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Individual differences in telomere length have been linked to survival and

senescence. Understanding the heritability of telomere length can provide

important insight into individual differences and facilitate our understand-

ing of the evolution of telomeres. However, to gain accurate and

meaningful estimates of telomere heritability it is vital that the impact of

the environment, and how this may vary, is understood and accounted

for. The aim of this review is to raise awareness of this important, but

much under-appreciated point. We outline the factors known to impact tel-

omere length and discuss the fact that telomere length is a trait that changes

with age. We highlight statistical methods that can separate genetic from

environmental effects and control for confounding variables. We then

review how well previous studies in vertebrate populations including

humans have taken these factors into account. We argue that studies to

date either use methodological techniques that confound environmental

and genetic effects, or use appropriate methods but lack sufficient power

to fully separate these components. We discuss potential solutions. We con-

clude that we need larger studies, which also span longer time periods, to

account for changing environmental effects, if we are to determine meaningful

estimates of the genetic component of telomere length.

This article is part of the theme issue ‘Understanding diversity in

telomere dynamics’.
1. Introduction
Phenotypic variation is the result of both genetic and environmental effects. To

understand the causes and consequences of variation in any given trait—as we

must to fully appreciate its ecological, evolutionary and health implications—

we need to determine the contribution of these two components. This is

difficult as environmental and genetic effects are complex and intertwined;

they include many interacting aspects, e.g. additive, dominant or epistatic

genetic effects, and environmental effects that may be variable or constant

[1,2]. Quantitative genetics offers an analytical framework to investigate the

causes and evolutionary consequences of phenotypic variation, particularly the

genetic component. However, it is important to understand that in quantitative

genetic analyses we are often measuring relative effects. For example, when

determining the heritability of a trait, we are estimating the contribution of

genetic effects to the total phenotypic variance observed in that trait within a

population (figure 1a). Any change in the influence of the environment upon

that trait will alter our estimate of heritability, even when there is no change in

the underlying genetic variation. It is, therefore, important to fully understand

and take into account environmental effects in any quantitative genetic study [1].

Telomere length (or dynamics) is a phenotypic trait influenced by genetic

and environmental effects [3,4]. The basic function of telomeres is to act as a

chromosomal cap and maintain the integrity of linear chromosomal DNA [5].

Initial telomere length is inherited [5], but telomeres typically shorten with
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Figure 1. Hypothetical proportion of telomere length variation among individuals explained by genetic (blue) and environmental (green) effects: (a) in a population
where individuals experience: (1) highly variable environments versus (2) relatively constant environments; and (b) estimated using mixed models of increasing
complexity, based on repeated measures of telomere length per individual: model (3) a mixed model to separate individual variation from environmental (residual)
variation, model (4) an ‘animal’ model where individual variation is separated into additive genetic and permanent environmental effects, and model (5) where
maternal identity is included to estimate maternal effects.
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age in somatic cells due to the DNA end replication problem

during cell division [6] and other factors, most notably

damage caused by oxidative stress [7,8]. Oxidative stress is

elevated by many environmental factors [7,9] and, as a

result, is thought to be why telomere attrition is accelerated

by the different stresses experienced during an individual’s

life [10,11]. Telomere restoration can also occur due to mech-

anisms such as telomerase activity [12] but telomerase is

thought to be downregulated in the somatic cells of many

adult organisms [13]. Importantly, critically short telomeres

induce cell senescence or death [14,15] and the accumulation

of such cells over time has been linked to organismal senes-

cence [14,16]. Telomere length, or rate of attrition, has now

been linked to lifespan among species [17,18], and to survival

probability and lifespan within many species [19–22], though

the causality of this association remains unclear [23,24]. Con-

sequently, understanding which factors determine variation

in telomeres is of considerable importance.

