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Telomeres are protective DNA-—protein complexes located at the ends of
eukaryotic chromosomes, whose length has been shown to predict life-history
parameters in various species. Although this suggests that telomere length is
subject to natural selection, its evolutionary dynamics crucially depends on
its heritability. Using pedigree data for a population of white-throated dippers
(Cinclus cinclus), we test whether and how variation in early-life relative telo-
mere length (RTL, measured as the number of telomeric repeats relative to a
control gene using qPCR) is transmitted across generations. We disentangle
the relative effects of genes and environment and test for sex-specific patterns
of inheritance. There was strong and significant resemblance among offspring
sharing the same nest and offspring of the same cohort. Furthermore, although
offspring resemble their mother, and there is some indication for an effect of
inbreeding, additive genetic variance and heritability are close to zero. We
find no evidence for a role of either maternal imprinting or Z-linked inheri-
tance in generating these patterns, suggesting they are due to non-genetic
maternal and common environment effects instead. We conclude that in this
wild bird population, environmental factors are the main drivers of variation
in early-life RTL, which will severely bias estimates of heritability when not
modelled explicitly.

1. Introduction

Telomeres are highly conserved protective DNA—protein complexes based on
tandem repeats of a simple sequence of nucleotides. Although telomeric
sequences can also be found in the pericentric regions of chromosomes (interstitial
telomeres), most interest has gone out to the ends of eukaryotic chromosomes, i.e.
the terminal telomeres. Terminal telomeres prevent deterioration of chromosome
ends and fusion among chromosomes [1], and their length is shaped by the inter-
play of pro- and anti-erosion factors [2,3]. Telomere length has been shown to
significantly predict life-history parameters in a number of organisms, both
when telomeres are measured early in life [4] and during adulthood [5]. For
example, telomere length (or their rate of shortening) has been linked to lifespan
in humans [6] and several bird species, both in captivity [4] and in natural popu-
lations [5,7,8]. More recently, it has been found that telomere length may not only
be positively related to individual fitness through its link with lifespan, but also
as a mediator of reproductive trade-offs [9]. This further reinforces the idea that
telomere length could be subject to directional natural selection. However,
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whether this also results in an evolutionary response depends
on the heritability of telomere length.

Telomere length shows substantial amounts of variation,
not only among eukaryote species [10], but also among indi-
viduals of the same species and population [5]. Although it is
key to obtaining a better understanding of the origin of this
individual variation in early-life telomere length, an answer
to the question whether variation in telomere length is trans-
mitted from one generation to the next, and if it is, by what
mechanism, remains equivocal. Several studies on the mode
of transmission and narrow-sense heritability (i.e. the pro-
portion of the phenotypic variance that is attributable to
additive genetic effects, i?) of telomere length have been con-
ducted in humans (e.g. [11-14]), as well as in captive and wild
populations of other species (e.g. [15-20]). Ranging from
0.18 to 1.23, the majority of these heritability estimates is rela-
tively high, especially considering that heritabilities of traits
closely related to fitness are often low [21,22]. However, as
they are ratios, heritabilities can be high even if the absolute
amount of additive genetic variance is low, if environmentally
induced variation is even lower (for example in captivity (e.g.
[20], but see [23])). Alternatively, if common environment and
parental effects are not accounted for, heritabilities will be
overestimated [24]. Indeed, telomere dynamics are known to
be modulated by environmental factors, both during develop-
ment [25-27] and adult life [28,29]. For example, early
exposure to steroid hormones triggers an accelerated telomere
loss in domestic chickens [30].

Interestingly, a number of studies has found support for
sex-specific patterns of inheritance of telomere length (e.g.
[13,15-18,31,32]). For example, several of the studies investi-
gating telomere length inheritance in non-human animals
(birds and lizards) have found either maternal inheritance
[15,16,18] or a much higher son-father than daughter—
mother resemblance [17]. Indeed, sex-specific patterns appear
to be the rule rather than the exception and suggested mechan-
isms include parent-specific imprinting, hormonal regulation
and sex-chromosome linkage, either acting independently or
jointly [13,16,17,32].

