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An Evolutionary Review of Human Telomere Biology: The Thrifty Telomere
Hypothesis and Notes on Potential Adaptive Paternal Effects
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ABSTRACT Telomeres, repetitive DNA sequences found at the ends of linear chromosomes, play a role in regulat-
ing cellular proliferation, and shorten with increasing age in proliferating human tissues. The rate of age-related
shortening of telomeres is highest early in life and decreases with age. Shortened telomeres are thought to limit the
proliferation of cells and are associated with increased morbidity and mortality. Although natural selection is widely
assumed to operate against long telomeres because they entail increased cancer risk, the evidence for this is mixed.
Instead, here it is proposed that telomere length is primarily limited by energetic constraints. Cell proliferation is ener-
getically expensive, so shorter telomeres should lead to a thrifty phenotype. Shorter telomeres are proposed to restrain
adaptive immunity as an energy saving mechanism. Such a limited immune system, however, might also result in
chronic infections, inflammatory stress, premature aging, and death—a more ‘‘disposable soma.’’ With an increased
reproductive lifespan, the fitness costs of premature aging are higher and longer telomeres will be favored by selection.
Telomeres exhibit a paternal effect whereby the offspring of older fathers have longer telomeres due to increased telo-
mere lengths of sperm with age. This paternal effect is proposed to be an adaptive signal of the expected age of male
reproduction in the environment offspring are born into. The offspring of lineages of older fathers will tend to have lon-
ger, and thereby less thrifty, telomeres, better preparing them for an environment with higher expected ages at repro-
duction. Am. J. Hum. Biol. 23:149–167, 2011. ' 2010 Wiley-Liss, Inc.

‘‘The perishable and vulnerable nature of the soma was
the reason why nature made no effort to endow this part of
the individual with a life of unlimited length.’’

—August Weismann (1889 pg 154)

Telomeres are repetitive DNA sequences (50-[TTAGGG]n-
30 in vertebrates) that cap both ends of linear chromosomes
and form complexes with specific proteins (Blackburn and
Gall, 1978; Meyne et al., 1989). Telomere DNA sequences
shorten in dividing human cells as they proceed through the
cell cycle (Olovnikov, 1971; Watson, 1972). As a result, telo-
meres decrease in length with age in some human tissues
(e.g. Kimura et al., 2008a). This shortening is associated
with diminished cell proliferation capacity, which is believed
to contribute to senescence. In particular, telomere lengths
measured in human blood are thought to reflect previous
immune system activation and current/reserved immune
function (Goronzy et al., 2006; von Zglinicki et al., 2005).

While telomeres have been studied extensively from a bio-
medical perspective, evolutionary and comparative cross-
population studies have been limited. Here the patterns of
telomere length and telomerase expression over the human
life course are examined, and the possible functional signifi-
cance of these patterns is explored. This leads to a considera-
tion of the evolutionary constraints on human telomere
lengths. It has previously been suggested that long telomeres
are selected against because of the high cancer risk associ-
ated with them (e.g. Weinstein and Ciszek, 2002). However,
there are reasons to doubt this explanation given that can-
cers occur late in life when the force of selection is reduced,
and because much empirical evidence suggests instead that
shorter telomeres are associated with higher rates of human
cancer. As an alternative hypothesis, it is suggested that telo-
mere length regulates the energy invested in cell repair and
growth. Finally, the well replicated finding that offspring of

older men have longer telomeres (e.g. Kimura et al., 2008a)
is considered. The longer telomeres that older men pass on to
their offspring are postulated to be an adaptive means by
which information about average age at male reproduction
in recent generations is conveyed to offspring, allowing
adjustment of offspring energetic and life history priorities to
local conditions.

TELOMERE SHORTENING, CORRELATES,
AND INHERITANCE

Telomeres shorten with age and with each round of mi-
tosis because of the inability of the DNA replication ma-
chinery to read and copy to the ends of linear chromo-
somes (the ‘‘end replication problem’’: Olovnikov, 1971;
Watson, 1972) and also from oxidative stress induced
DNA damage (e.g. Oikawa and Kawanishi, 1999; Richter
and Zglinicki 2007). Ancestral circular chromosomes that
occur in most prokaryotes and mitochondria do not have
ends and thus do not face the end replication problem or
have telomeres (Casjens and Huang, 2008; Gregory,
2005b). Each cell division and its corresponding DNA rep-
lication event marks a slight decrease in telomere lengths
of linear chromosomes. The telomere sequence presum-
ably functions as a buffer of expendable DNA to prevent
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the loss of coding DNA as a cell lineage replicates and
chromosome lengths are reduced. When telomere lengths
drop below a threshold (reviewed in Mayer et al., 2006;
Meier et al., 2007; Zou et al., 2004), the cell has substan-
tially decreased proliferative potential and may go
through programmed cell death (Counter et al., 1992; Har-
ley et al., 1990) or cellular senescence (p53 tumor suppres-
sor protein induced), wherein cellular proliferation ceases
and cellular metabolism is altered (reviewed in Campisi,
2005b). Many studies have shown that telomere lengths
tend to decrease with age in humans in most of the tissues
that have been examined, particularly highly proliferative
cells such as leukocytes (e.g. Harley et al., 1990; Ishii
et al., 2006; Kimura et al., 2008a; Rampazzo et al., 2010).
Shorter telomeres are associated with increased cell se-

nescence (e.g. Allsopp et al., 1992), Type 2 diabetes (e.g.
Adaikalakoteswari et al., 2005; Salpea et al., 2010), over-
weight (e.g. Fitzpatrick et al., 2007), cardiovascular dis-
ease (e.g. Benetos et al., 2001; Brouilette et al., 2008;
Demerath et al., 2004; Salpea et al., 2008; Wilson et al.,
2008), and increased mortality (e.g. Cawthon et al., 2003).
Demerath et al. have proposed that catch-up growth early
in life shortens telomere lengths, which might account for
later-life development of chronic diseases such as cardiovas-
cular disease (Cameron and Demerath, 2002; Demerath
et al., 2004). Furthermore, large magnitude psychosocial
stressors are associated with decreases in blood telomere
lengths (e.g. Damjanovic et al., 2007; Epel et al., 2004; Tyrka
et al., 2010). These psychosocial stress related decreases in
telomere length might be due to stress influencing immune
cell proliferation or susceptibility to infections (Finch, 2007).
With each round of lymphocyte proliferation, the end repli-
cation problem is expected to shorten telomeres.
Several studies have reported high heritabilities for

telomere lengths in human blood (between 0.36 and 0.82;
Andrew et al., 2006; Bakaysa et al., 2007; Bischoff et al.,
2005; Hunt et al., 2008; Slagboom et al., 1994; Vasa-Nico-
tera et al., 2005). Heritability seems to be substantially
higher between father and child than between mother and
child (Nawrot et al., 2004; Njajou et al., 2007; Nordfjäll
et al., 2005, 2010). Other evidence, however, suggests an
X-linked inheritance pattern to telomere lengths
(Kliegman and Nelson, 2007; Nawrot et al., 2004). Link-
age and genome-wide association analysis have identified
telomere length associated regions on chromosomes 3, 18,
14, and 10 (Andrew et al., 2006; Codd et al., 2010; Levy
et al., 2010; Mangino et al., 2009).
Thus, telomere lengths clearly have genetic determinants,

and are characterized by the heritable variation that is nec-
essary for natural selection to occur (reviewed in Demerath
et al., 2004). As necessary background for a review of pro-
posals for the adaptive function of telomere length, the next
section outlines what is known about developmental
changes in telomere lengths over the human life course.

HUMAN DEVELOPMENTAL PATTERNS OF TELOMERE
LENGTH AND TELOMERASE ACTIVITY

Most information on age-related changes in telomere
lengths comes from cross-sectional studies of blood, which
find that telomere lengths decline with age. This decline is
presumed to reflect telomere attrition due to the end repli-
cation problem at each round of cell division and oxidative
stress, together with the rebuilding of telomeres that
occurs as the result of telomerase actions. Telomerase, a

reverse-transcriptase enzyme, that is thought to have
evolved from retrotransposons (Eickbush, 1997), is a prin-
ciple factor responsible for extending telomere lengths in
humans (Greider and Blackburn, 1985; Shay and Wright,
2007). Telomerase extends/maintains telomere lengths in
gametes, in prenatal tissues, and in cancerous cells, but is
generally inactive in somatic cells. When telomerase is
active in proliferative somatic cells it is usually not
expressed at levels high enough to maintain stable telo-
mere lengths (Hiyama and Hiyama, 2007; Plunkett et al.,
2001), although this is being called into question by recent
longitudinal evidence (see below). A simplified illustration
of the age-related changes in telomere length and telomer-
ase activity is given in Figure 1. These trends are generally
consistent with our understanding of human hematopoi-
etic stem cell dynamics (Sidorov et al., 2009). As illustrated
in Figure 1, there is some evidence that the rate of age-
related decline in telomere lengths also decreases with age.
It should be noted that while telomere length from blood