From a quantitative genetics perspective, the goal is to

determine the contribution of genetic effects to among-

individual variation in telomeres. Only by having accurate

estimates of the genetic component of telomere variation

can we determine its evolutionary potential [25]. However,

individual telomere length at any given point is dependent

on three processes: the initial length of the zygote’s telomeres,

the amount of attrition experienced and the amount of

restoration. These processes may all be influenced by both

genetic and environmental factors [4,26] and their relative

contribution will differ among individuals and change

throughout an organism’s life. If we are to measure genetic

effects accurately we need to ensure that environmental

influences are carefully controlled for, either physically or

statistically. Laboratory studies can reduce or isolate environ-

mental variation. Such studies provide an excellent way to

investigate how specific environmental factors influence telo-

mere length, and provide important insights (e.g. [10,11]).

However, if environmental variation is minimized then, by

definition, the majority of phenotypic variation will be due

to genetic effects and the heritability of the trait will approach

1 (figure 1a). Knowing the heritable component under such
conditions is not, in itself, that useful. We need to be able

to determine the relative contribution of genetic effects to

variation in telomere length, under the conditions in which

organisms live naturally, if we are to understand its

consequences in terms of their health, ecology and evolution.

Determining when the environment is accelerating

telomere attrition is also important in its own right [27,28].

For example, measuring effects linked to habitat quality,

early-life environments or captive conditions [10,20,29,30]

will provide insight into medical, veterinary, conservation

and ecological issues. Such studies can be especially revealing

if they allow us to measure chronic effects not detectable

through immediate patterns of mortality or body condition,

but which have long-term consequences, e.g. pathogen

infection [31], stress [11] and environmentally dependent

inbreeding [32]. Furthermore, the amount of telomere

shortening caused by different environmental effects could

provide researchers with a generic currency with which to

measure the relative impact of different environmental

stressors [30] and thus gain insight into the trade-offs that

occur throughout an individual’s life [24].

The importance of estimating environmental effects in

any quantitative genetics study of telomeres is, therefore,

clear. In the rest of the paper, we will first outline two key

complications: (i) how environmental effects (and thus esti-

mates of heritability) change over space and time, and (ii)

the importance of recognizing that telomeres are not a fixed

trait, but can change extensively with age. We then outline

specific sources of variation that may impact telomeres,

before discussing how these can be included in analyses,

what has been analysed to date in vertebrate studies, what

problems exist in those studies and finally, how the field

can best move forward.
2. Genetic and environmental factors contribute
to variance in telomere length

Complex phenotypic traits, such as telomere length, are rarely

underpinned by a few genes of large effect; rather, they are
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Figure 2. Relative telomere length (RTL) among cohorts in relation to age in
Seychelles warblers, Acrocephalus sechellensis. Lines represent fitted values
from a linear regression of RTL and log-transformed age. Colours represent
birth years (1993 – 2014). Adapted from [30].
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primarily a result of the action of many genes of small effect

[33]. At each locus, effects may be due to additive or domi-

nance effects. Different genes will also impact the resulting

phenotype in different ways, i.e. with additive or epistatic

actions. These genetic effects could alter telomere length in

various ways, such as: initial telomere length in the fertilized

egg, individual resistance to telomere attrition or the extent of

telomerase expression. Quantitative genetics does not require

knowledge of the genes underlying telomere length, or the

way in which the genes act. Rather, it assumes that pheno-

typic traits result from many genes which each have an

infinitesimally small, additive effect on the phenotype

[34,35]. From an evolutionary perspective, additive genetic

variance is of particular interest as it is used to calculate

the heritability of the trait, which in combination with

the strength of selection on the trait will determine its

evolutionary potential [34].

From an environmental perspective, telomeres may be

impacted by effects from a wide variety of sources (e.g.

natal, population, parental) that may differ in type (e.g. vari-

able, constant). Environmental effects can include both

common environmental effects, i.e. that affect a group of indi-

viduals experiencing the same environment, and permanent

environmental effects, i.e. that have a consistent effect over

an individual’s lifetime [36]. Population-wide cohort effects

[20,32,37] could thus represent common environment effects

on individuals from a particular cohort, or permanent

environment effects if the effect on a particular cohort lasts

over lifetimes. Environmental effects can also include par-

ental effects. Parental effects on telomere length [38] could

arise for several reasons, such as: epigenetic effects (e.g.