Here, we investigate patterns of inheritance of relative telo-
mere length (RTL) in a wild population of white-throated
dippers (Cinclus cinclus). We use nestlings from an individual-
based long-term study, enabling us to separate phenotypic
variation in RTL into variance components attributable to
additive genetic, common environment (i.e. nest) and other
environmental effects. In addition, we explicitly test for paren-
tal and imprinting effects, as well as sex-linked inheritance
(Z-linkage).

2. Material and methods
(a) Study system

The white-throated dipper is a medium-sized passerine living
along streams and rivers. Since 1987, dippers have been studied
at 11 rivers, spanning an area of approximately 400 km” in the
proximity of Zurich, Switzerland (8°23' E/47°25' N to 8°40'E/
47°10' N). Here, we use data from the Kiisnacht (K), Wehrenbach
(W) and Sihl (S) Rivers. Every year, monitoring starts in early
February in order to map territories and to find nests. Most
pairs are socially monogamous but each year approximately
9% of males are polygynous. Territories are checked regularly
between nest building and nestling phase. Nestlings of first

broods hatch between early March and April. About 35% of all
nestlings are from second broods with hatching dates in early
June at the latest. Clutch size is slightly larger for the first com-
pared with the second brood (mean +s.d.: 4.8 + 1.0 versus
4.5+ 0.9), which is also reflected in the number of nestlings
(4.4 + 1.1 versus 3.8 + 1.2). Incubation takes 16—17 days and off-
spring fledge at an age of 21-24 days. Both parents feed their
offspring but only females incubate. When nestlings are 10-14
days old (min. 7 days, max. 17 days), they are ringed and a
small blood sample (max. 30 ul) is collected by puncturing the
tarsal vein. Unringed adults (i.e. immigrants) are captured
using mist nets and ringed, usually before the breeding season,
but at the latest before their offspring are ringed. Fieldwork pro-
cedures are licensed by the Swiss Federal Office for the
Environment and the Veterinary Office of the Canton of Zurich.

(b) Pedigree reconstruction and inbreeding estimation
Parentage of each brood was determined from behavioural obser-
vations, assuming that a nestling’s social parents are also its
genetic parents. This is a reasonable assumption given the low inci-
dence of extra-pair paternity in this species (2% according to
igarden et al. [33]; less than 1% in our study population (PJJB
2014, unpublished data)). The identity of the territorial breeding
male and female were recorded during territory establishment,
incubation and/or feeding of the offspring.

We were able to construct a pedigree spanning 15 gener-
ations, covering the cohorts from 1987 to 2012. We calculated
Wright's coefficients of inbreeding f [34] for each individual
using PEDIGREE VIEWER (available at http://www.personal.une.
edu.au/~bkinghor/pedigree.htm). Inbreeding coefficients are
relative to the base population, i.e. relative to all birds with
unknown parents. In the following analyses, we therefore use
only birds that hatched in the study area. Across the study
period, 52% of all individuals breeding in one of the three
main rivers (n =662, 1996-2012) settled in their natal river,
that is, were philopatric (39% of females and 66% of males).
About 20% of the birds not born in their river of breeding origi-
nated from another river within the study area, whereas the
remaining individuals were of unknown origin.