is generally referred to as ‘leukocyte telomere length’
(LTL), under the reasonable assumption that the majority
of nucleated cells in mammalian blood are leukocytes, in
an effort to be more precise, the term ‘‘blood telomere
length’’ (BTL) is used here. BTL is used because umbilical
and peripheral blood of newborns normally have high lev-
els of nucleated red blood cells (Hermansen, 2001) and
increasing levels of nucleated RBCs are associated with
many severe diseases throughout the human life course
(Constantino and Cogionis, 2000; Schwartz and Stans-
bury, 1954; Stachon et al., 2004). Given this, further cau-
tion must be used in interpreting the age-related patterns
of telomere lengths reviewed here.
Beginning with gamete formation, mature spermatozoa

and oocytes have no detectable telomerase activity, but soon
after fertilization and throughout gestation, telomerase lev-
els are high compared with adult levels (Fig. 1; Schaetzlein
et al., 2004). Correspondingly, telomere lengths seem to be
first extended and then maintained at a consistent level
across tissues throughout gestation, despite the massive
cellular proliferation that is inherent to prenatal develop-
ment. Newborns show differences in telomere lengths
across tissues, but few differences by sex, gestational age,
birthweight, size for gestational age, maternal health, gra-
vidity, or parity (Akkad et al., 2006; Okuda et al., 2002; but
see Friedrich et al., 2001). Weinstein and Ciszek (2002)
have suggested that these early high telomerase levels
might be acting to ‘‘synchronize senescence across the
soma,’’ at a time when the reproductive value of the off-
spring is low, and the fetus is buffered frommutagens.
Very soon after birth infants show a generally lower pat-

tern of telomerase expression and BTL rapidly decreases
(Fig. 1). This rapid decrease corresponds with rapid
growth rates and high production and turnover of immune
cells in the process of developing acquired immunity.
Based upon experiments in rat models it has been sug-
gested that catch-up growth following growth restriction
in utero causes telomere length shortening which results
in later chronic disease development (Cameron and
Demerath, 2002; Demerath et al., 2004; Jennings et al.,
1999; Tarry-Adkins et al., 2009).
BTL attrition rates in childhood and adolescence are

not well characterized, but appear to be similar to adult
rates (Vaziri et al., 1993). In adulthood, telomere length
attrition averages roughly 60 base pairs per year (bp/year)
at 20 years of age, but the attrition rate appears to
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decrease to about 20 bp/year by age 80 and to nondetect-
able levels in the oldest old (but see Valdes et al., 2005).
However, it is difficult to rule out the possibility that survi-
vor bias contributes to this observed decreasing attrition
rate with age (see Ehrlenbach et al., 2009; Martin-Ruiz
et al., 2005). It has been suggested that, like in early life,
this adult pattern might be due to the rates of cell turnover
in the immune system (Salomons et al., 2009; Unryn et al.,
2005). In this case, the decreased attrition rate could reflect
a slower rate of proliferation and less flexible immune sys-
tem in late life that depends more on innate than adaptive
immunity (Dorshkind and Swain, 2009; Finch 2007, p 150;
Macallan et al., 2005).

Sexual dimorphism in telomere length attrition

BTL attrition rates tend to be about 3 bp greater per
year in adult men than women (Benetos et al., 2001;
Kimura et al., 2008a; Mayer et al., 2006; Nawrot et al.,
2004; Woo et al., 2009). A similar sex difference is also
observed in rats (Cherif et al., 2003), mice (Coviello-
McLaughlin and Prowse, 1997; Ilmonen et al., 2008),
snakes (Ujvari and Madsen, 2009), and ants (Jemielity
et al., 2007). A greater attrition rate in men is consistent
with human males’ generally higher morbidity, mortality
and variance in reproductive success than females (e.g.
Kruger, 2004). It should be noted that the direction of
causality is not clear here: higher morbidity in males

could be a cause and/or a consequence of the telomere
attrition rates. Dizygotic human twins with hematopoi-
etic chimerism provide a novel window into telomere biol-
ogy, because a fraction of the leukocytes of each twin are
derived from stem cells of the other twin shared prena-
tally via blood vessel anastomoses. A recent study of a
pair of young adult different sexed twins found that male
leukocyte cell lineages in the female twin had relatively lon-
ger telomere lengths than the same lineage in the male,
while female cell lineages in the male had relatively shorter
telomere lengths than those of the same female lineages in
the female (Bruderlein et al., 2008). This suggests that the
greater BTL attrition rate of males emerge across the life
course under the influence of physiologic, metabolic, or
other characteristics that vary by sex or gender (e.g. per-
haps hormonal milieu or infection). Estrogens are a good
candidate mechanism to decrease the rate of telomere attri-
tion in females because of their antioxidant effects and
stimulatory effects on telomerase expression (Demerath
et al., 2004; Kaszubowska 2008; Lee et al., 2005).
However, in an Amish population, where life expectan-

cies of men and women are the same, mean BTL was
found not to differ by sex (Njajou et al., 2007). It must be
noted that this study did not directly test whether the
BTL attrition rate differed by sex, only whether mean
(cross-sectional) BTL differed by sex (Hsueh, personal
communication). Interestingly, Alpine Swifts (Apus
melba), a socially monogamous bird species with limited

Fig. 1. Age-related changes of telomere length and telomerase activity. Negative numbers on the x-axis are weeks before birth, while positive
numbers are years after birth. Postnatal data are based on telomere length and telomerase activity from blood. Prenatal values tend to vary
less by tissue, and are from available tissues. This figure is meant to give a rough characterization of age-related telomere length shortening
and telomerase activity changes and masks considerable population and individual level variability in both inherited telomere length and age-
related dynamics. Survival biases might alter the observed patterns, and the dotted lines in old age signify this uncertainty. Almost all sources
are based upon individuals from western, wealthy, and industrialized countries. Because of multiple methods of measurement of telomerase,
and sparse data, telomerase activity is given without units. Data sources: Cawthon et al., 2003; Holmes et al., 2009; Iwama et al., 1998; Mariani
et al., 2003; Martin-Ruiz et al., 2005; Schaetzlein et al., 2004; Ulaner and Giudice 1997; Unryn et al., 2005; Vaziri et al., 1993; Wright et al.,
1996; but see Krunic et al., 2009). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

151THE THRIFTY TELOMERE HYPOTHESIS

American Journal of Human Biology



sexual dimorphism, also show no sexual dimorphism in
mortality rates, telomere length, or telomere attrition
rates (Bize et al., 2005, 2009).

Longitudinal patterns of telomere length attrition

Longitudinal studies of BTLs have resulted in the sur-
prising finding that a substantial portion of individuals
show either no BTL attrition or BTL extension with age
(Aviv et al., 2009; Ehrlenbach et al., 2009; Nordfjäll et al.,
2009; Roelofs et al., 2003; Zeichner et al., 1999). This pat-
tern is also evident in birds and snakes (Bize et al., 2009;
Ujvari and Madsen, 2009). Environmental/lifestyle factors
have also been associated with changes in telomere
lengths over time. Weight loss has been related to gains in
telomere lengths in rectal mucosa (O’Callaghan et al.,
2009). Perhaps demonstrating the mechanism for such
changes, a program of dieting, counseling, and stress man-
agement was associated with increased peripheral blood
mononuclear cell telomerase activity in one study (Ornish
et al., 2008). The chronic stress of caring for disabled rela-
tives has been associated with decreased telomere lengths,
although the underlying mechanisms accounting for this
are less clear as these stressors may be accompanied by ei-
ther decreased or increased telomerase activity (Bechter
et al., 1998; Damjanovic et al., 2007; Epel et al., 2004;
Kotrschal et al., 2007; but see Parks et al., 2009).
Longitudinal studies of telomere length changes in

humans and birds have found a faster pace of BTL attri-
tion with age among individuals with longer telomere
lengths at baseline (Aviv et al., 2009; Bize et al., 2009;
Ehrlenbach et al., 2009; Farzaneh-Far et al., 2010; Hall
et al., 2004; Nordfjäll et al., 2009). In fact, over half of the
variance in telomere length change over time is predicted
by baseline telomere length (Ehrlenbach et al., 2009;
Nordfjäll et al., 2009). The mechanisms explaining this
phenomenon are not yet clear, but several candidates
have been proposed.

Explanations for longer telomeres having greater attrition
rates: Oxidative stress, preferential telomerase

action, and/or cell proliferation rates?

