under this conception, state is a measure of biological age, by which we mean here that it predicts
future morbidity and mortality. Theoretical models show that biological age is a centrally important state
variable in predicting life history decisions (68,69). Thus, there is strong theoretical support available within
behavioural ecology for either reverse causation or a third variable pathway as outlined above. Either
telomere length or some other, related state variable affected by early-life adversity, might make an animal
more likely to adopt (or perform more of) a particular type of behaviour.
The plausibility of the selective adoption hypothesis is strengthened by the timing of the period
during which the fastest telomere attrition occurs. In humans, leukocyte telomere attrition is most rapid in
the early years of life, with the rate of telomere loss being estimated at between 270 and 1000 pb/year
between birth and age 3-4 years with a sharp transition to a much slower adult rate of attrition of 30-50
bp/year around the age of 4 years (70–72). In adulthood, the ranking of individuals by leukocyte telomere
length has been shown to be largely stable over a period of 13 years (8). Thus, most of the variation in adult
leukocyte telomere length is due to inheritance and early-life experience as opposed to adult experience.
This leaves rather little scope for behaviour to affect telomere attrition as assumed by the causation
hypothesis. For smoking behaviour, most leukocyte telomere attrition occurs prior to the age at which
children start smoking, making it relatively implausible that smoking could contribute significantly to
between-individual variation in adult telomere length. Furthermore, in our studies of European starlings, our
manipulations of early-life adversity cause changes in telomere length by two weeks of age, before the
nestlings are foraging for themselves, whereas the differences in impulsivity are measured in adult birds a
year later (3). Again therefore, the timing of the emergence of the differences in telomere length and
behaviour make it relatively implausible that the behaviour could cause the observed differences in telomere
length.
In summary, we believe that the assumption that behaviour causes the observed relationship
between behaviour and telomere length is unjustified based on current evidence. There is theoretical and
empirical support for alternative accounts whereby changes in behaviour are the outcome of damage caused
by exposure to adverse experiences in early life. The selective adoption hypothesis, whereby individuals with
shorter telomeres are more or less likely to adopt specific behaviours, therefore deserves serious
consideration.

4.

Testing between causation and selective adoption

The causation and selective adoption hypotheses make different predictions regarding the patterns of
telomere length that should be observed in individuals with different behaviour patterns. For simplicity, we
develop these predictions for the simple case of two discrete behavioural categories; in our example,
individuals with and without a specific behaviour pattern (smoking). However, the predictions that we
develop could equally be applied to any binary classification of more continuously distributed behavioural
variation, such as individuals who eat more or less, drink more than a certain number of units of alcohol per
week, take more or less physical exercise or are more or less impatient. Our reason for choosing smoking as
an example is that it is one of the most highly studied behaviour patterns in the context of human telomere
length: many epidemiological studies include smoking status as a control variable, even if it is not the major
focus of the study.
From the perspective of behavioural ecology, smoking might seem like an odd choice: it is an
exclusively human behaviour for which it is difficult to provide an adaptive explanation. However, we argue
that the fact that some people are more likely to start smoking than others, and also find it harder to quit,
suggests that there is variation in anatomy or physiology between future smokers and non-smokers, for
example in the brain circuits responsible for emotional regulation, that is likely to have broader significance
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for other types of behaviour. Thus although the behaviour pattern that we are studying is a comparatively
recent human cultural innovation, we argue that it reflects differences in fundamental mechanisms of
behaviour that are likely to be evolutionarily ancient and of broad significance in explaining behavioural
variation in human and animals.