We selected a total of 177 individuals from the cohorts 2002
to 2011 for RTL measurement, consisting of interconnected
groups made up by a sire, a dam and—whenever possible—
one female and one male offspring. This study design, which
maximizes the number of families rather than the number of
individuals per family, will have resulted in a slight reduction
in the precision (i.e. the standard error) of our estimate of the
(environmental) variance between nests. More importantly how-
ever, this also resulted in more independent parent—offspring
links, as well as several pedigree links between families, with
16 females and nine males being present in the dataset as both
offspring and parent. Furthermore, several individuals have
sired offspring with more than one mate (average 1.59 for
males and 1.55 for females). Therefore, our dataset also contains
pedigree links between grandparents and their grandchildren or
between half sibs, etc. On the whole, our study design thereby
allows for relatively accurate and precise estimates of additive
genetic variance and heritability. Finally, to be able to test for
inbreeding effects, we deliberately selected a high proportion
of inbred individuals. As a consequence, the mean inbreeding
coefficient (+s.d.) of the selected individuals (0.076 + 0.088;
f=0: N=64, 0 <f<0.0625: N=36, 0.0625 < f<0.25: N=62,
f>025: N=15, max. f=0.3037) was higher than the popu-
lation-level mean for the same cohorts and rivers (0.023 +
0.057). Pruning the complete pedigree used for the calculation
of inbreeding coefficients (see above) to include only individuals
with known RTL, or that provide a pedigree link between two
individuals with known RTL (using the R package ‘pedantics’,
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[35]), resulted in a pedigree containing 380 individuals, 291
maternities, 291 paternities, 221 full sibs, 103 maternal half
sibs and 147 paternal half sibs. Mean pedigree depth was 5.0
generations (max. 14 generations).

(c) DNA extraction, storage and sexing

After collection, blood samples were preserved up to several
months at approximately 4°C in APS buffer [36]. DNA was
extracted using the QIAmp DNA mini kit (BioSprint 96, Qiagen)
and then stored in AE buffer at —20°C. Within a few weeks, the
DNA concentration was normalized and DNA was stored at
—80°C (see [37] for more details). We verified quality and purity
with a NanoDrop (Thermo Scientific) spectrophotometer (absor-
bance ratio A260/280 > 1.7; A260/230 > 1.8) and through gel
electrophoresis (more than 10 kbp). Nestling sex was determined
by amplifying the CHD-W and CHD-Z genes using modified
versions of the P2 and P8 primers [38,39].

(d) Relative telomere length measurements

RTL was assessed using a quantitative real-time amplification
(qPCR) procedure [40] adjusted for birds [41]. Because telomeres
have never been studied in white-throated dippers before, below
we give all necessary details on the measurement methods
(following [42]). Although unlike some other methods, gPCR
does not discriminate between chromosome ends and intersti-
tial telomeric sequences, qPCR-based telomere measurements
have been widely used, including in a number of bird species
(e.g. [4,515,18,19,41]). We discuss the potential implications
of this limitation of the qPCR method in some detail in
the Discussion.

RTL was expressed as the ratio of the number of telomeric
repeats to the amount of a non-telomeric control gene that is
non-variable in copy number in the study species. The amount
of telomeric repeats present in the sample (T) and the amount of
the control gene (control gene S) are proportional to the number
of gPCR amplification cycles needed to reach a threshold fluor-
escent signal (C4 value) in the exponential growth phase. Here,
we used glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
GenBank accession no: AF255390) as the control gene. To validate
both the expected amplicon size of the control gene (50 bp) and its
uniformity in white-throated dippers, 14 randomly chosen
samples were run on a standard 1.5% agarose electrophoresis gel
in TBE bulffer (see electronic supplementary material, figure S1).

Forward and reverse primers for the GAPDH control gene
were 5'-AACCAGCCAAGTACGATGACAT-3 and 5-CCATCAG
CAGCAGCCTTCA-3, respectively. Primers for amplification of
telomeric repeats were 5-CGGTTTGTTTGGGTTTGGGTTTGGGT
TTGGGTTTGGGTT-3' and 5-GGCTTGCCTTACCCTTACCCT
TACCCTTACCCTTACCCT-3' (Tellb and Tel2b, see [41]). qPCRs
for both telomeric sequences and GAPDH were performed using
5ng of DNA with both sets of primers, in a final volume of 10 pl
containing 5 ul of Power SYBR® Green PCR Master Mix (Applied-
biosystems, UK). Primer concentrations in the final mix were
100 nM for the telomere assay and 200 nM for the control gene
assay. Real-time amplification of telomeric sequences and GAPDH
were performed on separate 96-well plates. qPCR conditions for
amplification of telomere sequences were 10 min at 95°C, followed
by 30 cycles of 1 min at 56°C and 1 min at 95°C. qPCR conditions
for GAPDH amplification were 10 min at 95°C, followed by 40
cycles of 1 min at 60°C and 1 min at 95°C.