One explanation for the more rapid age-related decline in
telomere length among individual with longer baseline telo-
meres proposes that longer telomeres provide a larger tar-
get for oxidative stress related telomere shortening (Aviv
et al., 2009). Closer inspection of the in vitro studies used to
support this hypothesis, however, indicate otherwise. In
particular, the telomere length attrition rate of cells in the
presence of oxidative stress is not appreciably greater for
cells with longer telomeres (Forsyth et al., 2003; Harley
et al., 1990; Potter andWener, 2005; Sitte et al., 1998; Tchir-
kov and Lansdorp, 2003; but see Nordfjäll et al., 2005).
The oxidative stress target hypothesis also does not

clearly explain why shorter telomeres at baseline are also
associated with more BTL extension with age (not only
less attrition). This observation led Nordfjäll et al. (2005,
2009) to suggest that telomere length changes are inver-
sely proportional to baseline telomere length because telo-
merase acts more efficiently on short telomeres. There is a
large literature in support of such a homeostatic mecha-
nism (e.g. Hemann et al., 2001; Hug and Lingner, 2006;
McEachern and Blackburn, 1995; Samper et al., 2001;
Smogorzewska and de Lange 2004). However, whether

telomerase activity is actually increased at short telo-
meres in humans remains uncertain (Hug and Lingner,
2006). Further, the relevance of the largely in vitro experi-
mental evidence for normal in vivo physiology is in ques-
tion. While telomerase does act preferentially on short
telomeres in yeast (Saccharomyces cerevisiae), this only
occurs with telomeres so short that they are unlikely to
occur in wild-type cells (Teixeira et al., 2004). Similarly,
presumed more efficient telomerase activity at short telo-
meres is observed in human fibroblast cells in vitro that
have been transfected with telomerase; however, this only
occurs after the cells have been cultured for over twice the
number of population doublings that normal cells are ca-
pable of (Ouellette et al., 2000).
Another possible explanation for the age and baseline

telomere length dependent pattern of telomere length
change is that proliferation rates are slower in cells with
shorter telomeres, which then causes lesser observed telo-
mere length losses. Change in the proliferation rate, to-
gether with relatively constant telomerase activity/effi-
ciency, might explain the observed patterns. Since cell
proliferation rates are rarely reported, it is difficult to
assess this hypothesis with the extant literature.

Does telomere length matter? Evidence for
effects on morbidity and mortality

The consensus biomedical view of telomeres is that their
length is reduced with aging, stress, smoking and the met-
abolic syndrome, and that shorter telomeres impair
health. Shorter telomeres result in decreased proliferative
potential of cell lines (Allsopp and Harley, 1995; Black-
burn et al., 2006; Counter et al., 1992; Harley et al., 1990),
which is thought to cause senescence. Several studies
have found that shorter telomeres predict later mortality
in humans (Bakaysa et al., 2007; Cawthon et al., 2003;
Ehrlenbach et al., 2009; Honig et al., 2004; Kimura et al.,
2008b; Martin-Ruiz et al., 2006), although this finding has
not been universal (Bischoff et al., 2006; Harris et al.,
2006; Martin-Ruiz et al., 2005; Njajou et al., 2009). The
heterogeneity in results might be explained by telomere
length being less predictive of mortality at older ages
(Cawthon et al., 2003; Kimura et al., 2008b), decreased
telomere length attrition in the elderly (reviewed above),
and/or survival bias. Shorter telomeres seem to be associ-
ated with mid- to late-life mortality, perhaps due to the
inability of cell lines to replace themselves (especially
resulting in cardiovascular and infection-related mortal-
ities; Bakaysa et al., 2007; Brouilette et al., 2007; Cawthon
et al., 2003; Ilmonen et al., 2008). At least some of the cor-
relation of short telomeres with morbidity and mortality
probably represents noncausal relationships where telo-
mere length is a biomarker of past immune activation and
oxidative stress that resulted in greater telomere length
attrition. These past stressors, though correlated with telo-
mere length, likely have independent effects on health.
Nonetheless, a large body of literature encompassing many
species and methods suggests that the relationship of short
telomeres with morbidity and mortality is also causal (e.g.
Bize et al., 2009; Ilmonen et al., 2008; Salpea et al., 2008).

Summary

Telomere shortening clearly does occur, on average,
with increasing age. However, the dynamics and rates of
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these phenomena are complex and have multiple determi-
nants. There are reasons to believe that the BTL attrition
rate reflects the rate of immune system cellular prolifera-
tion, and there is tentative evidence that telomere length
itself plays a part in determining cellular proliferation
rates. The heritable nature of BTLs, coupled with their
functional relevance, suggests that natural selection has
likely helped shape telomere lengths. The negative influ-
ence of short telomeres begs the question: Why haven’t
longer telomeres been selected for to eliminate the nega-
tive influence of short telomeres? It is to this question of
selective forces that we now turn.

TELOMERE FUNCTION REVISITED: DOES INHERITING
SHORTER TELOMERES PROTECTAGAINST CANCER?

The most common suggested cost of having long telo-
meres is that they provide tissues with more proliferative
potential, which increases the opportunity for precancer-
ous mutations to build up in a cell lineage before the line-
age goes extinct due to replicative senescence (Aubert and
Lansdorp, 2008; Crews, 2003, p 160; DePinho and Kwok-
Kin, 2003; Hornsby, 2006; Shay and Wright, 2005, 2007;
Weinstein and Ciszek, 2002; Wright and Shay, 1995). The
majority of cancers overexpress telomerase (Bechter et al.,
1998; Bryan et al., 1997; Kim et al., 1994). Since telomer-
ase maintains telomeres, the finding of high telomerase
activity in cancers might have helped lead to the belief
that longer inherited telomere length is causally related
to human cancer. While this hypothesis has sound theo-
retical underpinnings, evidence that inheriting long telo-
meres (as opposed to developing long telomeres), places
humans at increased risk for cancer is lacking.

In fact, in humans, longer blood and epithelial cell telo-
mere length are rarely associated with increased cancer
rates (see Supp. Info., File 1). To the contrary, shorter telo-
meres are more often associated with increased prospec-
tive or cross-sectional risk of a variety of cancer types and
cancer mortality. Of the studies reviewed in Supporting
Information File 1, those that showed a positive associa-
tion between long telomeres and increased cancer rates
made up only 1 of 10 case–control studies and 2 of 8 pro-
spective studies. These studies were across a broad vari-
ety of cancer types. The high heritability values of telo-
mere length, coupled with the correlation of telomere
lengths across tissues and cell types in the same individ-
ual (Friedrich et al., 2000; Lin et al., 2010; Lukens et al.,
2009; Nakamura et al., 2002; Spyridopoulos et al., 2009;
Takubo et al., 2002; Thibeault et al., 2006; von Zglinicki
et al., 2000; Wilson et al., 2008), suggests that blood and
epithelial cell telomere lengths substantially reflect inher-
ited telomere lengths—and are visible to natural selec-
tion. Together, this suggests that inheriting longer telo-
meres may well be protective against, not a risk factor for,
cancer in humans. Consistent with this interpretation,
humans with inherited poorly/nonfunctioning telomerase
and resultant shortened telomeres face increased cancer
risks (Cecil et al., 2008, chapter 171; Kliegman and
Nelson, 2007; von Zglinicki et al., 2005), even though the
conventional theory suggests they should show less cancer
development than the normal population (Shay and
Wright, 2005).

It has been suggested that the association between
shorter telomeres and cancer, even in prospective studies,
might be an artifact of precancerous states which induce

more rapid telomere attrition in individuals who will ulti-
mately develop clinically detectable cancers (Hastie et al.,
1990; Rampazzo et al., 2010). If this were so, long telo-
meres might still be a catalyst of cancer development,
with the association clouded by undetected precancerous
states that result in greater telomere length attrition.
Contrary to this hypothesis, a recent longitudinal study
found no association between telomere attrition rates and
new tumor development (Nordfjäll et al., 2009).
Regardless of these findings, most evidence to date sug-

gests that telomeres are involved in regulating cellular
proliferation. As such, the most likely explanation for why
longer telomeres are not clearly associated with increased
cancer risk lies in other effects of telomeres. First, short-
ened telomeres are associated with chromosomal instabil-
ities that can result in mutations that are cancerous (Aida
et al., 2010; Tchirkov and Lansdorp, 2003). Second, senes-
cent cells may have a ‘‘secretory phenotype’’ which pro-
motes growth of neighboring premalignant cells (reviewed
in Campisi, 2005a). Third, the immune system, which
requires rapid and persistent proliferation of cells for
proper function (i.e. needs longer telomeres), acts to fight
against cancers (reviewed in Campisi et al., 2001; Effros,
2004). Infectious agents that are thought to cause over
13% of all human cancer cases (Herrera et al., 2005) will
also have a greater likelihood of infecting an immunocom-
promised host. Among individuals diagnosed with can-
cers, shorter telomeres in bone-marrow and blood are
related to poorer outcomes (Bechter et al., 1998; Nordfjäll
et al., 2009; but see Svenson et al., 2008). This is consist-
ent with immune function having antimalignancy effects.
Finally, given that shorter telomeres are associated with
increased telomere length extension (reviewed above), it
might be that shorter telomeres increase telomerase activ-
ity and other telomere extending mechanisms (i.e. alter-
native lengthening of telomeres [ALT]), which in turn
increases cancer risk (Bechter et al., 1998).
Even assuming that inheriting longer telomeres is asso-

ciated with increased human cancer risk, there is further
reason to doubt that evolution has shaped telomere length
primarily for their role in cancer. The mortality resulting
from most human cancers occurs relatively late in life
(Fig. 2; although this mortality is probably deferred some-
what in industrialized populations due to good medical
care). However, in late life residual reproductive values—
and thus the strength of natural selection—is reduced
(e.g. Fig. 2; Fisher, 1930; Stearns, 1992; Tuljapurkar
et al., 2007). Cancer rates in industrialized contexts likely
overestimate the importance of cancer as a force of selec-
tion on human ancestors, because cancer rates are
thought to have increased in recent history due to factors
like decreased physical activity, dietary changes, changed
reproductive/lactation patterns, and smoking (e.g. Ellison,
1999; Greaves, 2007; Hecht, 2006; Hill et al., 2007; Treva-
than, 2007).
Several scholars have postulated a more complex rela-

