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In a broad range of species—including humans—it has been demonstrated

that telomere length declines throughout life and that it may be involved in

cell and organismal senescence. This potential link to ageing and thus to fitness

has triggered recent interest in understanding how variation in telomere length

is inherited and maintained. However, previous studies suffer from two main

drawbacks that limit the possibility of understanding the relative importance

of genetic, parental and environmental influences on telomere length vari-

ation. These studies have been based on (i) telomere lengths measured at

different time points in different individuals, despite the fact that telomere

length changes over life, and (ii) parent–offspring regression techniques,

which do not enable differentiation between genetic and parental components

of inheritance. To overcome these drawbacks, in our study of a songbird, the

great reed warbler, we have analysed telomere length measured early in life

in both parents and offspring and applied statistical models (so-called

‘animal models’) that are based on long-term pedigree data. Our results

showed a significant heritability of telomere length on the maternal but not

on the paternal side, and that the mother’s age was positively correlated

with their offspring’s telomere length. Furthermore, the pedigree-based ana-

lyses revealed a significant heritability and an equally large maternal effect.

Our study demonstrates strong maternal influence on telomere length and

future studies now need to elucidate possible underlying factors, including

which types of maternal effects are involved.
1. Introduction
Telomeres are repetitive sequences located at the ends of chromosomes. They are

highly conserved between lineages and are important because they protect

chromosomes from degradation and fusion, thereby maintaining chromosome

integrity [1,2]. The telomeres decrease in length throughout life of an organism

owing to cell division and through the effects of oxidative stress; this eventually

leads to cell death, which may play a role in organismal ageing [3–7]. Several

studies have shown a link between telomere length (or rate of telomere loss) and

individual lifespan or physiological condition [5,7–11], implying that telomere

length is an important fitness proxy involved in senescence. Despite its apparent

association with senescence and fitness, it has been found that telomere length

is highly variable between individuals of the same age class and appears to

have a relatively large heritable component [7–12]. However, evidence is accumu-

lating that telomere length is also influenced by environmental factors [7,13,14].

Central questions in telomere research are currently how variation in telomere

length is maintained over time in the population and to what degree telomere

length is under genetic and non-genetic (parental or other environmental)

influence.

Telomere inheritance has been very actively researched in humans, and sev-

eral studies have found a significant association between the fathers’ telomere

length and that of their offspring, but not between mothers’ telomere length

and that of their offspring [15–17]. However, in the only study where the
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telomere length was measured at childbirth, a highly signifi-

cant mother–offspring telomere length regression was found

[18]. Thus, the inheritance pattern of telomeres in humans is

presently unresolved, which is further emphasized by two

recent meta-analyses that reached different conclusions. One

of these studies concluded a stronger maternal than paternal

inheritance and significant paternal age effect [12], while the

other study found no significant difference between mother–

offspring and father–offspring telomere length regressions

[19]. In vertebrates beyond humans, the inheritance pattern

of telomere length has seldom been investigated. A study in

the sand lizard (Lacerta agilis) found a significant correlation

between parents and offspring, with a stronger correlation

between fathers and sons than between mothers and daughters

[20]. Three bird species have been investigated so far: the

kakapo (Strigops habroptilus), where a significant regression

was found only between mothers and offspring (but not

between fathers and offspring) [21], and the collared flycatcher

(Ficedula albicollis), where a cross-fostering study revealed her-

itability and/or a parental effect, but the effect of parental sex

on telomere inheritance could not be investigated [22]. Finally,

a recent study in king penguin (Aptenodytes patagonicus)

showed maternal inheritance of telomere length [23].

Most previous studies suffer from two drawbacks that

limit the potential to understand the relative importance of

genetic and environmental influence of telomere length vari-

ation. First, most studies have been based on telomere length

measurements taken from the offspring and parents at differ-

ent times in their lives. This is problematic because telomeres

shorten with age and potentially at different rates depending

on exposure to environmental factors [7,13,14]. Indeed, evi-

dence is accumulating that telomere length can change over

time even in the germ cells and that this can influence off-

spring telomere length [24–26]. It is, therefore, possible that

paternal or maternal age at the time of fertilization can

affect offspring telomere length. This could result in a

carry-over effect of parental age to the next generation [7].