Samples were randomly assigned to one of six plates. All
samples, including both reference samples and dilution series
(see below), were analysed in duplicate. The precision of gPCR
measurements critically depends on amplification efficiencies
[43]. In order to control for variation in the amplification effi-
ciency of the gPCR among plates, serial dilutions (50, 10, 2, 0.4,
0.08 and 0.016 ng) of a reference sample were used to generate

a reference curve for each plate. Both a negative control (water) n

and a melting curve were run for each plate to check for specific
amplification of a unique amplicon and for the absence of
primer—dimer artefact (electronic supplementary material,
figure S2).

Intra-plate mean coefficients of variation for Cq values were
1.35 4 0.06% for the telomere assay and 0.79 + 0.04% for the con-
trol gene assay (based on duplicates), and inter-plate coefficients
of variation based on repeated samples (1 =15) were 1.56% for
the telomere assay and 1.35% for the control gene assay (all CV
calculated before correction for plate effects). Amplification effi-
ciencies (estimated from the standard curves of serial dilutions)
of the qPCR runs were between 98 and 100% for telomeric
repeats and between 99 and 100% for the control gene. To take
into account both this slight difference in amplification efficiency
(E), as well as the non-zero intra- and inter-plate coefficients of
variation, we calculated RTL following Pfaffl [44] as

1 + E . TACq T-(control—sample)
RTL = — -

1+E- SACq S-(control—sample) °

The coefficient of variation for RTL was 12.7%.

(e) Quantitative genetic analyses

We fitted a series of animal models [45] to estimate the absolute
and relative amount of additive genetic variance (V, and /?,
respectively) underlying telomere length and to test for parental
effects, sex-specific inheritance and imprinting. Animal models
were fitted using restricted maximum likelihood (REML) in
ASRemL v. 3.0 [46], except for models including imprinting
effects, which were implemented in WOMBAT [47].

RTL was best described by a normal distribution and residuals
of the final model did not show any deviations from normality
(Shapiro-Wilk test of normality, W= 0.99, p = 0.25). Nestling
RTL was modelled as a function of sex and natal population (i.e.
river), age at sampling (in days) and (Julian) hatching date. Because
within-brood competition might act as a stressor negatively affect-
ing RTL, we fitted brood size, as well as body mass and tarsus
length as proxies for body condition, as covariates. We used the
residuals of a quadratic regression of tarsus length and body
mass against age to account for nestling growth. Additionally, all
models included the inbreeding coefficient as a covariate, which
in the presence of inbreeding depression in RTL ensures unbiased
estimates of additive genetic variance [48,49]. Fixed effects were
removed in a stepwise manner, starting with the least significant, as
inferred from a conditional Wald F-test. All effects with p < 0.05
were retained in the model, except for the inbreeding coefficient,
which was retained irrespective of its significance for reasons
mentioned above.