(a)

Assumptions regarding telomere dynamics

In order to generate testable predictions from the causation and selective adoption hypotheses it is first
necessary to explicitly state their assumptions. In smokers we assume that from the point at which an
individual starts smoking (𝑡 = 0) their telomere length, 𝑇𝐿, in subsequent years (𝑡 = 1, 2, 3 etc.) can be
modelled as a straight line with a positive intercept (𝑐𝑠 ) corresponding to the 𝑇𝐿 at the start of smoking, and
a negative slope (𝑚𝑠 ) corresponding to the telomere attrition per year of smoking. Thus, for smokers, current
TL is given by the following equation: 𝑇𝐿 = 𝑐𝑠 − 𝑚𝑠 𝑡, where t is the years of smoking. For non-smokers we
also assume that 𝑇𝐿 can be modelled as a straight line with a positive intercept and negative slope with
values 𝑐𝑛 and 𝑚𝑛 respectively for individuals of the same age as smokers. Thus, for non-smokers we can write
corresponding equation: 𝑇𝐿 = 𝑐𝑛 − 𝑚𝑛 𝑡.
For the causation hypothesis we assume that prior to commencing smoking there is no difference in
the TL of future smokers and non-smokers (i.e. 𝑐𝑠 = 𝑐𝑛 ), but that following the start of smoking the rate of
telomere attrition is higher for smokers than for non-smokers ( 𝑚𝑠 > 𝑚𝑛 ). In contrast, for the selective
adoption hypothesis we assume that prior to commencing smoking, future smokers have shorter TL than
future non-smokers ( 𝑐𝑠 < 𝑐𝑛 ), but that following the start of smoking the rate of telomere attrition is equal
in smokers and non-smokers ( 𝑚𝑠 = 𝑚𝑛 ).
There is no reason to assume that the causation and selective adoption hypotheses are mutually
exclusive. Both processes could operate within an individual. For completeness therefore, we also consider a
mixed hypothesis that assumes that both selective adoption and causation are in operation. For the mixed
hypothesis it follows that prior to commencing smoking future smokers have shorter telomeres than future
non-smokers (𝑐𝑠 < 𝑐𝑛 ), and that following the start of smoking the rate of telomere attrition is greater in
smokers than in non-smokers ( 𝑚𝑠 > 𝑚𝑛 ). The telomere dynamics resulting from the causation, selective
uptake and mixed hypotheses are depicted graphically in Figures 2a, b and c respectively.

Figure 2. Changes in telomere length (TL) as a function of years since commencement of smoking predicted by three
alternative models to explain the observed relationship between smoking and telomere length: (a) causation
hypothesis, (b) selective adoption hypothesis, and (c) mixed hypothesis (selective adoption + causation). We assume
that smoking starts at 𝑡0 for smokers and continues thereafter, whereas non-smokers never smoke. The solid (red) line
represents the change in telomere length for smokers and the dotted (blue) line for age-matched non-smokers. The
dashed lines at 𝑡1 and 𝑡2 represent two telomere measurements made at different time points after the
commencement of smoking; in a longitudinal study of TL these could represent baseline and follow-up measurements
respectively. 𝑐𝑠 and 𝑐𝑛 are TL at the time of commencement of smoking for smokers and non-smokers respectively; 𝑚𝑠
and 𝑚𝑛 are the slopes of the lines describing how TL changes with time for smokers and non-smokers respectively. See
text for further details.

The models presented here assume a linear decline of telomere length with age. Over the entire life
course, the function is actually decelerating rather than linear in both humans and birds (48,70,73). However,
the greatest deceleration occurs very early in life (70–72) and across the span of adulthood a linear
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approximation is reasonable. Moreover, it would be possible to substitute any monotonic, non-linear
function and the general logic of the predictions we make below would still hold.

(b)

Testable predictions regarding telomere dynamics

Table 2 summarises some key predictions of the three hypotheses outlined above for the telomere dynamics
that should be observed in smokers and non-smokers. Prediction 1 is included for completeness in order to
emphasise the point that all the hypotheses predict that telomere length will be shorter in smokers than in
non-smokers. Thus no inference regarding causality can be made from a confirmation of Prediction 1.
Predictions 2 and 4 are unique to the causation hypothesis. A confirmation of either prediction 2 or 4 alone
would provide strong support for the causation hypothesis. Prediction 3 is made by both the causation and
mixed hypotheses. Thus, rejection of prediction 3 alone would provide strong support for selective adoption.
The mixed hypothesis cannot be tested with a single prediction, but requires confirmation of prediction 3
combined with rejection of either prediction 2 or 4.