In humans, there is evidence that offspring telomere length

is positively correlated with their father’s age [15,25,27], but

it shows no or a negative correlation with their mother’s

age [28]. However, there are to our knowledge no such

studies conducted on any other species. With analyses of

data on mixed-age individuals it is not possible to control

for potential environmental effects, which can seriously bias

the heritability estimates [24] and hamper our understanding

of how genetic and non-genetic factors contribute to early life

telomere length. The inability to control for environmental

effects can potentially explain the large range of estimates

of heritability of telomere length in different studies, and

e.g. in humans, the heritability estimates range from 36 to

90% [15,18,29,30]. Studies measuring the telomere length

early in life in both parents and offspring will be decisive

for our understanding of telomere inheritance, because they

take account of the variation in telomere length caused by

individual differences in life experiences.

Second, previous studies of the inheritance pattern of tel-

omere length have used parent–offspring regressions, which

is unfortunate as these techniques do not allow the separation

of the genetic and non-genetic components. However, to

tease apart the relative contributions of genetic and non-gen-

etic factors in determining variation in telomere length, a so-

called ‘animal model’ approach (a linear mixed model (LMM)

estimated with restricted maximum likelihood) can be
applied by using reliable extensive pedigrees from long-

term study of (wild) populations [31]. So far, however, no

study has used this approach. This type of study is of general

interest, because if we can understand how and why non-

genetic factors impact early life telomere length, this may

reveal general biological patterns that may emerge, e.g. iden-

tifying factors that slow-down early life telomere shortening

(which later in life may postpone senescence).

In this study, we evaluate the influence of genetic and

parental factors on offspring telomere length in a wild popu-

lation of a songbird, the great reed warbler (Acrocephalus
arundinaceus), studied over the past 30 years [32,33]. To

overcome the drawbacks of previous studies, we measured

telomere length very early in life in both parents and offspring

and apply ‘animal models’ based on resolved pedigree data

[34,35]. This approach enabled us to analyse the relative impor-

tance of genetic, environmental, parental age and maternal

effects on telomere length in a way that has previously not

been possible in vertebrates.
2. Material and methods
(a) Great reed warbler study population
This study is based on life-history data collected from great reed

warblers breeding at Lake Kvismaren (598100 N, 158250 E), in

southern Central Sweden, between 1983 and 2013. Daily visits

were performed throughout the breeding season and the majority

of the breeding males and females were colour-ringed with individ-

ual-unique combinations, allowing identification of individuals

from a distance. Details of fieldwork and morphology, life-history

and reproduction data are described elsewhere [36,37]. A blood

sample of 20–100 ml was collected from each captured adult and

stored in SET-buffer at 2808C until DNA extraction.

The great reed warbler breeds in Europe and Western Asia

and winters in Africa [38]. It has a facultatively polygynous

social mating system, where a male can have two to five breeding

females in his territory simultaneously, although 38% of the terri-

torial males form pair bonds with only one female and 21% of

territorial males are unmated [39–41]. We visited all breeding ter-

ritories almost daily (every 1–3 days) throughout the breeding

season and located almost all of the nesting attempts. The parent-

age of chicks has been confirmed by molecular methods [39,42,43].

The frequency of extra-pair paternity is low in this population,

involving only about 3% of the chicks [42,43], and the pedigrees

have been corrected for these events. Still, we excluded all extra-

pair young from the analyses in this study. The dataset used is

based on early life telomere length of individuals hatched between

1988 and 2002, because the genetic parentage has been established

for this subsample. We included only nestlings that had at least

one parent whose telomere length was measured early in life.

Early life telomere lengths of both parents and offspring were

measured from the blood samples taken when these birds were

8–10-day-old nestlings (in most cases 9 days old) [39–41].

A total of 193 individuals (139 offspring from 46 broods, which

were produced by 25 females and 29 males) were measured. For

18 of the parents (8 females and 10 males), we could not determine

early life telomere length because DNA samples were not available

from their nestling period. These individuals were excluded from

the heritability analysis (although we kept the relatedness links

of these individuals in the pedigree, but without information on

the phenotype), but they were included in the analysis of the effects

of parental age at fertilization on offspring early life telomere

length. Numbers of included individuals varied between years

from 2 to 20 (mean ¼ 12.6 per year). At our study site, great reed

warblers show remarkably high breeding site fidelity [33,44].
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Among the previous year’s breeders that survive the winter, 92%

return to breed at Lake Kvismaren [44]. When considering only

birds hatched in Kvismaren that returned to breed at this site (phi-

lopatric individuals), breeding site fidelity in consecutive years

was even higher (almost 100%). Therefore, we included only phi-

lopatric birds in the study to maximize the number of years an

individual was sampled.