In addition to the fixed effects listed above, we fitted a random
additive genetic effect (animal effect), as well as a random nest and
year of birth effect. The animal effect estimates the variance in the
trait that is due to additive genetic effects (V»), using information
on the relatedness and resemblance in telomere length among all
individuals in the pedigree. The nest effect estimates the variance
among nests (Vngsr) that can be attributed to the shared environ-
ment of full sibs growing up in the same nest, over and above the
variance that is attributable to additive genetic effects. Finally,
variation that can be attributed to random environmental variabil-
ity among years (Vygar) is accounted for by the year of birth effect.
Heritability, the proportion of the phenotypic variance that is
explained by additive genetic variance, was calculated as

Va

7 = ,
Va + Vnest + Vyear + Vi

where Vg is the residual variance. Statistical significance of
random effects was assessed using likelihood ratio tests, compar-
ing log-likelihoods of models with and without the specific
random effect.
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To test whether there are general features of the mother
or father that affect offspring RTL over and above any additive
genetic effects passed on to the offspring (sensu [50]), initial
models included maternal and paternal identity as additional
random effects. However, both explained little to no additional
variation (2.6 x 107°% and 3.1 x 107%% of phenotypic variation,
respectively). Hence, parental identities were excluded from any
further models.

Although the structure of the data did not allow us to unequi-
vocally attribute the increased resemblance among full sibs to
properties of the nest or the mother, we were able to directly test
for an effect of maternal RTL (as a nestling) on the RTL of her off-
spring, again over and above the effect of the genes that she passes
on to them. To do so, we extended the animal model arrived at
above with residual maternal RTL (residuals from a mixed
model that corrected RTL for inbreeding coefficient and year of
birth) as an additional covariate, as outlined in Lynch & Walsh
[51, p. 706]. Similarly, we included residual paternal RTL, as well
as both maternal and paternal RTL simultaneously.

Animal models allow for the explicit estimation of sex-linked
effects as these follow a different pattern of inheritance than auto-
somal traits [46,52]. In birds, females are the heterogametic and
males the homogametic sex (ZW and ZZ, respectively). In order
to quantify Z-linked genetic variance, we used a relatedness
matrix that accounts for the specific inheritance of Z-linked
genes (e.g. the relatedness between mothers and their daughters
is zero) [52] in addition to the usual autosomal relatedness matrix.

Finally, we tested for imprinting effects, which may provide
a further source of sex-specific resemblance, using WOMBAT
[47]. While in a standard additive genetic model, we express
the genetic value of an individual as the sum of the contributions
of both maternal and paternal gametes, here we attempted to
separate the effects of maternal and paternal gametes [53]. To
this end, rather than calculating the (inverse) covariance matrix
among individuals, we obtained the inverse variance—covari-
ance matrix among male or female gametes, i.e. the inverse
gametic relationship matrices, using code written by Bruce Tier
(provided on http://didgeridoo.une.edu.au/womwiki). These
were used to fit either a random maternal or paternal imprinting
effect, in addition to the animal’s additive genetic effect.

In addition to the animal models above, we performed a
number of parent—offspring regressions, in which we regressed
mean offspring, son or daughter RTL against maternal or paternal
RTL. Values that were used for these regressions were residuals
taken from a mixed model that accounted for the effects of inbreed-
ing coefficient and year of birth. Not only do these help to visualize
our main findings, they also make it possible to directly compare
our results to studies on parent-offspring resemblance in RTL in
other species.

3. Results

(a) Animal model analyses

RTL was not affected by hatching date (h =2.5 x 10~ * + 1.5 x
1073, F11026=0.03, p=0.87), age at sampling (b =14 x
1072 + 1.7 x 1072, Fy 954 =0.01, p=0.94), sex (male—female
length: 1.4 x 1072+ 4.1 x 102, Fi1008=0.11, p=0.74) or
natal population (Fao31=1.74, p=0.18). Similarly, brood
size (b= —27x10"2427 x 1072, Fi1015=097, p=0.33),
age-corrected body mass (b=4.0x 10" +4.6 x 107?,
Fi1634 = 0.73, p= 0.40) and tarsus length (h = —1.3 x 10> +
1.8 x 1072, F11213=0.01, p=0.86) did not predict early-life
RTL. Although it did not reach statistical significance, inbreed-
ing had a positive effect on RTL (b = 0.53 + 0.35, F; 640 = 2.29,
p=0.14) and was retained in all models to obtain unbiased
variance component estimates [48,49].