Table 2: Positive predictions of the causal hypothesis.
No.

Hypothesis
Causation

Prediction

1 Telomere length for smokers is shorter than
telomere length for non-smokers at any time
point following the adoption of smoking.
2 Telomere length prior to adopting smoking is
equal in future smokers and non-smokers.
3 Rate of telomere attrition is greater in
smokers than in non-smokers.
4 The difference in rates of telomere attrition
between smokers and non-smokers is
sufficient to explain the difference in
telomere length between smokers and nonsmokers at any time point following the start
of smoking.

5.
(a)

Yes

Selective
adoption
Yes

Yes
𝑐𝑠 = 𝑐𝑛
Yes
𝑚𝑠 > 𝑚𝑛
Yes

No
𝑐𝑠 < 𝑐𝑛
No
𝑚𝑠 = 𝑚𝑛
No

Mixed
Yes

No
𝑐𝑠 < 𝑐𝑛
Yes
𝑚𝑠 > 𝑚𝑛
No

Empirical evidence on smoking and telomere dynamics
Prediction 1: shorter telomeres in smokers

Prediction 1 states that telomere length for smokers is shorter than telomere length for non-smokers at any
time point following the adoption of smoking. A test of prediction 1 requires measurement of telomere
length for smokers and non-smokers at a single time point, and hence it can be tested with either crosssectional or longitudinal data. Controlling for the age and sex of subjects is important, because telomere
length decreases with age (74), females tend to have longer telomeres for their age than males (75) and
rates of smoking often differ between males and females.
In support of prediction 1, many cross-sectional studies have found an association between smoking
status and shorter leukocyte telomeres, and this association persists after controlling for age, sex and
additional variables believed to cause telomere attrition (58–67,76–85). Although some studies fail to find a
cross-sectional association (86–88), these are in the minority and are often based on a relatively smaller
number of subjects suggesting lower power (see Table 3). The generality of the cross-sectional association
between shorter telomeres and smoking has been confirmed by a recent meta-analysis (16). Some studies
additionally provide evidence that smoking more cigarettes per day is associated with shorter telomere
length (interpreted as a dose-response: (76,84), and that a greater number of years since smoking cessation
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in former smokers is associated with longer current telomere length (76,81,84). These findings are also
supported by meta-analysis (16).
Importantly, none of the results described above provide proof for the causation hypothesis,
because it is equally plausible that individuals with shorter telomeres become heavier smokers and find it
more difficult to quit than individuals with longer telomeres. Thus, although the majority of these studies
interpret their findings as supporting a causal relationship between smoking and telomere attrition (for a
rare exception see (78)), this hypothesis cannot be separated from selective adoption, or indeed a mixed
hypothesis, with cross-sectional data.

(b)

Prediction 2: equal telomere length prior to smoking

Prediction 2 states that telomere length prior to adopting smoking is equal in future smokers and nonsmokers. A test of prediction 2 therefore requires measurement of telomere length prior to the start of
smoking for future smokers and non-smokers. A single cross-sectional telomere length measurement in early
childhood is sufficient to test prediction 2, but longitudinal follow up is required to establish the future
smoking status of each subject. It would be necessary to account for possible effects of passive smoking if
parents are smokers. We are not aware of any studies that have attempted to test prediction 2, or of any
existing data sets in which a test would be possible. A rejection of prediction 2 would provide strong
evidence in support of the selective adoption hypothesis.