(b) Pedigree
The great reed warbler pedigree spanning the years 1985–2004 con-

tains 735 individuals [34,35]. We pruned this pedigree prior to the

present analyses to remove uninformative links [45]. The pruned

pedigree contained 203 unique individuals with the following

links: 154 maternities, 154 paternities, 254 full sibs, 467 maternal

sibs, 470 paternal sibs, 213 maternal half sibs, 216 paternal half

sibs, 118 maternal grandmothers, 118 maternal grandfathers, 123

paternal grandmothers and 123 paternal grandfathers.

(c) Molecular analyses
DNA was extracted using standard phenol/chloroform methods

and diluted to a concentration of 1 ng ml21. Real-time PCRs

(qPCRs) were performed in a Mx3000P QPCR system

(Stratagene) for quantification of telomeres by using the primer

set tel (tel 1b 50-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGG

GTTTGGGTT-30 and tel 2b 50-GGCTTGCCTTACCCTTACCCTT

ACCCTTACCCTTACCCT-30) [46]. To obtain an accurate

measurement of the total DNA content in a qPCR reaction, a

second reaction was carried out with host-specific primer set

sfsr/3 (sfsr/3-Fb 50-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGG

GTTTGGGTT-30 and sfsr/3-Rb 50-GGCTTGCCTTACCCTTACC

CTTACCCTTACCCTTACCCT-30) [47,48], which amplify a

single-copy nuclear sequence (114 bp) that is ultra-conserved

across vertebrates [49]. Each reaction of 25 ml included 5 ml

(1 ng ml21) DNA, 12.5 ml Supermix (Platinum SYBR-green

q-PCR SuperMix-UDG, Invitrogen), 0.1 ml ROX, 0.5 ml (10 mM)

of each tel primer or 1 ml (10 mM) of each sfsr/3 primer and

ddH2O. We ran 30 thermal cycles for telomere measurements

and 40 thermal cycles for total DNA contents. Samples were

incubated at 508C for 2 min and 958C for 10 min before running

thermal cycling [958C for 15 s, (578C for sfsr/3 and 588C for tel for

30 s) and 728C for 30 s]. Owing to different annealing tempera-

tures, the sfsr/3 and tel primer sets were run on different plates.

Each sample was run in duplicates for both the tel and the

sfsr/3 primer sets and we used the mean of the Ct-values of

these duplicates in all calculations. Every 96-well plate included

a ‘golden sample’ (one great reed warbler sample of 1 ng ml21)

[46], two negative controls and a serial dilution of a carefully

quantified sample (using a NanoDrop 2000, Thermo Scientific)

from another great reed warbler (25, 5, 1, 0.2 and 0.04 ng of

DNA per well) to produce standard curves. This serially diluted

standard was used on all plates and for both sets of primers. We

discarded and then re-ran samples on plates producing standard

curves where the qPCR efficiency was outside 85–115%.

From the Ct values of qPCR reactions (mean Ct+ s.d.;

telomere ¼ 14.5+1.1, single-copy gene ¼ 24.4+1.0), we calcu-

lated the amounts of the telomere sequence and the single-copy

nuclear sequence relative to their respective standard curves.

Because the standard curves are expressed in ng ml21 this is the

unit reported from the qPCR. These values were standardized

across the plates by dividing them by the plate value of the

‘golden sample’ in order to obtain plate-adjusted amounts of telo-

mere sequence (T ) and single-copy nuclear sequence (S). Finally,

we calculated the relative telomere length by the ratio of T and S
(T/S), which is the standard used in several recent qPCR-based tel-

omere studies [9,46]. In qPCR studies, differences in gene copy

numbers are often expressed as DDCt-values; however, the two

approaches can easily be compared because the 2log2 of T/S is
equal to DDCt [50]. We have used the T/S ratio as a relative

measure of ‘telomere length’ in this study.

Next, we evaluated the within-plate repeatability (i.e. between

technical replicates of the same sample) for non-normalized

values obtained by the primer sets sfsr/3 and tel. We used six

plates (three plates for each primer set sfsr/3 and tel) and each

plate contained 42 samples that were run in duplicates. We ana-

lysed the data using linear mixed model (LMM) fitted with

restricted maximum likelihood (REML, lme4 package in R v.