DNA methylation), differential contributions to an egg, par-

ental care effects or as a direct result of local physical

conditions provided by the parents. Confusingly, while

parental effects act through the environment provided to off-

spring, they can have a genetic component. For example,

provisioning variation between parents can impact offspring

telomeres [39] either as a result of environmental effects, e.g.

higher food abundance in good territories, or genetically

determined differences in parental provisioning behaviour [40].
3. Environmental effects change over space and
time

Under natural conditions the environment, and thus its

impact on telomeres, may change considerably, both spatially

and temporally within a population. The best evidence of

this is provided by long-term ecological studies. For example,

in Soay sheep, Ovis aries [20] and Seychelles warblers,

Acrocephalus sechellensis [30] varying environmental conditions

during early life generate considerable and long-lasting

cohort effects on telomere length (figure 2). The effect of

such spatio-temporal variation on quantitative genetic

studies of telomere dynamics needs to be considered care-

fully. If the impact of the environment changes, then the

relative amount of telomere variation due to genetic versus

environmental effects will differ. This is not error but a real

effect we need to understand. To add to this complexity,

genotype � environment (G � E) interactions may occur

[41]. For example, certain genetic effects may only be appar-

ent under stressful conditions. Indeed, a recent study found

evidence that lower individual heterozygosity due to
inbreeding resulted in faster telomere attrition, but only

under poor environmental conditions [32]. Given the above,

any estimates of genetic effects on telomere length in natural

populations will depend on when and where the study takes

place. With this in mind, and taking into account that studies

are normally very restricted on a spatial and temporal scale,

it may not be surprising if different studies, even on the

same species (as seen in humans; table 1), vary greatly in

their estimates of genetic effects [56].
4. Telomeres are not a fixed trait, but change
with age

Telomeres of somatic cells shorten with age in most organ-

isms, with the amount of shortening depending, to a

considerable extent, on the stress experienced as the individ-

ual interacts with its environment [7,27]. Consequently, even

if the environment remains constant the relative influence of

the environment on an individual’s telomere length will

increase with age. Furthermore, rates of telomere attrition

may differ across an individual’s lifetime, e.g. attrition is nor-

mally much greater during development [30,37]. Telomere

attrition may also vary considerably across time because of

specific life-history events (e.g. reproduction [74]) or environ-

mental experiences (e.g. infection [31]). Studies that have

measured longitudinal changes in telomere length generally

find a log-linear relationship with age, but with considerable

fluctuations within individuals (figure 3), including evidence

that an individual’s telomere length may increase over certain

periods [20,30].

Interactions with the (changing) environment will also

mean that the pattern of change will be volatile, difficult to

predict and may vary markedly between individuals. Such

age-related variation in telomere length must be carefully

controlled for—in both the focal individual and the

parents—if we want to gain accurate measures of the herit-

ability of telomere length or dynamics. However, few

studies have measured telomeres at the same point in life in

both offspring and parents [31]. Given that environmental
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effects are especially pronounced during early development,

including prior to birth/hatching [75,76], having measures

from the zygote just after conception would minimize

environmental effects, but this is clearly not very feasible.

Ironically, even measuring the telomeres of newly con-

ceived zygotes would not eliminate all age-related effects.