(c)

Prediction 3: faster telomere attrition in smokers

Prediction 3 states that the rate of telomere attrition is greater in smokers than non-smokers. A test of
prediction 3 requires longitudinal measurement of rates of telomere attrition in individual smokers and nonsmokers, because telomere attrition can only be unambiguously measured within subjects. Therefore,
longitudinal data, with at least two measurements per subject separated by a substantial follow-up interval,
are required to test prediction 3.
We searched the literature for studies meeting the above criteria. Table 3 summarises nine
longitudinal studies of leukocyte telomere length that test the effect of smoking on telomere attrition. Two
of these studies (77,89) measured telomere length using the Southern blot (TRF) method and the other
seven used the quantitative polymerase chain reaction (pPCR) method. Given concerns over high
measurement error with qPCR (90), we looked for an overall decline in telomere length between the baseline
and follow-up measurements as a basic check of the validity of the data; the absence of telomere attrition
with time would suggest unacceptably high levels of measurement error. Reassuringly, all studies that
reported overall change in telomere length reported attrition with time (although only two studies provided
a significance test in support of this difference (87,89)). One study (82) reported no statistics on overall
change in telomere length, but a graph within the paper suggested that attrition was present.
In line with the evidence presented for prediction 1 above, the majority of the studies in Table 3 (6/8
that report an effect) find a cross-sectional association between shorter telomeres and smoking at baseline
and/or follow up. However, only two studies out of nine (82,83) report faster telomere attrition in smokers
(with one actually finding evidence for faster attrition in non-smokers (84)). Furthermore, these results
should be interpreted with caution, because the common practice of adjusting for baseline telomere length
in multiple regression models of telomere attrition (all of the studies in Table 3 do this) may lead to
overestimation of the effect of smoking on telomere attrition and a consequent increase in the probability of
type 1 errors (91). Thus, the evidence for prediction 3 is weak, and the lack of strong support for the causal
and mixed hypotheses provides some support for the alternative selective adoption hypothesis. A
quantitative meta-analysis will be required to establish whether there is any evidence that the rate of
telomere attrition is higher in smokers than non-smokers, but this is not straightforward from the published
literature because effect sizes are not reported in a standard way.
A number of explanations other than selective adoption have been suggested for the apparent lack
of difference in the rates of telomere attrition observed in smokers and non-smokers. First, longitudinal
analyses might simply have lower power due to being based on smaller numbers of subjects (84). Whilst this
is true in two of the studies that report significant cross-sectional effects of smoking but no longitudinal
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effects (84,85), it is not true for the other two studies showing this pattern (77,92). Second, smokers are
more likely to be lost to follow-up, and if this loss is non-random with respect to telomere length, this could
reduce the telomere attrition rates observed for smokers in longitudinal studies (84). Whilst this is likely to
be correct, selective loss of smokers with short telomeres would also reduce cross-sectional associations
between smoking and telomere length. Therefore, selective loss of subjects cannot explain the difference
between cross-sectional and longitudinal findings. Third, the effect of smoking on telomere attrition could be
non-linear, occurring rapidly when smoking is first adopted, but then slowing down as telomeres shorten
(77,88). The basis for this theory is the strong association between longer baseline telomere length and
faster attrition observed in most longitudinal studies. However, this relationship is now understood to be
mainly attributable to a statistical artefact arising from regression to the mean, as opposed to a biological
mechanism operating within individuals (93), meaning that a mechanistic basis for this theory is lacking.
Fourth, smoking is often associated with cancer, and various cancers are associated with telomere
elongation, potentially offsetting any attrition caused by smoking (84). Whilst it is true that telomere
elongation has been reported within tumours, it is not clear that this effect extends to other tissues such as
leukocytes. Indeed, some studies report shorter leukocyte telomere length in pre-diagnosis cancer patients
(94). In summary, the above explanations deserve further exploration, but we are currently unconvinced that
any one of them can rescue the causal hypothesis. It is surprising that none of the studies failing to find a
difference in telomere attrition rates between smokers and non-smokers suggests selective adoption as a
possible alternative explanation for their findings.