tionship between inherited telomere length and cancer
that incorporates differential effects by age (e.g. Campisi,
2005a; Weinstein and Ciszek, 2002; Wright and Shay,
1995). In particular, it is acknowledged that short telo-
meres are a risk factor for adult onset cancers (for reasons
elaborated above), but suggested that long telomeres are a
risk factor for childhood cancers. That is, it is thought
that the cancer promoting effects of short telomeres are
limited in early life, where instead the cancer promoting
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effects of long telomeres predominate. This is a difficult
hypothesis to test because of the very low frequency of
childhood cancers in humans (Fig. 2). As Weinstein and
Ciszek (2002) note, the low frequency of childhood cancers
might be due to effective selection against long telomeres.
The only studies I am aware of that are informative about
the relationship of inherited telomere lengths and child-
hood cancer development suggests that shorter telomeres
are associated with increased cancers (Tabori et al., 2007;
Trkova et al., 2007). However, both of these studies look at
rare genetic disorders which might not be representative
of childhood cancers generally.
At the population level, there is no association between

mean BTL across Europe (from Eisenberg et al., in press)
and cancer incidence rates in 0- to 20-year-olds (see Supp.
Info., File 2 for details of analysis and results). Further, in
most studies, African-Americans have been shown to have
longer BTLs than European-Americans (Aviv et al., 2009;
Hunt et al., 2008; but only nonsignificant trends in Okuda
et al., 2002; Honig et al., 2004; and contrary results in
Diez Roux et al., 2009), but European-American children
have substantially higher rates of cancer than African-
American children (Bleyer, 1993; Gurney et al., 1995).

Summary of evidence for the relationship between
cancer and inherited telomere lengths

While long telomeres are commonly thought to be
selected against because they are a cause of cancer, there
are reasons to doubt this explanation. First, positive asso-
ciations between long telomeres and adult cancer inci-
dence have been found only infrequently, whereas many
studies have documented negative associations. Second,
there are several likely phenotypic effects of long telo-

meres which might protect against cancer. Third, most
cancers occur late in life when their selective importance
is low. Finally, although selection against childhood can-
cers could in theory help explain human-specific telomere
lengths and represent a constraint on the adaptive length
of telomeres, the very low incidence of childhood cancers,
and lack of evidence that long telomeres are indeed a risk
factor for childhood cancer, argue against this having
played an important evolutionary role in shaping human
telomere lengths. In light of these facts, consideration of
other possible evolutionary constraints on telomere
lengths is warranted.

A NEW MODEL OF TELOMERE FUNCTION:
THRIFTY TELOMERES

A chief purpose of telomeres is thought to be to regulate
cell proliferation by providing limits on the number of rep-
lications a cell line can go through. Here it is proposed that
telomere lengths serve to regulate maintenance effort, in
particular cell turnover and replication in proliferating tis-
sues, such as the immune system. Less maintenance effort
frees up resources for growth and reproduction, but at a
cost to long-term function or somatic durability.
There are theoretical and empirical reasons to believe

that telomeres are involved in programming the allocation
of limited resources over the life-course. The proliferation of
cells and replacement of damaged cells in normal tissues is
an energetically costly endeavor. However, without repair
and replacement of cells, errors build up over time and
result in dysfunction and senescence (Kirkwood and Holli-
day, 1979; Weismann, 1889). Tradeoffs between proliferation
and senescence are determined by the evolutionary forces
shaping the organism, as described in the ‘‘disposable soma’’
theory (Kirkwood and Holliday, 1979). A higher extrinsic
mortality rate (mortality due to nonhealth and nonsenes-
cence related causes such as predation, disease, and acci-
dents) decreases life-expectancy and decreases future pay-
offs associated with maintaining a durable soma (Stearns,
1992). The investment of cellular proliferation/replacement
to maintain the soma should be limited so average survival
does not considerably exceed the average extrinsically deter-
mined lifespan; intrinsic mortality rates are thus expected
to be adjusted to match extrinsic mortality rates.
In light of the need for cell turnover and replacement to

slow senescence, the role of telomere length in regulating
cell proliferation suggests that telomere length might reg-
ulate resources devoted to maintaining the soma. As
residual reproductive value decreases a prudent strategy
would be to progressively decrease long term maintenance
efforts, i.e. investing in a durable soma less as the number
of future years of likely reproductive payoffs decline. Telo-
mere length might thus be interpreted as a marker of the
‘‘disposability of the soma,’’ with telomere lengths limited
to reduce the energetic costs of cell replacement, particu-
larly preceding and during the reproductive lifespan.
Following this logic, it is proposed that shortened mean
telomere lengths are associated with slower rates of cellu-
lar proliferation across the lifecycle.
This thrifty telomere model suggests at least three key

factors should determine the optimum telomere lengths
for an individual. First, demographic factors, particularly
the extrinsic mortality rate, determine the relative costs
and benefits of the pacing of growth, sexual maturation,
maintenance and reproduction. If extrinsic mortality

Fig. 2. Cancer mortality rates and the force of natural selection over
the life course. Age-specific mortality rates are given from all malignant
neoplasms in the United Kingdom in 2006 (modified from Cancer
Research, UK) and from an analysis of indigenous Tsimane’ forager/hor-
ticulturalist’s of Amazonia (Gurven et al., 2007). United States age-
related patterns are similar to those in the United Kingdom (Heron,
2007). Tsimane’ data must be interpreted cautiously given the small
sample sizes and difficulties in differential diagnosis necessarily
involved in studying such small populations in nonindustrialized con-
texts. Nonetheless, current evidence suggests that rates of cancer in our
preindustrial/preagricultural ancestors were less than today (reviewed
in text). The force of selection is derived from an analysis by Tuljapur-
kar et al. (2007) of demographic characteristics of a forager population.
The relative force of selection is defined as the fraction of force of selec-
tion at birth or S(x)/S(0). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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rates are high, all else equal, life expectancy is reduced and
the payoff of investing in future reproduction is reduced
(Hill and Hurtado, 1996; Kirkwood and Holliday, 1979). In
turn, maintenance efforts, or investments in a durable
soma, are reduced, and shorter telomere lengths would
thus be an optimal strategy. That is, if an organism does not
have historically selected precedent to live long, then telo-
mere lengths should be relatively constrained in length in
order to conserve energy for more immediate use rather
than long term investments in durable repair, replacement
and maintenance. If lifespan is relatively long then, all else
being equal, telomeres should be of increased length to
increase the durability of the body so it can be used effec-
tively for reproduction for this longer duration.

Second, nutritional constraints will determine the amount
of energy available for an organism to allocate towards
growth, maintenance and reproduction (Gadgil and Bossert,
1970; Stearns, 1992). If the nutritional resources in the envi-
ronment are less of a limiting factor (and intrinsic or extrin-
sic limits on intake, incorporation or use of nutrients are not
a factor: Speakman and Król, 2005), then the relative ener-
getic costs of proliferating tissues will be decreased. In an
energetically unconstrained context, selection for shorter
telomere lengths will be reduced and telomere lengths will
tend to increase in length across generations.

Finally, third, the rate of damage accrual will be a de-
terminant of the need for repairs and maintenance. If an
organism has a greater metabolic rate, is more stressed,
or must combat more high risk infectious agents, then the
need for repairs and maintenance costs will generally be
greater. The thrifty telomere model predicts that a new
environment entailing new selective pressures can result
in a telomere length mismatch—with either too little or
too much of the organism’s energy budget devoted to
maintaining somatic durability relative to local conditions
and thus likely reproductive payoffs. An organism with
telomeres too long for its environment is likely to experi-
ence more extreme energetic deficits (e.g. malnutrition and
delayed maturation) due to miss-allocation of resources.
Conversely, an organism with telomeres that are too short
is likely to experience premature aging and increased
intrinsic mortality in an environment which might other-
wise make a slower rate of senescence adaptive.

Extending the thrifty telomere model to
explain interspecific patterns

It should be noted that this hypothesis might help
explain variation within species, but may not be easily be
translated to explain variation between species. First,
telomere size is strongly correlated with chromosome size
in humans (r 5 0.79; Graakjaer et al., 2003). Similar pat-
terns of correlation between chromosome and telomere
sizes seem to also exist in three strains of laboratory mice
(Zijlmans et al., 1997), in Chinese hamsters (Cricetulus
griseus) (Slijepcevic and Hande, 1999), across species of
angiosperm plants (Cox et al., 1993), and across species of
grasses from the same genius (Sridevi et al., 2002; but see
O’Meally et al., 2010). Since average chromosome length
varies considerably across species (Gregory, 2005a, 2006)
and telomere lengths are expected to be related to chromo-
some length, this should be considered when comparing
mean genomic telomere lengths across species.