Although the initial length of an individual’s telomeres

may largely be determined by genetic factors within the

individual, parental effects may also play a role and cause

trans-generational effects, e.g. if the age of a parent influences

offspring telomere length. The effects of paternal age at con-

ception (PAC) on offspring telomere length have been widely

reported in humans, with older fathers having offspring with

longer telomeres [56]. The evidence suggests that this is due

to sperm from older males having longer telomeres, either

because of age-related selection of germline stem cells or

the elongation of telomeres because of telomerase activity

[77]. Thus, zygotes produced by such sperm from older

males have longer telomeres. In other vertebrates, the evi-

dence of PAC effects are mixed, with negative effects

detected [69] or not [31], along with positive maternal age

effects [31]. However, many studies are cross-sectional, so

selective disappearance may result in, or strengthen, positive

correlations. Additionally, the environment experienced by

the parent may impact on parental age patterns or influence

initial offspring telomere length irrespective of parental age

[38]. If such non-genetic trans-generational effects do influ-

ence initial zygote length they will also confound our

measures of telomere heritability unless controlled for.
5. Quantitative genetic techniques
Individual variation in telomere length can be decomposed

into the relative variance due to genetic and environmental

factors using quantitative genetic techniques [34,35]. The

extent to which phenotypes are genetically determined (i.e.

heritable) is analysed by examining the phenotypic similarity

between relatives. Currently, the most commonly applied

technique to estimate the heritability of telomere length is

univariate regression analysis [72], but key assumptions of
this technique are often overlooked. For example, parent–off-

spring regressions do not always account for repeated

measures of parents that have multiple offspring. Most

importantly, relatives often live in more similar environments

than non-relatives and share common environmental effects,

which can result in relatives having similar telomere lengths

for reasons other than genetic effects [1]. Unless this environ-

mental similarity is partitioned from the genetic effects, this

will severely confound heritability estimates and lead to over-

estimations. Cross-fostering is a useful tool that facilitates the

separation of genetic from environmental effects. In particu-

lar, cross-fostering enables better resolution of additive

genetic effects, as it allows the separation (via modelling) of

the foster (early-life environmental) and natal (genetic and

pre-fostering environmental effects) in addition to additive

genetic effect.

More sophisticated mixed model techniques allow separ-

ation of phenotypic variance into individual and residual

variance components (which allows calculation of repeatabil-

ity [78]), when multiple telomere measures from the same

individuals are available (figure 1b, Model 3). These mixed

models can then be extended into ‘animal’ models that use

family trees with different types of relatives (grandparent–

grandoffspring, aunts–nieces, etc.) to separate the individual

variance into genetic and permanent environment (environ-

mental effects that are consistent over an individual’s

repeated measures) components [36] (figure 1b, Model 4).

These variance components can then be used to calculate

narrow-sense heritability (h2; the proportion of phenotypic

variance due to additive genetic effects). In the simplest

form, h2 ¼ VA/VP, where VA is variance due to additive

genetic effects and VP is phenotypic variance (VP ¼ VA þ
VPE þ VR, where VPE is permanent environment variance

and VR is the residual variance that is usually a result of

other environmental effects [34,35] (figure 1b, Model 4). If

permanent environment effects are not incorporated this

will result in inflated heritability estimates [1]. Shared

environmental effects, such as maternal, paternal, nest,

cohort and spatial effects can also be confounded with

other variance components (figure 1b, Model 5), such as VA

if they are not specified separately [1,36].

Quantitative genetic ‘animal’ models can also be extended

to calculate G � E or Genotype by Age (G � Age) effects,

when additive genetic effects vary across environments or

with age. A random regression ‘animal’ model [79] allows

the slope of a genotype to vary across an axis of environment

or age. For example, this would, when applied to repeated

telomere length data over the lifetimes of individuals, allow

the testing of whether telomere shortening-rates differ

according to genotypes. G � E or G � Age models require

very large sample sizes, but have been run successfully on

traits in natural populations [25].