2.15.1 [51]) and included the sample ID as a random factor. The

within-plate repeatability was very high for both primers (tel,
mean ICC ¼ 0.99; sfsr/3, mean ICC ¼ 0.98; see electronic sup-

plementary material, table S1). To calculate between-plate

repeatability we used 15 random samples run three times in dupli-

cates on different plates. Also for these analyses, we used LMM

fitted with REML (lme4 package in R v. 2.15.1 [51]). The response

values were either the T/S ratios or the standard curve-adjusted

values from the qPCR output fitting the sample ID as a random

factor. The method we have used also shows very high

between-plate repeatability (tel, mean intra class correlation

(ICC) ¼ 0.96; sfsr/3, mean ICC ¼ 0.94). Finally, we calculated the

repeatability of the T/S ratio (i.e. our estimate of ‘telomere

length’ after normalization for both the ‘golden sample’ and the

total DNA content in the sample) using the same statistical

method as above. Our method also shows high repeatability of

the T/S ratio (ICC¼ 0.93; see electronic supplementary material,

table S1).

One potential problem of using qPCR to study telomeres in

birds is that it measures telomere sequences at the end of the

chromosomes together with any interstitial telomeric repeats.

Interstitial telomeric repeats probably occur in most birds and

can vary among individuals of the same species, however, the

interstitial repeats do not change in length over an individual’s

life [52,53]. To evaluate whether our qPCR measurement cap-

tures variation in telomere length without being seriously

affected by any interstitial telomeric repeats, we investigated

the annual qPCR measurements of telomere repeat numbers in

65 individuals that survived to 1–6 years of age.
(d) Statistics
To investigate the narrow sense heritability (h2) of telomere length,

we first ran parent–offspring regressions. Some of the indivi-

duals produced offspring in more than one year, in most cases

with different partners. We therefore pooled all offspring belonging

to the same mother or father, respectively, to calculate mean off-

spring telomere length for each parent. For the sex-specific

analyses, we conducted regression analyses of early life telomere

length of parents and their offspring: mother versus mid-son,

mother versus mid-daughter, father versus mid-son and father

versus mid-daughter. We also ran regression analyses to investigate

the parental age effect on offspring early life telomere length.

To investigate the factors that may influence offspring telomere

length, we LMM estimated with REML (lme4 package in R

v. 2.15.1). We included the following variables as fixed factors in

the models: offspring sex; mother’s age; mother early life telomere

length; and father’s age and father’s early life telomere length, with

all two-way interactions. As both females and males produced

broods in different years, we added mother identity and father

identity as random effects, with broods nested inside mother and

father. We used the package LMERConvenienceFunction to

forward-fit random effects (using log-likelihood ratio testing)

and to back-fit fixed factors (on F-values, t-values and log-likeli-

hood ratio testing). We used the function pamer.fnc to compute

ANOVAs with upper- and lower-bound p-values and percentage

of deviance explained [54] (table 1).

Finally, to evaluate genetic and non-genetic effects that may

affect early life telomere length, we analysed our pedigree data



Table 1. Results of a linear mixed model (LMM) that investigated factors that could be associated with offspring early life telomere length in great reed
warblers. All factors were included simultaneously in the model. As both females and males produced broods in different years, we added mother identity and
father identity as random effects with broods nested inside mother and father. d.f., nominator degree of freedom; upper.den.d.f., upper-boundary denominator
degree of freedom; upper.p.val, upper-boundary significant value; lower.den.d.f., lower boundary denominator degree of freedom; lower.p.val, lower boundary
significant value; expl.dev.(%), proportion of deviance explained. Significant p values are given in bold.

Model estimates+++++ s.e. d.f. F-value
upper.
den.d.f. upper.p.val

lower.
den.d.f.

lower.
p.val

expl.dev.
(%)

offspring sex 20.043+ 0.034 1 1.089 79 0.297 17 0.309 0.226

mother age 0.071+ 0.022 1 15.098 79 0.0002 17 0.001 3.107

father age 0.015+ 0.028 1 0.141 79 0.708 17 0.712 0.029

mother telomere length 0.647+ 0.148 1 19.004 79 <0.0001 17 <0.001 4.003

father telomere length 20.130+ 0.235 1 0.307 79 0.581 17 60.58 0.063
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[34,35] using an ‘animal model’ approach. The animal model is a