Nest identity and year of birth explained large and signifi-
cant proportions of the phenotypic variation (+ approximate
standard error) (nest identity: 19.6 + 8.3%, Y =2859,df =1,
p = 0.002; and year of birth: 45.7 + 13.2%, x> =52.06,df =1,
p < 0.001). However, the additive genetic variance was not
significantly different from zero (0.007 £+ 0.013, X =045,
d.f.=1, p=0.25), and heritability of RTL was estimated to
be 3.8 + 6.9%. For all statistical details, see table 1.

Including residual maternal RTL resulted in a smaller sam-
ple size (n=114) and in a further reduction of V (1 x 1077)
and % (6 x 107°%), but did not affect estimates of the other
variance components (table 1). Again, the effect of inbreeding
was positive and this time did reach statistical significance
(b=0.87 + 043, Fy465=4.14, p=0.05). Most importantly,
maternal RTL was significantly related to offspring RTL (b =
0.22 + 0.11, Fy 471 =4.06, p =0.048; table 1). Although the
additional inclusion of paternal RTL further reduced the
sample size (1 = 101), this did not alter the positive point esti-
mate for the effect of the mother’s phenotype on offspring
phenotype (b=0.23 + 0.12, F;394=3.35, p=0.075). How-
ever, although there was no effect of the father’s phenotype
(b=0.02+ 013, Fy379=0.04, p=0.85), the maternal and
paternal slopes did not differ significantly from each other
based on their overlapping confidence intervals.

Additional analyses attempting to explain these patterns
of resemblance by means of sex-linked inheritance revealed
a random variance component for Z chromosome-linked
variance of 53 x 1078 (y*=0, d.f. =1, p=0.50), with all
other variance component estimates remaining unchanged.
Similarly, neither maternal nor paternal imprinting explai-
ned any variance (maternal imprinting 1.6 x 107>, ¥*=0,
d.f.=1, p=0.50; paternal imprinting: 1.2 x 1075, )(2 =0,
d.f.=1, p=0.50).

(b) Parent—offspring regressions

In line with the effects of maternal and paternal RTL in the
animal models described above, the slope of the regression of
mid-offspring on maternal RTL was significantly positive
(b=022+0.10, p=10.03; n=>59), whereas the slope of the
regression of mid-offspring on paternal RTL was small and
non-significant (b= 0.04 + 0.11, p=0.73; n=759) (figure 1
and table 2). Again however, the two estimates of the regres-
sion slopes were not significantly different from each other
(t=1.21, p = 0.23). Furthermore, single sex offspring—parent
regressions revealed that daughter—father and son-father
regressions were not significantly different from zero, with esti-
mates close to zero (b = 0.09 + 0.14, p = 0.50, and b = -0.03 +
0.12, p =0.79, respectively). However, single sex offspring—
mother regressions showed that resemblance between sons
and their mothers (b = 0.27 + 0.04, p = 0.01) was considerably
but not significantly (t = 1.12, p = 0.27) higher than the resem-
blance between daughters and their mothers (b = 0.11 + 0.14,
p=1043).

4. Discussion

Here, we tested whether and how variation in RTL is trans-
mitted across generations. By using pedigree data from a
wild population of white-throated dippers, we were able to
disentangle the relative effects of genes and the environ-
ment on early-life RTL and to test for sex-specific patterns
of inheritance.
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177). Model B

Table 1. Animal model analysis, explaining variation in nestling RTL with an individual's inbreeding coefficient (f) as well as an additive genetic effect (animal effect), a nest and a year of birth effect (model A, n

(n = 114) additionally includes residual maternal RTL as a covariate. Slopes for covariates, variance components for random effects as well as their proportions are given including approximate standard errors (s.e.) and test statistics

(conditional F-test and ,\/Z—test, respectively).

test statistic

slope + s.e

e
=]
1=
=
S

17}
-

17}

[
-

slope + s.e

covariate

0.05

Fuaes =

e =

0.048

414

laa it
<",:
S
+I
~
(=
o

0.14

2.29

0.53 + 0.35

Cmatemal RIL

4.06
test statistic

F1,47.1

—
-
S
+I
o~
~N
o

proportion + s.e.
6x 1077

1% 1077

g
v
(]
]
<=
(-]
s
>

test statistic

proportion + s.e.