(d)

Prediction 4: differences in attrition should explain differences in length

Prediction 4 states that the difference in rates of telomere attrition between smokers and non-smokers is
sufficient to explain the difference in telomere length between smokers and non-smokers at any time point
following the start of smoking. A test of prediction 4 requires longitudinal data. The difference in the rates of
attrition by smoking can then be used to calculate the number of years of smoking necessary to generate the
difference in telomere length observed at any time point. If this number is incompatible with the age of the
subjects at that time point (e.g. if the subjects are younger than the number of years of smoking required to
explain the difference in telomere length), then prediction 4 can be rejected. Thus, a test of prediction 4 does
not necessarily require an estimate of how long subjects have been smoking.
One study in Table 3 reports the statistics necessary to make the above calculation (77). Given the
reported telomere attrition rates for smokers and non-smokers (42 versus 40 bp/year respectively), the
number of years of smoking necessary to produce the observed difference in telomere length at baseline
(7359 vs 7500 bp respectively) is 70.5 years, and at follow-up (7116 versus 7280 respectively) is 82 years.
Therefore, the causal impact of smoking is insufficient to explain the difference in telomere length in this
study, because the subjects were only 37.3 years old at follow up. This result provides support for the
selective adoption and mixed hypotheses, but further data are required to test its generality.
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Table 3. Longitudinal studies of human leukocyte telomere length in smokers and non-smokers.
Reference

Cohort

Number of subjects

Baseline

Follow
up

Age at
baseline
(mean±sd)
(years)

Followup
interval
(years)

TL
method1

Change in TL/year
between baseline
and follow up
(mean±sd)

Longitudinal
analysis

Analysis of effects of smoking on telomere dynamics

Covariates
controlled
for2

Reported significant differences

Shorter LTL in smokers
(prediction 1)

Aviv et al.
(77)

Baseline
Yes

Follow up
Yes

No

Age, sex,
alcohol
consumption
Age, sex

No

Yes

Yes

No

No

No

Age, sex,
WHR4

No

Not tested

No

-0.47±0.16 RTLU5
(no test)

Age, sex,
glucose,
WHR, HDL6

Yes

Not tested

Yes

qPCR

-13±81 bp
(no test)

Age, sex

Yes

Not tested

No

6

qPCR

-8.8 bp
(no test)

Age, sex

Yes

Not tested

No

9.5

TRF

-24.2±16.0 bp
(significant loss)
-19.3 bp
(no test)

Age, sex

Not
tested
Yes

Not tested

No

No

No

Bogalusa Heart Study:
white and African
American Americans.
Danish MONICA1 and
10 surveys

635

635

635

31.4±5.1

5.9

TRF

-40.7±46.0 bp
(no test)

Age, sex,
BMI3, race

1763

1356

1356

44.7±10.9

10.6

qPCR

Ehrlenbach
et al. (88)
FarzanehFar et al.
(87)
Huzen et
al. (83)

Population-based
Bruneck Study, Italy.
Heart and Soul Study,
USA.

510

510

510

10

qPCR

608

608

62 (range:
53-71)
~66±10?

5

qPCR

No summary
statistics
presented
-45.5 bp
(no test)
-42.0 bp
(significant loss)

PREVEND study,
Netherlands

8074

5886

6.6

qPCR

Muezzinler
et al. (84)

Population-based
cohort of older adults,
Germany
Netherlands Study of
Anxiety and
Depression
ERA study (France)

3600

961

48
(median,
range: 3960)
Range: 5075

8

2936

1860

41.8±13.1

154

58±10

Bendix et
al. (82)

Révész et
al. (85)
Toupance
et al. (89)
Weischer
et al. (92)

Higher LTL
attrition in
smokers
(prediction 3)

Prospective
4576
4576
4576
Range: 38- 10
qPCR
Copenhagen City
68
Heart Study
Notes: 1Method used for measuring TL: TRF = Southern blot terminal restriction fragment; qPCR = quantitative PCR. 2All studies
additionally controlled for baseline LTL in their analysis of telomere attrition. 3BMI = body mass index; 4WHR = waist hip ratio;
5RTLU = relative telomere length units; 6HDL = high-density lipoprotein.