LMM estimated with restricted maximum likelihood (REML),

that takes all relationships from the pedigree into account,

adjusts for fixed effects, and simultaneously divides the remain-

ing phenotypic variance into environmental and genetic

components [31,55]. We used the software ASReml v. 3.0 [56]

to fit our model. Based on the results from the LMM (table 1),

we included ‘mother age’ as a fixed factor (because it signifi-

cantly affected telomere length, see table 1). As random factors

we included mother identity (to estimate maternal effects),

brood identity (to estimate brood-specific environmental effects,

other than maternal effects) and the individual identity linked to

the pedigree (to estimate additive genetic effects). To obtain

significance levels (see table 2), we compared models with a

log-likelihood ratio test [55]. As our dataset is rather small for

employing ‘animal models’, it should be stated that it is likely

to be underpowered for more complex models.
age (years)

Figure 1. Relationship between age and telomere length in great reed
warblers. The sample size (N ) for each age group is given below the error
bar. T/S ratio is a relative telomere length estimated by dividing the sample’s
telomere copy number (T ) by its copy number of an ultra-conserved single-
copy nuclear sequence (S) (see §2).
3. Results
We found that telomere repeat number in great reed warblers

decreases significantly with age (F1,108 ¼ 98.772, p , 0.0001;

figure 1) with no effect of sex (F1,63 ¼ 0.11, p ¼ 0.71). This

relationship strongly implies that the chromosome-end

telomere repeats is the main component measured when

using the qPCR method in great reed warblers, thus provid-

ing a good estimate of relative telomere length (without being

seriously affected by interstitial telomeric repeats).

Parent–offspring regression analyses revealed a significant

relationship between mother and offspring early life telomere

length with a similar magnitude for both sons (b ¼ 0.69 (95%

CI¼ 0.20–1.18), r ¼ 0.61, p ¼ 0.009; figure 2a) and daughters

(b ¼ 0.56 (95% CI¼ 0.17–0.95), r ¼ 0.63, p ¼ 0.008; figure 2b).

However, there was no significant relationship between father

and offspring early life telomere length, either for sons (b ¼
0.12 (95% CI¼ 20.50–0.72), r ¼ 0.09, p ¼ 0.69; figure 2c) or

daughters (b ¼ 0.14 (95% CI¼ 20.4–0.71), r ¼ 0.12, p ¼ 0.61;

figure 2d). The heritability estimates (b � 2) for the significant

mother–mid-offspring regression was h2 ¼ 1.08 (0.54� 2) and

for the non-significant father–mid-offspring regression h2 ¼

0.28 (0.14� 2) (electronic supplementary material,

figure S1a,b). The parent–offspring regression estimates of the

narrow sense heritability h2 can, however, be confounded by

environmental effects. This is emphasized by our finding that

mother age was significantly positively correlated with off-

spring early life telomere length (r ¼ 0.41, p ¼ 0.004, N ¼ 139
offspring from 46 broods; figure 3a), whereas there was

no effect of father age on offspring early life telomere length

(r ¼ 0.11, p ¼ 0.47, N ¼ 139 offspring from 46 broods; figure 3b).

The LMM analysis showed a significant positive relation-

ship between the mother’s early life telomere length and the

early life telomere length of their offspring (F1,79 ¼ 19.01, p ,

0.001; table 1). Moreover, there was a significant positive

relationship between the mother’s age at the time of the speci-

fic breeding event and the early life telomere length of the

offspring resulting from that breeding event (F1,79 ¼ 15.098,

p , 0.001; table 1, see also figure 3a). There was no relationship

between offspring early life telomere length and either the

father’s early life telomere length or the father’s age at

the time of a breeding event ( p . 0.50; table 1). Offspring sex

did not explain any of the variation in offspring early life telo-

mere length ( p . 0.20; table 1), and all two-way interactions

were non-significant (all p . 0.05).