Second, at least in rodents, larger animals have
decreased expression of telomerase (Seluanov et al., 2007),

and fibroblasts of larger, but not smaller, rodents exhibit
replicative senescence and telomere shortening in vitro
(Seluanov et al., 2008). Thus, a given telomere length in an
organism that expresses high levels of telomerase and no
replicative senescence might have very different signifi-
cance than in an organism that does not. Further, the life-
span of animals tends to associate with aspects of cellular
replicative physiology, including the rate of cell proliferation
(Haussmann et al., 2003; Seluanov et al., 2008). Together,
this suggests that comparing telomere length and life his-
tory characteristics across species, without considering the
evolved replicative physiology of the species, may not be in-
formative. That is, telomere length does not seem to exist in
isolation, but within a context of other evolving mechanisms
which adjust replicative physiology to improve life history
allocations of resources, and fitness.
Finally, issues of variations in metabolic rate, related

variation in damage (e.g. oxidative stress) and costs of for-
going maintenance efforts, differing reproductive strat-
egies and ecologies, coupled with the statistical noninde-
pendence of species (e.g. Nunn and Barton, 2001) make in-
formative comparisons of telomere lengths between
species a complex endeavor. For example the costs and
benefits of maintenance efforts, cellular senescence, and a
unit of telomere length likely varies substantially between
iteroparous continual breeders, iteroparous seasonal
breeders, and semelparous breeders—each of which must
preserve their somas in rather different ways (Kirkwood,
2005). The degree of sexual dimorphism in a population
could also serve as a constraint resulting in sexually dis-
ruptive selection. The food availability in natural environ-
ments can bear a strong relationship with metabolic rates
(Mueller and Diamond, 2001). This, together with
whether, and for how long, a population has lived in domes-
tication, should also be considered as the size of energy
budgets, and rate of damage accrual likely play a role in
determining the costs and benefits of forgoing maintenance
efforts. Comparisons between recently diverged sister spe-
cies or populations, or species of similar size and life history
pressures might permit more productive progress.

Evidence for thrifty telomeres

The thrifty telomere model predicts that the costs of lon-
ger telomeres are mainly in increasing energy/resource
expenditures. Below, evidence from general molecular, ep-
idemiological and telomere attrition patterns are first
reviewed, followed by a discussion of evidence from a nat-
ural experiment with a rodent model. Finally, the case is
made that telomeres play an especially important role in
regulating immune function.
The most common model of telomere dynamics con-

ceives of telomeres reaching a critically short length late
in life which induces cellular apoptosis or cellular senes-
cence (d’Adda di Fagagna et al., 2003). This model predicts
that any regulatory effects of telomeres would occur late in
life, or in rare pathological conditions that induce prema-
ture aging. However, recent evidence shows that the effects
of cellular senescence are continuously acquired and that
senescent cells exist in tissues even early in life (reviewed
below). Given this gradual acquisition of cellular senes-
cence, telomere length could have a dynamic and continu-
ous regulatory role to play throughout the life-course.
By measuring gene expression patterns in vitro and

in vivo, it has been observed that cellular senescence is a
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trait which is continuously acquired with increasing cycles
of mitosis, not via a threshold relationship as often
assumed (Wagner et al., 2008, 2009). In particular, older
cell lineages tend to repress DNA repair and mitosis func-
tions (Wagner et al., 2009)—consistent with a less frequent
occurrence of cellular division. Cell proliferation/replace-
ment in normal tissues is costly as energy and chemical
building blocks (e.g. lipids: Cuthbert and Lipsky, 1987;
Schoknecht et al., 1994, amino acids, and micronutrients)
are needed to build new cells. The limited mitosis of an
older cell lineage, with shorter telomeres, likely causes
decreased maintenance investments. Consistent with this
idea, senescent T lymphocytes are resistant to apoptosis
(Spaulding et al., 1999), suggesting effective replacement of
cycling cells with senescent cells and a canalization (loss of
plasticity) of immune function. While shorter telomeres
and cellular senescence might canalize immune function
and result in a less flexible immune system, they are also
likely to free up energy for other competing needs.
Senescent cells are present at low, but detectable levels in

even young primates (baboons: Herbig et al., 2006; Jeyapa-
lan et al., 2007; humans: Dimri et al., 1995). Since senescent
cells do not replicate, their existence (instead of still prolif-
erating cells) is predicted to make tissues less energetically
expensive (but see Campisi, 2005a). If a senescent cell dies
off, it is thought to be replaced by a nonsenescent cell line-
age (Weinstein and Ciszek, 2002). During this process, how-
ever, the telomeres of the replacement lineage will be short-
ened, causing the replacement to exhibit a more senescent
phenotype (Drummond et al., 2007; but see Roelofs et al.,
2003). The presence of fully senescent cells at low levels in
vivo suggests the existence of a variety of cells at different
stages of proximity to a fully senescent cellular phenotype.
Thus, telomere length might serve as a continuous regula-
tor of maintenance efforts, even in early life.
Cell sizes also tend to increase with increasing rounds

of mitosis in vitro (Enomoto et al., 2002; Greenberg et al.,
1977; Wagner et al., 2008), with age (Pendergrass et al.,
1999), and with telomere shortening (Damm et al., 2001;
Riha et al., 2001). Conversely, slowing telomere length
attrition by decreasing oxidative stress results in preven-
tion of cell size enlargement (Furumoto et al., 1998).
Across species, greater cell size is related to slower meta-
bolic rates and slower cell growth/division rates (Gregory,
2002, 2005a, p 50; Starostová et al., 2009). There is some
evidence that greater cell size results in reduced prolifera-
tive capacity in humans as well (Barrandon and Green,
1985; Paiva et al., 2006). This pattern is consistent with
the fact that, all else equal, as a cell increases in size, the
ratio of surface area to volume decreases. Since much of
metabolism may be linked to transmembrane processes
(reviewed in Hulbert and Else, 2005), a larger cell is
expected to have less membrane activity and energy ex-
penditure per unit volume. Given this, there are further
converging reasons to suspect that shorter telomeres are
related to decreased energy expenditures.
As reviewed above, telomere length attrition is nonlin-

ear with respect to age (Fig. 1) and baseline telomere
length. Longer telomere length at baseline is related to
greater prospectively measured telomere length attrition.
While increased effects of oxidative stress with longer
telomere lengths and increased telomerase activity with
shorter telomeres have been postulated to explain this
phenomenon, there are reasons to question both explana-
tions (see above). Another possible explanation for the

nonlinear attrition phenomenon is that cellular replication
rates progressively decrease with shortened telomeres.
This would provide yet another mechanism by which telo-
mere lengths have phenotypic effects on cellular prolifera-
tion rates, and thus maintenance efforts. This explanation
is consistent with the gene expression patterns of aging
cells, increasing cell size with aging and slightly decreasing
organismal level metabolic rates with adult aging (even af-
ter controlling for changes in body composition with aging:
Broggi et al., 2010; Roberts and Rosenberg, 2006). This sug-
gests that inheriting shorter telomeres is expected to cause
a more thrifty investment in maintenance efforts—shorter
telomeres are thrifty telomeres.

Evidence from a rodent model: A case of
inadvertent artificial selection

Compared with humans, laboratory strains of mice
have extremely long telomere lengths, increased telomer-
ase activity and, correspondingly, their cells easily immor-
talize when cultured (Davis and Kipling, 2005; Dimri
et al., 1995 Hemann and Greider 2000; Manning et al.,
2002; Prowse and Greider, 1995). While some of these traits
seem to be common to short lived, small rodents (Seluanov
et al., 2008; Shay and Wright 2007), when strains of mice of
various genera and species that have only recently been
taken from the wild were examined, their telomere lengths
were not radically elongated as in their cousins that have
been reared in labs for many generations (Bickle et al.,
1998; Hemann and Greider, 2000; Prowse and Greider,
1995; Seluanov et al., 2008). The reasons for this difference
between wild and domesticated populations is not clear,
but is likely due to the artificial pressures of laboratory
breeding colonies inadvertently selecting longer telomere
lengths. Weinstein and Ciszek (2002) cautioned that these
long telomeres in lab mice might severely compromise their
utility as model organisms.
They also suggested that the longer lengths of telomeres

in laboratory rodents is due to the antagonistic relation-
ship between cancer risk and cell repair (Weinstein and
Ciszek, 2002). They point to a reproductive ecology where
lab mice are ‘‘retired’’ early from breeding at 8 months
and suggest that breeding strategies select for individuals
who reproduce early and often. They further point to
selection for high reproductive output and a minimal cost
of tumors in small bodied and short lived mice. Weinstein
and Ciszek postulate that this relaxes selection against long
telomeres, which normally act as a ‘‘fail-safe’’ against the de-
velopment of malignancies (Weinstein and Ciszek, 2002).
Contrary to Weinstein and Ciszek’s hypothesis, an 8-month
retirement is probably a longer reproductive lifespan than
most mice face in the wild (Berry and Bronson, 1992). Fur-
ther, there are reasons to doubt that long telomeres are
actually a risk factor for cancer, as reviewed above.
Nonetheless, Weinstein and Ciszek’s focus on how labo-

ratory mice are bred for rapid reproduction is likely a key
to understanding the evolution of long telomeres. Wild
mice tend to have smaller bodies, reduced reproductive
rates, smaller litters, and more seasonally-entrained
breeding patterns than laboratory strains (reviewed in
Austad and Kristan, 2003; Berry and Bronson, 1992;
Miller et al., 2002). It is also important to note that labora-
tory mice face decreased energetic constraints compared
with their wild cousins, a result of generally ad libitum
feeding (Hedrich and Bullock, 2004; p 470; Koteja et al.,
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2003). By removing virtually all environmental limita-
tions on nutrient consumption, housing in rooms at con-
stant temperatures that are probably closer to their ther-
moneutral zone, and low energetic demands (Austad and
Kristan, 2003; Berry and Bronson, 1992), breeders are
likely artificially selecting for spendthrifty genotypes, and
specifically spendthrifty telomeres, as opposed to thrifty
genotypes that are generally selected for in the wild (see
Berry and Bronson, 1992). Further, inbreeding, by expos-
ing harmful homozygous mutations compromises the
physiology of the animal and causes depression in fecun-
dity which could select for telomere length extension rela-
tive to outbred strains (Fox, 2007; Manning et al., 2002).