Quantitative genetic techniques primarily assume addi-

tive effects of many genes, however, dominance effects such

as inbreeding can impact telomere length, as observed in

the Seychelles warbler [32]. If dominant effects are not mod-

elled, they can be confounded in other variance components,

e.g. increasing both VA and VR [80]. However, very large

sample sizes, 20� more than that required for estimating

VA, are required to estimate dominance variances accurately

[80,81]. Estimation of dominance variance has been under-

taken by animal/plant breeders, but is also theoretically

achievable in natural populations [82].
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6. Past studies
Here we review published studies on the heritability of

telomere variation in laboratory and natural vertebrate popu-

lations, including humans (table 1). Unravelling the role of

genetic and environmental effects on similarity in telomere

variation in natural populations is difficult, but potentially

most important from an evolutionary and ecological perspec-

tive. No clear overall patterns are yet emerging. Some studies

have reported significantly higher paternal than maternal

heritability of telomere length [49,53,69], the opposite effect

[56], X-linked [44], no effect [63,72,73], or have found herit-

ability from mother-offspring but not father-offspring

regressions [31,68,71], or the opposite effect [47], but have

not tested for a significant difference in slopes. The only clear

pattern is that there is extensive variation (from 0 to 1!) in the

estimates of telomere length heritability (table 1). Indeed,

even within a single species (i.e. humans, the species in which

most studies have been undertaken) heritability estimates

vary massively. However very few, if any, of the studies

undertaken so far are without considerable limitations or

problems.

The variation in estimates of telomere length heritability

may, to some extent, be attributed to methodological issues.

First, many studies apply basic regression analyses [72], with

all of the problems that this entails, such as confounding

genetic and environmental effects. Using twin studies, as

often undertaken in humans (table 1) does not fully resolve

this problem (see section 7). Secondly, despite the fact that tel-

omeres change with age (see section 4) studies normally

sample parents and offspring at different ages (i.e. as adults

and juveniles, respectively), especially in long-lived organisms.

Many human studies have attempted to statistically control for

parent/offspring age, by including age as a covariate or cor-

recting telomere length for age (but this does not allow for

the expected nonlinear relationship), and very few also control

for parental age at conception (but see [31,47,54,60,61]). In

other species, age has also rarely been fully controlled for

(table 1). Clearly, it would be better to sample parents and off-

spring at the same age (see section 4). One excellent study on

great reed warblers that did sample both parents and offspring

at the same age (8–10 days) found moderate heritability [31].

All the other non-human studies had shortcomings as they

did not control for offspring and parental age at sampling,

used an age-adjusted telomere length and/or only included

offspring age, and sometimes parental age, as a covariate in

the model (table 1). Thirdly, despite the fact that environ-

mental effects can vary spatially and temporally (see section

three), few studies have accounted for this in their analyses

(table 1). The one study undertaken under controlled labora-

tory conditions (thus reducing environmental variation) also

reduced shared environmental effects through cross-fostering

and reported a heritability value of 1 [72]. The very high herit-

ability estimate in this case is perhaps not surprising, because

once environmental variation is minimized the rest of the vari-

ation must be due to genetic effects. However, heritability

estimates taken under such conditions are of minimal use to

biologists wanting to understand the evolutionary and ecologi-

cal significance of telomere variation. Spatio-temporal

variation in environmental effects may be particularly impor-

tant when estimating heritability in species either with long

generation times, living in rapidly changing environments,

or that exist across a range of different environments. In
humans, it is interesting to consider how much of the variation

in heritability estimates may be due to differences in the

environments in which the subjects of each study lived. In

the case of parent/offspring studies in humans, how much

the environment changed between generations may also be

very important. One would not expect much correlation

between the telomere length of offspring and parents if the

two generations developed under very different environ-

mental conditions, even if sampled at the same age. Another

important issue in estimating telomere heritability is that

‘animal’ models are required to separate genetic and environ-

mental effects, and these models require large sample sizes.