The differences in the slope values of the mother–offspring

(figure 2a,b) and father–offspring (figure 2c,d) regressions

suggest a strong maternal effect on the inheritance of telomere

length, an effect that potentially can mask the presence of an



Table 2. Additive genetic and maternal effects (estimate+ s.e.) on offspring early life telomere length (TL) estimated by ‘animal model’ analyses. Six models
(1 – 6) are presented, where the first one is the null model. The next models (2 – 4) show how variance is partitioned when factors are added to the null model,
starting with brood (model 2), followed by maternal effect (model 3) and then genetic effect (model 4). The last two models (5 – 6) show how variance is
partitioned when excluding brood but including first maternal effect (model 5) and then adding genetic effect (model 6). In all these models, ‘mother age’ is
included as a fixed factor. Significance levels of the factors are estimated with log-likelihood (logL) ratio test and factors with p , 0.001 are indicated in bold.
Degrees of freedom are 167 for all models. VP, phenotypic variance; VE, environmental (residual) variance; e2, environmental (residual) effect; VB, brood variance;
b2, brood effect; VM, maternal variance; m2, maternal effect; VA, additive genetic variance; h2, heritability; logL, log-likelihood estimate; *, model did not fully
converge; n.e., not estimated.

model VP VE e2 VB b2 VM m2 VA h2 logL

1. TL ¼ mother age 0.114

+

0.012

0.114

+

0.012

1 — — — — — — 91.68

2. TL ¼ mother age þ brood 0.106

+

0.016

0.015

+

0.002

0.141

+

0.029

0.091

+++++

0.017

0.848

+++++

0.029

— — — — 172.5

3. TL ¼ mother age þ brood þ
maternal effect

0.106

+

0.018

0.015

+

0.002

0.141

+

0.031

0.043

+++++

0.020

0.405

+++++

0.146

0.048

+++++

0.014

0.454

+++++

0.137

— — 176.3

4. TL ¼ mother age þ brood þ
genetic effect þ maternal effect*

0.091

+

0.013

0+ 0

(n.e.)

0+ 0

(n.e.)

0.016

+

0.015

0.184

+

0.151

0.042

+++++

0.013

0.467

+++++

0.039

0.032

+++++

0.004

0.349

+++++

0.068

179.5

5. TL ¼ Telomere length ¼ mother

age þ maternal effect

0.112

+

0.019

0.039

+

0.005

0.351

+

0.071

— — 0.072

+++++

0.020

0.650

+++++

0.071

— — 142.98

6. TL ¼ mother age þ genetic

effect þ maternal effect

0.110

+

0.019

0.006

+

0.008

0.051

+

0.077

— — 0.051

+++++

0.017

0.470

+++++

0.093

0.051

+++++

0.015

0.480

+++++

0.120

155.5

rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20142263

5

additive effect. The presence of a strong maternal, but no

paternal effect on the inheritance pattern of telomere length

is further supported by the LMM analyses (table 1).

To tease apart the additive genetic and environmental

components of the phenotypic variance in early life telomere

length, we used the extensive pedigree and the ‘animal

model’ approach. Based on the LMM (table 1), maternal age

was included as a covariate fixed effect to account for variation

in offspring telomere length caused by the age of the mother.

As random effects, we fitted additive genetic effects, maternal

effects (this time, the general maternal effects based on consist-

ent differences between individual mothers) and brood effect.

Both brood effect and maternal effect are significant (model 3,

table 2). When including the additive genetic effects into the

model, the model does not fully converge (the parameters

can still change 1–2%) and the residuals cannot be estima-

ted. In this model, the heritability was estimated to be 0.349

(+0.068 s.e., p , 0.001). We also ran a model that did fully con-

verge, only including maternal effect and additive genetic

effect, where the heritability was estimated to be 0.480

(+0.120 s.e., p , 0.0001). The maternal effect did not change

considerably between these models (models 4 and 6 in

table 2) varying between 0.467 (+0.039 s.e., p , 0.0001) and

0.470 (+0.093 s.e., p , 0.0001; table 2).
4. Discussion
Our analyses showed strong heritability and pronounced

maternal effects on early life telomere length in great reed
warblers. Previous studies in a number of different organisms

and species have reported significant heritability of telomere

length. However, since these studies are based on parent–

offspring regressions [15,17,20,21,29,30], none of them has

been able to disentangle the relative contribution of the

additive genetic and parental effects to telomere length. The

strength of our study is that it is based on a dataset (193

individuals including mothers, fathers and young from 46

broods) embedded in a resolved pedigree [34,35], which

enabled us to use ‘animal models’ [31] to disentangle

the additive genetic and maternal effects. When applying

these tools to the great reed warbler dataset where we had

measured early life telomere length in both parents and their

offspring, we could demonstrate that both additive genetic

effects (h2 ¼ 35–48%) and maternal effects (47%) contributed

to offspring early life telomere length. The strong genetic and

maternal effects on offspring early life telomere length are

likely to be important for offspring performance and fitness,

because in our study species an individual’s early life telomere

length is positively associated with its longevity [57].