0.038 + 0.069

variance + s.e.
0.007 4+ 0.013

random effect

0.5
0.008

<<0.001

0.25

0031 + 0015 _._._._._._

o
<0.001

0.45
8.59

camimal (B)

X

0.196 + 0.083
0.457 + 0.132
0.310 + 0.096

0.037 + 0.014

nest (Vyes)
year of birth (Vygn)

23.71

52.06

0.438 + 0.152
0.380 + 0.118

0.075 + 0.045

0.086 + 0.044
0.058 + 0.012

10066 -+ 0.012

residual (V)

@ b)
d I e © °
£ S I S S U Py
a . x % .o .' * °
L‘u:w .. H .
© L]
-0.5 0 0.5 -0.5 0 05
maternal RTL paternal RTL

Figure 1. Linear regressions of mid-offspring RTL (mean of nestlings of one
nest) against their mother’s ((a), n = 59) and father’s ((b), n = 59) RTL.
RTL values are residuals from a mixed model accounting for an individual’s
inbreeding coefficient and its year of birth. Whereas offspring resemble their
mother (b= 0.22 + 0.10, p = 0.03), there is no correlation between
fathers and their offspring (b = 0.04 + 0.11, p = 0.73).

Table 2. Parent—offspring regressions for RTL. Slope including standard error
(b + s.e.), sample size (n) and p-value are given for different regressions of
offspring (mid-offspring, son or daughter) on parental RTL. Values of RTL are
residuals from a mixed model that accounts for an individual’s inbreeding
coefficient and its year of birth. All telomere measurements were done on
samples taken at the nestling stage.

parent-— offspring

combination

mother - offspring 59 0.22 + 0.10 0.03
e PO 027i o o
mother— daughter 56 011+014 043

. father—offspnng ........... o 004i S o
father—son 61 —0.03 +0.12 0.79

Previously reported heritability estimates of telomere length
range between 0.44 and 0.78 for humans [11-14] and between
0.18 and 1.23 for other vertebrates [15-20]. This suggests that
there is a large amount of variation in the degree to which telo-
mere length is heritable, with our estimate being at the lower end
of the spectrum. These differences among studies may be the
result of biologically interesting variation in either the genetic
background of the population or the amount of environmental
variation experienced. This might explain differences between
wild versus captive populations, between humans and non-
human animals, and between wild populations inhabiting
environments with varying levels of temporal and spatial
heterogeneity. However, below we will briefly explore two
alternative sources of variation.

First, some variation may be attributable to differences
among statistical methods in their ability to separate genetic
and environmental sources of variation [22]. For example,
estimates of heritability based on offspring—parent regression
might be upwardly biased if non-genetic sources of resem-
blance between parents and offspring remain unaccounted
for [45]. Indeed, based on an offspring—mother regression,
we would have obtained a statistically significant and relatively
high heritability of 44% (i.e. twice the slope of this regression),
even after accounting for the effects of year of birth and
inbreeding coefficient. Similarly, not accounting for nest effects
in our animal model would have resulted in a heritability of
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9.2%, whereas accounting for nest effects reduces the heritabil-
ity to 3.8% (4 6.9%). The latter is in line with a cross-fostering
experiment in a wild population of collared flycatchers
(Ficedula albicollis), allowing, at least partly, for the separation
of additive genetic and common environment effects, which
found a heritability of 18% (and not 9% as reported previously
(P. Bize 2013, personal communication [19]). Although this value
is higher than our estimate in dippers, it is still substantially lower
than what has been found in other studies, and due to the exper-
imental design and/or the statistical analyses employed, there
still is room for this estimate being inflated [19]. At first sight in
contrast to Voillemot ef al. [19], another study employing cross-
fostering arrived at a heritability of 0.99 [20]. However, as
pointed out by the authors, this estimate might also be upwardly
biased due to difficulties in separating genetic and non-genetic
sources of variation in their breeding design [20].