6. Discussion and conclusions
Our detailed review of the existing longitudinal data on smoking behaviour and telomere dynamics provides
support for a cross-sectional association between smoking and shorter telomeres, but less support for
accelerated leukocyte telomere attrition in smokers. Since accelerated telomere attrition in smokers is a
critical prediction of the causal hypothesis, our review calls into question the causal role of smoking in
telomere attrition. This conclusion is supported by a Mendelian randomisation study that used a genetic
polymorphism (CHRNA3 genotype) previously established to be strongly associated with tobacco
consumption to provide a unidirectional, unbiased test of whether smoking causes short telomeres. This
study also found no evidence for a causal association between smoking and short telomeres (78). Another
recent study found no evidence for any differences in the expression of genes related to telomere length
regulation between smokers and non-smokers, which could be interpreted as further evidence against the
causal hypothesis (95). Thus, whilst it is possible that existing longitudinal analyses have underestimated the
true effect of smoking on telomere attrition for some reason, or that the Mendelian randomisation study
was underpowered, it is perhaps more parsimonious to reject the causal hypothesis in favour of selective
adoption.
Although we restricted our detailed review of the evidence to smoking behaviour, there is evidence
that the difference in telomere dynamics between cross-sectional and longitudinal studies described above is
not confined to smoking. A similar pattern of clear cross-sectional effects on telomere length but weak or
absent longitudinal effects on telomere attrition has also been reported for several of the other behaviours
listed in Table 1 including physical activity (92,96), calorie intake (97), BMI (15,92) and alcohol intake (92).
These data start to support a more general case against the hypothesis that behaviour causes changes in
telomere dynamics.
We have argued that the selective adoption hypothesis, whereby individuals with shorter telomeres
are more likely to adopt specific behaviour patterns, is supported by a number of empirical observations.
First, the majority of the variation in adult telomere length occurs very early in life, providing little
opportunity for adult behaviour to substantially impact telomere length (3,8). Second, the evidence that
different behaviour patterns are associated with different rates of telomere attrition, as required by the
causal hypothesis, is weak. Finally, in one case it has been possible to show that the small difference in
telomere attrition between smokers and non-smokers was insufficient to explain the much larger crosssectional differences in telomere length. We hope that this paper serves to motivate the studies necessary to
conclusively test the predictions of the causal hypothesis outlined in this paper.
Selective adoption could arise via two different causal pathways: reverse causation, whereby short
telomeres directly cause behavioural differences, and a third variable account, whereby both telomere
length and behaviour are caused by a third variable. We have argued that a plausible third variable is
exposure to early-life adversity based on evidence that the suite of behavioural differences associated with
short telomeres is similar to the suite of behavioural differences associated with exposure to early-life
adversity. These data suggest that early-life adversity could be a direct or indirect cause of both telomere
length and behaviour. From an adaptive perspective it makes sense that individuals damaged by exposure to
early-life adversity, with consequent reduced life expectancy, should reduce their future orientation, with
consequences for the decisions that give rise to such outcomes as obesity, smoking and alcohol abuse (50).
As indicated earlier, the reverse causation and the third variable pathways make similar predictions
in terms of observed telomere dynamics. Observing the temporal sequence of events is unlikely to be
informative in separating the hypotheses, because a third variable could be causal but have its effects at very
different time points, meaning that observing that telomere attrition precedes the adoption/emergence of
specific behaviour patterns does not prove reverse causality. Separating reverse causation from a third
variable conclusively requires an experimental approach in which telomere length is manipulated directly.
This could potentially be achieved in animals studies via the use of a telomerase activator such as TA-65
(98,99).
We conclude by reemphasising our earlier point that distinguishing between the causation and
selective adoption hypotheses for the associations between telomere dynamics and behaviour is a
worthwhile endeavour. The answer has consequences for how measures of telomere length are used in both
human epidemiology and behavioural ecology. Under the currently prevailing view, that certain types of

behaviour cause accelerated telomere attrition, measures of telomere length can be used to identify those
behaviours that are most harmful. Changes in telomere dynamics could also potentially be used to monitor
the somatic consequences of behaviour change (e.g. the positive effects of quitting smoking). However, if we
are correct, and selective causation turns out to be the explanation for observed associations, then we need
to reinterpret shorter telomeres as a relatively static biomarker of early-life adversity as opposed to as a
dynamic consequence of current behaviour.
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