The spendthrift strategy that has been selected for is
hypothesized to use long telomeres in order to maximize
cell proliferation. With such high energy availability,
trade-offs between maintenance and growth efforts
become less pressing or virtually nonexistent, so invest-
ments in both can be simultaneously increased. Thus, the
problem of phenotypic correlation becomes more promi-
nent (see McDade, 2003 for a review of phenotypic correla-
tion), and this increased rate of cell proliferation increases
growth rates and maintenance efforts. Since maturation
and subsequent reproduction are dependent upon growth,
reproduction rates are also expected to increase (Stearns,
1992). The higher maintenance effort also fits the longer
reproductive lifespan of laboratory mice. Consistent with
this theory, successive generations of telomerase knock-
out mice with concomitant telomere shortening exhibit
increasingly impaired reproductive function (Lee et al.,
1998)–although this might in part reflect direct disrup-
tions of meiosis (de La Roche Saint-Andre, 2008). Impor-
tantly, there is evidence that selection for less restrained
metabolism, early maturation and larger body size are
general characteristics of organisms that face more nutri-
tionally rich and stable environments and selection for
rapid production—probably many human domesticated
populations (Austad and Kristan, 2003; Boutin, 1990;
Jackson and Diamond, 1996; McNab, 1988; Mueller and
Diamond, 2001). Although the association of domestica-
tion with telomere lengths has been little studied in other
species, it has been observed that cultivated lines of pearl
millet have longer telomeres than lines from uncultivated
species in the same genus (Sridevi et al., 2002; but see
Seluanov et al., 2008).

Tissue turnover and expensive immune systems

Telomeres exist in every nucleated cell in the human
body. However, they probably have the greatest pheno-
typic effects in tissues and cell lineages that turnover rap-
idly. Tissue turnover rates vary considerably in humans,
with some cell lineages under a constant state of turnover
(e.g. neutrophils) while others are set early in life and
barely turnover at all (Table 1; e.g. neurons). It seems likely
that telomere length will have fitness effects, and influence
energetic expenditure, primarily through effects on those
tissues with highest proliferation rates. Therefore, the
immune system, with its high energy costs and reliance
upon rapid proliferation of leukocyte cell lines (Table 1), is
a prime candidate to consider when trying to understand
the energetic implications of telomere length. Since telo-
mere lengths are generally measured in white blood cells
because of their easy accessibility, the extant literature is
particularly applicable to the immune system.

There are reasons to believe that immune function is
tightly regulated to increase fitness (e.g. Kuningas et al.,
2009). While immune function is critical in combating in-
fectious agents which exert a considerable mortality toll
on extant hunter-gatherers (Hill et al., 2007), immune
defenses are energetically expensive to develop and deploy
(e.g. Coors et al., 2001; McDade, 2003), and infections can
increase basal/resting metabolic rates (e.g. Careau et al.,
2010; Cutrera et al., 2010; Hommes et al., 1990; Long
et al., 1979; Muehlenbein et al., 2010; Steuber, 2007).
Decreased energetic stores apparently decrease energy
expended on immune responses (reviewed in Alaux et al.,
2010; Ardia et al., 2010; Cutrera et al., 2010; Garcia et al.,
2010; Steinman et al., 2003) and conversely, immune acti-
vation is associated with reduced childhood growth
(Careau et al., 2010; McDade et al., 2008). In mice and
humans, short telomeres seem to result in more infections
(Cawthon et al., 2003; Ilmonen et al., 2008). Because
adaptive immune systems are energetically expensive to
develop, but relatively cheap to deploy once developed,
previous investigators have suggested that populations
with high mortality and reproduction should invest
relatively less in adaptive immune function and more in
inflammatory and nonspecific responses (Lee, 2006;
Martin et al., 2006; Shanley et al., 2009).

Effects of shortened telomeres on infectious morbidity

A strong example of the in vivo influence of telomere
length on host immune response comes from the experi-
mental infection of recently wild derived mice (F2 Mus
musculus musculus) with Salmonella enterica. Infection
with S. enterica caused shorter BTL in the mice compared
with noninfected controls. More importantly, those mice
with longer BTLs at baseline were better able to clear the
infection and had lower S. enterica loads than those with
shorter BTLs. Shorter BTLs at baseline were also non-
significantly related to increased mortality (N 5 11, P 5
0.16; Ilmonen et al., 2008).
Similarly, the human disease dyskeratosis congenita,

which is caused by mutations impairing telomere mainte-
nance, is characterized by symptoms including bone mar-
row failure, deficiencies in the number of all blood cells,
infections, and death before the second decade of life (Cecil
et al., 2008; chapter 171; Kliegman and Nelson, 2007).
Other relevant markers of the disease include reduced pe-
ripheral blood mononuclear cell telomere length, reduced
T-cell and B-cell numbers and reduced T-cell responsive-
ness (Akbar et al., 2004). Importantly, ‘‘anticipation"
occurs in the autosomal dominant form of dyskeratosis
congenita (Armanios et al., 2005). ‘Anticipation’ is when a
genetic disease becomes more severe with earlier onset in
successive generations as the gene is passed on (often due
to DNA repeat expansions across generations). This
anticipation strongly suggests that the symptoms are pri-
marily due to inherited reductions in telomere lengths.
The shortening of telomeres and anticipation with succes-
sive generations are thought to be due to the inability of
telomerase or ALT mechanisms to extend telomere length
during reproduction and early development. However,
other pleiotropic transgenerational epigenetic effects of
telomerase cannot be definitively ruled out.
Phenotypes similar to dyskeratosis congenita are seen

in telomerase knock-out mice (Chiang et al., 2010; Lee
et al., 1998). These mice also display anticipation, with
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symptoms increasing with increasing generations as telo-
mere lengths decrease (Hao et al., 2005). In those later gen-
eration individuals with shortened telomeres, having wild
type telomerase function restored does not eliminate the
symptoms (Hao et al., 2005; but see Chiang et al., 2010).
Shortened telomeres in knock-out mice appear to cause
decreased stem cell mobilization and proliferative ability
(Flores et al., 2005). Hematopoietic cells in the bone marrow
and spleen (important in immune function) also show
impaired proliferative capacity (Lee et al., 1998). Later gen-
erations of knock-out mice show skin ulcerations and poorer
wound healing, which correlate with decreased telomere
lengths (among other phenotypes; Rudolph et al., 1999).
In sum, telomere length appears to have a substantial

role in regulating immune function, particularly for the
adaptive immune system. Decreased telomere lengths are
directly associated with limitations on clonal expansion of
antigen-specific T- and B-cell precursors (Goronzy et al.,
2006; Katepalli et al., 2008; Steinert et al., 2000; von
Zglinicki et al., 2005). In both observational and controlled
laboratory experimental conditions, shorter telomeres
are related to a less robust immune response, more sus-
ceptibility to infection and greater resultant morbidity
and mortality.
Immunologically, telomere length seems primarily to

influence the adaptive side of the immune system which
relies on extreme cell proliferation to function properly.
This suggests that longer inherited telomere lengths
increase the ability of the adaptive immune system to pro-
liferate and flexibly detect antigens. By this reasoning,
inherited telomere lengths might serve to signal the rela-
tive investment the organism should place in adaptive
immune system development and maintenance. If inher-
ited telomeres are too long relative to the extrinsic mortal-
ity rate, the durable soma thereby produced will decrease
the available energy to invest in current reproduction and

decrease the organism’s fitness. Similarly, if inherited
telomeres are too long relative to nutritional availability,
energetic costs are expected to increase the probability of
malnourishment and decrease reproductive output. On
the other hand, if inherited telomeres are too short, infec-
tious morbidity and mortality are more likely to increase
and fitness will suffer via pre-mature senescence.