Our study shows that offspring early life telomere length

can be strongly influenced by maternal effects. This has impor-

tant implications and raises new questions in telomere

research. A first step would be to find out to what extent

maternal effects also influence offspring early life telomere

length also in other species of birds and mammals, including

in humans. Second, we can begin to analyse which maternal

factors contribute to early life telomere length in the offspring.

For example, ecological studies have shown that maternal (or

experimental) modulation of egg yolk composition (e.g.
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concentrations of hormones and antibodies) can impact behav-

iour, growth, immune function and offspring survival [58–60].

Moreover, patterns of growth and exposure to stress early in life

have been associated with reduced telomere length in humans

and rats [61,62]. Hence, maternal influence on growth, immune

response and stress in their offspring might also affect offspring

telomere length during the prenatal and early postnatal devel-

opmental stages. Future studies should try to identify which

types of maternal effects are decisive for the control of offspring

early life telomere length and during which stage (prenatal or

early postnatal) of development such factors have the strongest

effects.

Another remarkable finding in our study was that offspring

telomere length was positively related to maternal age but not

to paternal age. By contrast, in humans, offspring telomere

length is positively correlated with paternal but not with

maternal age [15,25,27]. One proposed explanation for this pat-

tern has been that older men have sperm with longer telomeres

[25,63,64], possibly as a consequence of the high activity of telo-

merase found in testes [25,65]. This higher telomerase activity

is thought to be owing to the need for continued production

of male gametes throughout life [66]. The argument explaining

why maternal age does not affect offspring telomere length in

humans has been that the entire population of ova is developed

at a very early age, after which it is retained throughout life

without further cell divisions, preventing any ageing effects

of the mother on offspring telomere length [25,67]. However,

these mechanisms can obviously not explain the sex-specific

age-dependent pattern found in our songbird study, because

we found a positive association between maternal age and

the telomere length of their offspring, but no such relationship

with father age. The association between mother age and off-

spring telomere length could be explained by a higher

telomerase activity in the ovaries of female birds, a process

that is age- and/or condition-dependent. However, this is

speculative and remains to be investigated. Another possible

explanation for longer telomere length in offspring produced

by older females could be that these young experience a

slower rate of telomere loss before ca 9 days of age (our

measurement point), and that this slower telomere loss rate is

caused by some type of maternal effect that is enhanced as

the female becomes older (see above). Previous studies have

shown that parental age at breeding can influence offspring

phenotype via variation in nest attendance, incubation temp-

erature or other maternal effects [60,68,69]. In great reed

warblers, older females arrive earlier in spring, which may
allow them to occupy better territories for breeding and gain

more help from the males in feeding nestlings. By contrast,

younger females arrive later and, therefore, more often settle

as secondary females (with socially polygynous males) and

thereby get limited or no help from the male with nestling feed-

ing, or they settle as monogamous females in low quality

territories with young or low quality males, situations that

may induce costs and reduce phenotypic condition in young

females [40,41,70]. Such social, temporal and spatial varia-

tion may affect female condition and hence play a role in the

telomere degradation of their offspring.

To the best of our knowledge, this is the first study to show

the relative effect of both the genetic and parental factors that

determine telomere length in a vertebrate. The results of this

study clearly show that there is a significant additive genetic

as well as an equally large maternal component on early life

telomere length in great reed warblers. Our study of a song-

bird, as well as parent–offspring regression studies of other

bird species [21,23], supports the view that telomere length is

under strong maternal influence in birds. This contrasts the

situation in humans, where telomere length appears to be

under paternal influence [15–17], although results of human

studies are presently equivocal [12,19]. Furthermore, we

found an association between offspring telomere length and

their mother’s age, which is in contrast to studies of humans

where offspring telomere length instead is linked to father’s

age [15,25,27]. Taken together, our study provides several

novel insights into the relative importance of genetic and

non-genetic factors that determine early life telomere length

in vertebrates. These results now call for experimental studies

to further elucidate the factors that may underlie the maternal

effects on offspring early life telomere length. Moreover, it also

highlights the need for a broader taxonomic survey regard-

ing which parental sex determines telomere inheritance

patterns, as well as the relative contribution of genetic and

non-genetic factors to early life telomere length.
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