For example, the seven human studies that applied ‘animal’

models had sample sizes greater than 900 (table 1), whereas

two of the four studies in non-human populations that have

used ‘animal’ models had models that did not converge

when environmental effects were included (table 1); with

less than 230 phenotyped individuals and the one study that

attempted more sophisticated sex-linkage models was severely

underpowered [73]. The exact sample size required to separate

environmental from genetic effects depends on data structure,

but samples of an order of magnitude higher than the norm in

previous non-human studies are probably required for mean-

ingful results. Fourthly, G � E effects may occur and these

have not yet been tested for in any quantitative genetic ana-

lyses of telomere length in vertebrate studies. Fifthly, the

technique used to assay telomere length may, or may not,

include interstitial telomeres (table 1), and it is not known

how this affects heritability estimates [72].

The limitations identified in these studies of telomere

length will also apply to studies on the heritability of telomere

shortening. Currently, the heritability of telomere attrition

has only been investigated with twin data [62,84], which has

methodological problems [85] (see section 7). Studies that

take a G � E approach are desperately needed to improve

our understanding of the evolution of telomere dynamics.
7. Potential solutions and their problems
First, do not use simple parent–offspring or sibling regressions

when relatives share environmental components as this will

inflate heritability estimates [1]. Even in studies comparing

monozygotic and dizygotic twins this can be a problem; the

similarity difference between these types of twins is assumed

to be attributed to greater genetic similarity of monozygotic

twins, however, the environmental similarity of monozygotic

and dizygotic twins is rarely the same [85]. Rather, studies care-

fully measuring both relatedness and environmental similarity

across individuals, and then using analytical methods such as

‘animal’ models [36] to separate genetic from environmental

variance components, should be used.

Second, control for the age at which all individuals are

sampled (accounting for any measurement effects due to

length of storage, extraction or batch differences). Sampling

both offspring and adults at the same age will standardize

the environmental exposure each party has endured prior

to sampling, though clearly the environmental impact could

differ for each individual. Sampling all parties as young as

possible appears attractive as it should minimize environ-

mental influence. However, there may be situations where

it is of interest to measure heritability at different time

points. For example, heritability estimates calculated from
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samples taken from offspring and parents when they are both

a given adult age will include more information about the

genetic basis of resistance to telomere attrition and/or telo-

mere restoration mechanisms, not just initial telomere

length. Measuring how additive genetic variance changes

with age is also required to improve understanding of the

evolution of senescence [86]. When to sample, therefore,

depends very much on what you want to understand.

Third, both physical and analytical means can be used to

separate environmental and genetic effects. Cross-fostering

can create situations where relatives are raised in different

environments. However, individuals will still experience simi-

lar environments from conception until cross-fostering, for

example, any maternal effects in terms of prenatal investment

[1]. Fortunately, in many species a female’s offspring may be

fertilized by multiple males, often within a single litter/

clutch [87]. Even within socially monogamous species extra-

pair paternity often occurs [88]. These cases result in offspring

from multiple paternal origins, but with the same mother,

living under the same conditions and in offspring from the

same father but with different mothers, being raised in differ-

ent environments. These differences provide statistical power

to separate genetic and environmental variance components.

Indeed, systems where polyandry is frequent and can be com-

bined with cross-fostering at an early stage would provide the

most power to resolve effects. Though clearly in some species,

e.g. humans, deliberate cross-fostering is not an option!

Although ‘animal’ models provide analytical solutions to

separate variance components, as already stated they do

require large sample sizes [89]. The exact sample size required

to have sufficient power to detect a given heritability value

depends on many factors, including: the number of related

individuals in the pedigree, the number of pedigreed individ-

uals that have been phenotyped, the pedigree structure (e.g.

pedigree depth, completeness and family sizes) and the confi-

dence with which relationships have been assigned in the

pedigree (e.g. have extra-pair paternities been accounted for?

[90]). It is, therefore, not possible to provide universal guide-

lines on the sample size required to detect heritability.