THE PATERNAL EFFECT ON TELOMERE LENGTHS

Longer telomeres are found in the children of older men

While shorter telomeres seem to be thrifty telomeres,
achieving optimum telomere lengths might not be limited
to the conventional and relatively slow processes of natu-
ral selection. In the 1980s it was observed that sperm telo-
meres were longer than leukocyte telomeres in the same
men (Cooke and Smith, 1986). Since the early 1990s it has
been known that the telomere lengths of human sperm
actually increase with the sperm donor’s age (Allsopp
et al., 1992; Baird et al., 2006; Kimura et al., 2008a). Con-
sistent with this, the offspring of older men have longer
BTLs (De Meyer et al., 2007; Kimura et al., 2008a; Njajou
et al., 2007; Unryn et al., 2005). A similar effect of mater-
nal age on offspring telomere length has not been found
(e.g. Kimura et al., 2008a). This telomere elongation is
thought to be due to the need for continued production of
male gametes throughout life, while female gametes have
already been produced by the perinatal period (but see
Edwards et al., 1970; Keefe et al., 2007; Tilly et al., 2009).
Although direct evidence is hard to come by, increasing

sperm telomere lengths with age are, by most accounts,
thought to be caused by the activation of telomerase in the
course of spermatozoa production in the testis (Achi et al.,
2000; Bekaert et al., 2004; Fradiani et al., 2004; Gardner
et al., 2007; Kim et al., 1994; Wright et al., 1996; Yashima
et al., 1998; but see Kimura et al., 2008a). Telomerase

TABLE 1. Estimated turnover rates in various human tissues

Tissue (infection state and age if applicable) Turnover Method Reference

Neutrophils 19 h H Dale et al., 1998
Intestinal epithelium (from GI patients) 34 h B Potten et al., 1992
Epidermis 39 d T Weinstein et al., 1984
B lymphocytes (in young adults) 53 d D Macallan et al., 2005
B lymphocytes (in elderly) 67 d D Macallan et al., 2005
Memory B lymphocytes 38 d D Macallan et al., 2005
Naive B lymphocytes 217 d D Macallan et al., 2005
Killer T lymphocytes (infected by acute EB virus) 9 d D Asquith et al., 2007
Killer T lymphocytes (infected by chronic HIV-1) 10 d D Asquith et al., 2007
Killer T lymphocytes (infected by HTLV-1 virus) 28 d D Asquith et al., 2007
Killer T lymphocytes (non-infected) 77 d D Asquith et al., 2007
Helper T lymphocytes (infected by HTLV-1 virus) 40 d D Asquith et al., 2007
Helper T lymphocytes (noninfected) 50 d D Asquith et al., 2007
Leukocytes <1 yr C Spalding et al., 2005
Adipocytes 9.8 y C Spalding et al., 2008
Atherosclerotic plaques 10 yr C Goncalves et al., 2010
Intestine (jejunum) 10.7 yr C Spalding et al., 2005
Intercostal skeletal muscle 15.1 yr C Spalding et al., 2005
Intestine (jejunum) without epithelial cells 15.9 yr C Spalding et al., 2005
Cardiomyocytes at 25 yr of age 100 yr C Bergmann et al., 2009
Cardiomyocytes at 75 yr of age 220 yr C Bergmann et al., 2009

Age when cell lineage established
Neurons in neocortex perinatal C Bhardwaj et al., 2006
Gray matter of cerebellum 2.9 y/o C Spalding et al., 2005
Non-neuronal cells in neocortex 5 y/o C Bhardwaj et al., 2006
Gray matter from occiptal-cortex 8 y/o C Spalding et al., 2005

Turnover is the estimated time for all of the averages cells in the tissue or cell type to be replaced. For tissues which do not discernibly turn over, estimated time in
life when they are laid down is given.
Rate: h: hour; d: day; y: years; y/o: years old; H: 3H-diisopropylfluorophosphate labeled; B: bromodeoxyuridine labeled; T: tritiated thymidine; D: deuterated glucose
labeling; C: carbon-14.
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remains expressed in adult testes at high levels even
while it is very low or absent in most other tissues (ibid).
As suggested by an anonymous reviewer, increasing
sperm telomere length with age could be explained by
lower sperm counts with older age (Eskenazi et al., 2003;
Schwartz et al., 1983) which might equate to a greater
amount of telomerase available per developing sperm cell.
Steroid hormones including cortisol, androgens, estro-
gens, and progesterone seem to play a regulatory role in
telomerase activity (Choi et al., 2008; Cong et al., 2002;
Hapangama et al., 2008; reviewed in De Vivo et al., 2009;
Demerath et al., 2004). However, this regulation seems to
vary by cell type (Choi et al., 1999; Cong et al., 2002; Guo
et al., 2003; Iczkowski et al., 2004; Soda et al., 2000).
Given this variability and the dearth of information on
how telomerase is regulated in the testes (Weise and
Gunes, 2009), it is difficult to make any clear predictions
regarding the effects of steroid hormone levels on sperm
telomere lengths. Nonetheless, based upon anthropologi-
cal research which implicates testosterone as a key male
life history hormone involved in dominance and immune
function and with varying age-related rates of decline in
testosterone concentration (Bribiescas, 2001, 2006; Camp-
bell et al., 2006; Ellison et al., 2002; Muehlenbein and Bri-
biescas, 2005; Muller and Wrangham, 2004), there is rea-
son to evaluate if testosterone plays a role in setting ga-
metic telomere lengths.

Regardless of the specific mechanisms involved, the fact
that older fathers transmit longer telomeres to their off-
spring suggests a means by which paternal experience,
specifically lifespan and age at reproduction, alters off-
spring physiology. Such a system might allow a closer fit
of genotype and phenotype to the likely social/ecological
environment, as reflected in mortality rates and reproduc-
tive scheduling experienced by recent male ancestors.
Such a transgenerational signal could result in adaptive
changes in life history settings on a timescale more rapid
than possible via natural selection.

Parental effects and intergenerational phenotypic inertia

Similar parental effects to those proposed for telomeres
have been observed and theorized about. For example, it
has been proposed that the correlation of human maternal
health characteristics with offspring birth weight and the
later physiology and health of the offspring might repre-
sent adaptive nongenetic signaling of past environmental
conditions (e.g. Bateson, 2001; Gluckman et al., 2007;
Kuzawa, 2005). In rats, stress induced maternal behaviors
transmit similar behavioral and physiological profiles to
offspring via epigenetic mechanisms (Weaver et al., 2004).
The logic behind the adaptive interpretation of these phe-
nomena derives from the observation that organisms
must adapt to environments at different timescales.
Genetic adaptations generally take many generations to
form. However, the environment is often dynamic on
much shorter timescales, providing an adaptive evolution-
ary pressure for organisms to develop means of taking
advantage of this variability to guide development. Gene
expression is quite plastic and responds to local conditions
in a variety of complex ways (West-Eberhard, 2003). Over
the life course, individuals developmentally and irreversi-
bly adapt to early environments. For example, increased
lung capacity results from early exposure to hypoxia in
high altitude dwellers (Frisancho, 1993, p 256). On a

shorter timescale, homeostatic mechanisms (e.g. glucose-
insulin dynamics) and central nervous system mediated
behaviors allow responses to finer scale environmental var-
iability with more malleable and appropriate responses.
Expanding the timescale of developmental responses,
maternal and paternal life experiences might be incorpo-
rated into physiological signals that adaptively relay infor-
mation across generations about the nature of the environ-
ment the offspring is likely to encounter. Because maternal
mammalian physiology is more closely linked to offspring
than that of the father (e.g. time in utero, nursing and gen-
erally more close parental care even postweaning from
mothers), the opportunities for transmission of adaptive
information to the offspring is greater in mothers (e.g.
Kuzawa 2008; Kuzawa and Quinn, 2009).
Kuzawa’s theory of intergenerational phenotypic inertia

suggests that the signal received by an offspring repre-
sents a rolling average of nutritional/environmental expe-
riences of the mother throughout her lifespan and the
environment of her ancestors. Altering long-term develop-
mental trajectories based upon a chance event that is
unlikely to be representative of the future (e.g. short term
macronutrient supplementation during pregnancy) is, all
else equal, a poor adaptation. Instead, some method of
integrating a signal that is less susceptible to random
environmental fluctuations is predicted. In this way,
parental effects could bridge a gap between adaptations
which proceed via conventional natural selection at the
genetic level (information integrated over many genera-
tions) and developmental physiological responses (infor-
mation integrated over one lifespan via phenotypically
plastic mechanisms; reviewed in Kuzawa, 2008).
Here, paternal effects on telomere length are hypothe-

sized to be similar in key ways to the maternal effects out-
lined above, and to provide a mechanism by which pater-
nal life experiences can be physiologically conveyed to off-
spring. In particular, there is reason to suspect that the
paternal effect exhibits a similar quality of intergenera-
tional phenotypic inertia, acting as a rolling average sig-
nal of ancestral conditions. Having an older father should
predict a higher mean age at reproduction (especially if
the individual is a male). To the extent that the father
begins his life with his telomere length shaped by his
father’s age at reproduction—the grandfather of the cur-
rent generation—then this too should be reflected in the
telomere length in the current generation. In this way,
telomere length might represent a rolling average of the
age of reproduction of the male ancestors of an individual
(male ancestors of mother included), and thereby signal
average age at paternal reproduction in one’s recent line-
age. In turn, the average age at paternal reproduction of
an individual’s male ancestors may be predictive of the av-
erage age at reproduction the individual will face in their
environmental/social conditions.