Accurate heritability estimates may, in certain cases, be esti-

mable from a hundred individuals [2], however, in most

cases, samples of an order of magnitude higher than this—

and than used in previous non-human studies—are probably

required. Importantly, studies must provide sample sizes of

the number of phenotyped individuals in the pedigree, the

number of phenotyped individuals with repeat measures

and the pruned pedigree size (i.e. where uninformative indi-

viduals are removed) to allow basic comparisons between

studies. Additionally, given that datasets are so variable, the

statistical power with which each dataset can detect heritabil-

ity of a given value [91] should always be reported. Sensitivity

analyses can also be run to investigate the impact of particular

errors on parameter estimates [89].

Fourthly, to detect G � E or G � Age effects, function-

valued trait approaches [92] can be used, or random

regression ‘animal’ models (where the slope of the genotype

is allowed to vary over environments [41]). Models need to be

built in a hierarchical process, first testing for individual�
environment effects and then comparing with a G � E/G �
Age model. However, detecting G � E/G � Age requires
data from individuals experiencing variable or different

environments over their lifetimes and very large sample

sizes. Currently, no published study has tested for G � E

effects of telomere length, although G � E and G � Age

effects have been estimated for other traits in natural

vertebrate populations (e.g. [25]).

Finally, a general problem with quantitative genetic studies

is a lack of consistency in the way in which parameter esti-

mates are presented [25]. Variance components need to be

presented in standard hierarchical models [41] to illustrate

the way in which variance components are confounded,

depending on model specification (figure 1b). This then facili-

tates cross-species comparisons. Importantly, all variance

estimates, and the confidence intervals around these, should

be reported from all of the models run, so that shifts in var-

iance components can be easily compared between models.

Furthermore, the inclusion of covariates can alter heritability

estimates from ‘animal’ models, so covariates must be clearly

specified [93]. Additionally, measurement error, such as obser-

ver bias or batch effect, may need to be controlled for. For

example, when measuring telomere lengths using quantitative

PCR (qPCR) or telomere restriction fragment (TRF) methods

plate or gel effects, respectively, can potentially affect variance

components and need to be properly modelled. Once the

appropriate models are run, providing a standardized estimate

of the additive genetic variance, through a measure of evolva-

bility (IA), VA/m2, where VA is scaled by the population mean

telomere length m, facilitates comparison across populations

with different mean telomere lengths, given variation scales

with the mean [83].
8. Conclusion
Having accurate estimates of the heritability of telomere

variation in natural populations is fundamental to our under-

standing of the evolutionary and ecological importance of

telomeres. Environmental effects on telomere length can be

complex and extensive and contribute significantly to the

lack of clarity and consensus from studies that have

attempted to estimate the heritability of telomeres so far.

Only by fully understanding the nature and timing of

environmental effects, and then controlling for them, can

we get accurate and meaningful measures of the heritability

of telomere length. While there are many difficulties associ-

ated with doing this in natural populations there are

potential methodological and analytical solutions. To be

successful, future studies need to be carefully designed in

terms of sampling individuals and ensuring sufficient

power to use these solutions. Finally, future studies must

present their sample sizes and results in a standard way to

facilitate meta-analyses so we can gain a more universal

understanding of the causes and consequences of telomere

variation.
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Kimura M, Christensen K, Kyvik KO, Aviv A. 2015 The
heritability of leucocyte telomere length dynamics.
J. Med. Genet. 52, 297 – 302. (doi:10.1136/
jmedgenet-2014-102736)

63. Honig LS et al. 2015 Heritability of telomere length
in a study of long-lived families. Neurobiol. Aging
36, 2785 – 2790. (doi:10.1016/j.neurobiolaging.
2015.06.017)

64. Sirota M et al. 2015 Effect of genome and
environment on metabolic and inflammatory
profiles. PLoS ONE 10, e0120898. (doi:10.1371/
journal.pone.0120898)

65. Faul JD, Mitchell CM, Smith JA, Zhao W. 2016
Estimating telomere length heritability in an
unrelated sample of adults: is heritability of
telomere length modified by life course
socioeconomic status? Biodemogr. Soc. Biol. 62,
73 – 86. (doi:10.1080/19485565.2015.1120645)

66. Kobyliansky E, Torchinsky D, Kalichman L, Karasik D.
2016 Leukocyte telomere length pattern in a
Chuvash population that experienced mass famine
in 1922 – 1923: a retrospective cohort study.
Am. J. Clin. Nutr. 104, 1410 – 1415. (doi:10.3945/
ajcn.116.138040)

67. Bhaumik P, Bhattacharya M, Ghosh P, Ghosh S, Dey
SK. 2017 Telomere length analysis in Down
syndrome birth. Mech. Ageing Dev. 164, 20 – 26.
(doi:10.1016/j.mad.2017.03.006)

68. Horn T, Robertson BC, Will M, Eason DK, Elliott GP,
Gemmell NJ. 2011 Inheritance of telomere length in
a bird. PLoS ONE 6, e0017199. (doi:10.1371/journal.
pone.0017199)

69. Olsson M, Pauliny A, Wapstra E, Uller T, Schwartz T,
Blomqvist D. 2011 Sex differences in sand lizard
telomere inheritance: paternal epigenetic effects
increases telomere heritability and offspring
survival. PLoS ONE 6, e17473. (doi:10.1371/journal.
pone.0017473)

70. Voillemot M, Hine K, Zahn S, Criscuolo F, Gustafsson
L, Doligez B, Bize P. 2012 Effects of brood size
manipulation and common origin on phenotype
and telomere length in nestling collared flycatchers.
BMC Ecol. 12, 17. (doi:10.1186/1472-6785-12-17)
71. Reichert S, Rojas ER, Zahn S, Robin J-P, Criscuolo F,
Massemin S. 2014 Maternal telomere length
inheritance in the king penguin. Heredity 114,
10 – 16. (doi:10.1038/hdy.2014.60)

72. Atema E, Mulder E, Dugdale HL, Briga M. 2015
Heritability of telomere length in the zebra finch.
J. Ornithol. 156, 1113 – 1123. (doi:10.1007/s10336-
015-1212-7)

73. Becker PJ. J., Reichert S, Zahn S, Hegelbach J,
Massemin S, Keller LF, Postma E, Criscuolo F. 2015
Mother-offspring and nest-mate resemblance but
no heritability in early-life telomere length in
white-throated dippers. Proc. R. Soc. B 282,
20142924. (doi:10.1098/rspb.2014.2924)

74. Bauch C, Riechert J, Verhulst S, Becker PH. 2016
Telomere length reflects reproductive effort indicated
by corticosterone levels in a long-lived seabird. Mol.
Ecol. 25, 5785 – 5794. (doi:10.1111/mec.13874)

75. Haussmann MF, Longenecker AS, Marchetto NM,
Juliano SA, Bowden RM. 2012 Embryonic exposure to
corticosterone modifies the juvenile stress response,
oxidative stress and telomere length. Proc. R. Soc. B
279, 1447 – 1456. (doi:10.1098/rspb.2011.1913)

76. Noguera JC, Metcalfe NB, Reichert S, Monaghan P.
2016 Embryonic and postnatal telomere length
decrease with ovulation order within clutches. Sci.
Rep. 6, 232. (doi:10.1038/srep25915)

77. Aviv A, Susser E. 2013 Leukocyte telomere length
and the father’s age enigma: implications for
population health and for life course. Int. J.
Epidemiol. 42, 457 – 462. (doi:10.1093/ije/dys236)

78. Nakagawa S, Schielzeth H. 2010 Repeatability for
Gaussian and non-Gaussian data: a practical guide
for biologists. Biol. Rev. 85, 935 – 956. (doi:10.1111/
j.1469-185X.2010.00141.x)

79. Henderson CR. 1982 Analysis of covariance in the
mixed model: higher-level, nonhomogeneous, and
random regressions. Biometrics 38, 623 – 640.
(doi:10.2307/2530044)

80. Ovaskainen O, Cano JM, Merilä, J. 2008 A Bayesian
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