Paternal age as an important life history trait

Across species, there is a tendency for females to mate
with older males (Brooks and Kemp, 2001) and this pat-
tern persists among humans cross-culturally (Fenner,
2005; Hill and Hurtado, 1996; Hodgson et al., 2004; Trem-
blay and Vézina, 2000). This is thought to be due to
greater variance in reproductive success in males than
females, greater male-male competition for mates, and
sexual selection by females for mates that have proven

159THE THRIFTY TELOMERE HYPOTHESIS

American Journal of Human Biology



themselves as better able to thrive in the current environ-
ment (e.g. Fenner, 2005; Kruger, 2008). In the few species
in which males provide parental care or protection, older
males might provide larger investments in offspring
because of increased experience/resources and/or
decreased residual reproductive value which can cause
increased parental care effort coupled with decreased
mating effort (Brooks and Kemp, 2001). Examination of
reproductive schedules suggests that human male repro-
duction in late life is common enough to be an evolutionar-
ily important occurrence (Tuljapurkar et al., 2007). Aver-
age age at reproduction, in addition to being correlated
with lifespan, might be correlated with the abilities of
members of a lineage to amass resources for reproduction
in a particular socioecological context. An individual from
a lineage with a lower adult extrinsic mortality rate and
higher average age at reproduction would have more to
gain by having a more durable soma than an individual
from a lineage with higher adult extrinsic mortality and a
shorter and earlier reproductive lifespan. Paternal effects
on telomere lengths are a plausible candidate mechanism
for efficiently tracking this variability.
The provisioning and social abilities of humans males

likely improves more rapidly and persistently with age,
increasing the salience of reproductive age as an impor-
tant signal. It has been noted that humans and human
ancestors have traditionally learned a suite of elaborate
skills including hunting and socializing—which are
improved by a lifetime of experience (e.g. Gurven et al.,
2006; Kaplan, 1996; Kaplan and Robson, 2002). Many of
these skills are likely learned from relatives, contributing
to correlations between an individual’s ability to utilize
the environment (social and nonsocial) and the abilities of
that individual’s kin. The elaborate use of culture in
humans not only provides a robust mechanism for inter-
generational transfers of information, but this transmis-
sion of information serves as a mechanism by which line-
ages maintain stable environments across generations
(Laland et al., 2001). Evidence across economic systems,
including contemporary hunter-gatherers, shows that
wealth is reliably transmitted to descendants across gen-
erations (Borgerhoff Mulder et al., 2009). As such, this
transmission of wealth, social networks and skills from
parents to offspring means that the effective environment
an individual experiences is likely to be similar to those of
one’s ancestors (lineage level niche selection and creation).
These forces, which stabilize the characteristics of the
niches that each individual inhabits, could promote selec-
tion for mechanisms for transgenerational adjustment
and tracking of these conditions. The paternal effect on
telomere length, outlined here, combined with the broad
effects of telomere length on somatic allocation, could pro-
vide an important means of achieving this.

DISCUSSION AND CONCLUSION

The fact that telomeres are DNA sequences that are sta-
ble but change throughout the lifespan underscores the
potential insights that telomere biology likely holds for
many domains within anthropology and human biology,
including developmental plasticity, the modes of adapta-
bility and the developmental origins of health and disease
(Cameron and Demerath, 2002; Demerath et al., 2004).
Despite the burgeoning interest in, and recognition of

the importance of, telomere biology (Watts, 2009), the evo-

lutionary determinants of telomere lengths are not well
understood. Clarifying these evolutionary dynamics will
require a better understanding of the fitness implications
of both long and short telomeres. It is clear that shorter
telomeres are associated with a variety of fitness reducing
phenotypes including increased morbidity and mortality
from infectious diseases and metabolic syndrome. These
observations lead to a consideration of why telomeres have
not evolved to be longer to spare us these effects. What are
the fitness reducing phenotypes that constrain telomeres
from being longer? While cancer rates have been suggested
to be increased among those who inherited longer telo-
meres, the evidence reviewed suggests this explanation is
not correct. Instead, I proposed that telomeres are impor-
tant life history markers that determine how much to
invest in maintenance efforts over the life course, particu-
larly in rapidly proliferating tissues with high maintenance
requirements, such as the adaptive immune system. Lon-
ger telomeres are postulated to increase maintenance
efforts via the less restrained cellular proliferation they
permit. Conversely, shorter telomeres shunt resources from
maintenance functions into other more immediate
demands, such as reproduction, and thereby increase fit-
ness when extrinsic mortality rates make the likelihood of
dying before reproducing in the future higher.

The paternal effect

The paternal age effect on offspring telomere lengths,
where older men have longer telomeres in their sperm, and
pass on these longer telomeres to their offspring, is an
unexpected finding which, so far as I know, has not been
considered from an evolutionary perspective.* (Monaghan,
2010). Paternal age might be an effective signal of the
average paternal age of an individual’s male ancestors. If
individuals with older male ancestors are themselves
more likely to face a longer reproductive lifespan, having
longer telomeres could be an adaptive means of investing
more in maintenance effort. This higher maintenance
effort would pay off in a more durable and longer lasting
soma, which together with increased life expectancy, would
increase fitness.
The hypothesized telomeric system of paternal effects

might seem to be a violation of central precepts of biology,
mainly the inalterability of the germ-line (‘‘Weismann’s
barrier’’) and the ‘‘central dogma of biology’’ (Weismann,
1883 cited in Crick, 1958; West-Eberhard, 2003, p 86).
However, what is proposed here incrementally builds
upon accepted biological knowledge by fitting within a
body of research which shows the complexity of inheri-
tance and mutation patterns (reviewed in Jablonka and
Lamb, 2005; Jablonka and Raz 2009; Kuzawa, 2005).

Predictions derived from the thrifty telomere and
paternal effects hypotheses

The thrifty telomere hypothesis leads to predictions
about the allocation of energy into somatic maintenance
versus growth and reproduction. There is reason to
believe that, as has been observed in multiple species of
laboratory mice, domestication will often be associated
with artificial selection for telomere length extension.
This will likely depend upon the energetic constraints

*While this manuscript was in press an excellent review by Pat Monaghan (2010) was pub-

lished which briefly addressed the possible evolutionary importance of this phenomenon.
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placed on the animal (in terms of nutrition and energy
expenditures), reproductive lifespan, age at paternal
reproduction, infectious disease loads and the particularly
cellular replicative physiology and telomere biology char-
acteristic of the species (Haussmann et al., 2003, 2005;
Mueller and Diamond 2001; Seluanov et al., 2007, 2008).

Since thrifty telomeres are proposed to be involved in
allocating limited energetic resources, testing the hypoth-
esis in humans will likely be more straightforward in non-
industrialized contexts characterized by nutritional insta-
bilities, chronic physical activity, infectious disease and
generally greater energetic demands. In particular, inher-
iting longer telomeres is predicted to be disadvantageous
in nutritionally marginal environments. The more active
immune systems permitted by longer telomeres are
expected to provide effective responses to pathogen loads;
however, these responses are predicted to be hyperreac-
tive such that resources will be wasted and growth and
maturation rates will be decreased. In turn, those with too
short telomeres are expected to be hyporeactive to patho-
gen challenges and to face fitness reducing morbidity and
mortality as well as reduced growth and maturation rates.
Adequately controlling for infectious disease exposures as
well phenotypic correlations (see McDade, 2003) will be
critical to overcome confounding.

The telomere paternal effect, in which inherited telomere
length is related to paternal age at conception, is predicted
to exhibit a multigenerational character. That is, an older
age of both maternal and paternal grandfathers at father’s
and mother’s conception will result in longer telomere
lengths in ego. This would allow the paternal effect to con-
vey stable information on typical conditions in recent gen-
erations, consistent with Kuzawa’s theory of intergenera-
tional phenotypic inertia (reviewed in Kuzawa, 2008). In
humans, differences in paternal ages over multiple genera-
tions might explain differences in telomere length across
populations (Eisenberg et al., in press; Salpea et al., 2008).
The telomere paternal effect is also expected to be greater
in species with more variable reproductive ages in their
adaptively relevant environments.

Alternative hypotheses to the thrifty telomere

There are few alternative theories to the thrifty telo-
mere hypothesis to explain why telomere lengths are not
longer (Kappei and Londono-Vallejo, 2008). One alterna-
tive that deserves further consideration states that longer
telomeres might cause mal-adaptive gene regulation via
altering the position of the genome in the nucleus, thereby
altering the expression of the genome (telomere position
effects; Kappei and Londono-Vallejo, 2008). Long telo-
meres might also cause disruption of proper telomere cap-
ping functions, including T loop formation and associated
telomeric binding proteins (Di Donna et al., 2003), which
could cause cell cycle and gene expression dysregulation.
Shorter telomere length might also disrupt proper chro-
mosome pairing during meiosis as well as the meiotic
recombination process (de La Roche Saint-Andre, 2008;
Keefe et al., 2007). Regardless, complex regulatory path-
ways exist which serve to keep telomere length from being
too long or too short (reviewed in Shore and Bianchi,
2009). Given that multiple species of mice extend their
telomere lengths by 3-20 fold in laboratory conditions and
continue to survive and reproduce, it seems unlikely that
telomere position effects or telomere capping are the pri-

mary limiting factors preventing human telomeres from
evolving to longer lengths.

CONCLUSION

Anthropology and human biology have critical roles to
play in elucidating the function and evolutionary signifi-
cance of telomeres. Further research and theoretical
efforts from comparative and evolutionary perspectives
are sure to improve our understanding of telomere biology,
life-history theory, and inheritance patterns more gener-
ally. The thrifty telomere hypothesis proposed here pro-
vides a theoretical framework to view the evolutionary
biology of telomeres which articulates with research on
the developmental origins of health and disease (DOHaD)
and yields testable predictions. The effect of paternal age
on telomere length raises intriguing hypotheses of adaptive
developmental intergenerational programming of physiology.
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