A second source of variation might be provided by differ-
ences among the methods that have been employed to
quantify telomere length (reviewed in [42]), and in particular
between the qPCR method employed by most studies so far
and which measures the total amount of telomeric sequence,
and electrophoresis-based methods that quantify the
amount of terminal telomeric sequence only [20]. While this
complicates their interpretation, several studies have found
qPCR-based telomere measures to be biologically meaning-
ful, as exemplified by, for example, their correlation with
components of fitness (e.g. [4,5]). Nevertheless, at least in
theory the heritability estimate of zero observed in our
study may be due to measurement error introduced by vari-
ation in interstitial telomeric sequence. However, the strong
and significant cohort and nest effects observed, as well as
the positive effect of maternal RTL, make this unlikely. Like-
wise, the strong environmental effects on RTL observed in
this system might be shaped by variation in the amount of
interstitial, rather than terminal telomeric repeats. However,
although their function remains largely unknown, interstitial
telomeric repeats are likely to be relatively inert [20,54],
making them a less likely target of systematic environmental
effects, and more likely to have an additive genetic component.

While we by no means intend to dismiss the limitations of
the gPCR method when it comes to measuring variation in tel-
omere length, we at the same time would like to emphasize its
major advantage, namely its ability to efficiently screen a large
number of individuals. The latter is essential for any quantitat-
ive genetic analysis, which typically requires large sample sizes.
Furthermore, although several individual-based long-term
studies routinely collect DNA to aid, for example, sexing or
parentage analysis, the amounts of DNA available will often
be insufficient for electrophoresis-based methods. Indeed, to
date the only study explicitly estimating a heritability of term-
inal telomere length in birds is that by Atema ef al. [20] for a
captive population of zebra finches. While in stark contrast to
our findings, they find a heritability estimate close to unity,
and no evidence for nest or parental effects, limitations in
terms of their sample size and breeding design prevent them
from conclusively separating genetic and non-genetic sources
of full-sib resemblance in telomere length [20].

Bearing in mind the potential complications when inter-
preting the currently available heritability estimates, the
generality of significant maternal or paternal effects (but see
[20]) is striking. For example, a recent study on great reed
warblers found significant heritability of RTL of 35-48%, as
well as strong brood and maternal effects [15]. Similarly, in

kakapos (Strigops habroptilus) and king penguins (Aptenodytes [ 6 |

patagonicus), mothers and their offspring resembled each
other in telomere length, but fathers and their offspring did
not [16,18]. In line with these bird studies, we found a link
between maternal and offspring RTL. While our animal
models did not provide evidence for a significant effect of
maternal identity, or in other words, offspring of the same
mother did not resemble each other more than expected on
the basis of the genes they shared, this discrepancy can most
likely be attributed to three factors. First, generally speaking
the estimation of a random effect requires more data than the
effect of a fixed covariate, which may explain only a small frac-
tion of the total variance. Second, random maternal effects
summarize general features of the mother, and these may
comprise both positive and negative effects on RTL. Third,
maternal identity tends to be strongly correlated with nest iden-
tity, and the separation of their effects requires a large number
of females with offspring from multiple nests. In line with the
latter, removing the nest effect from the model increased the
proportion of variance explained by the maternal effect to 5%.
Having said this, the fact that in the absence of maternal iden-
tity, the nest identity explained far more variation, suggests
that the nest effect is more important than the maternal effect.

One mechanism that could explain the observed patterns
of mother—offspring but not father—offspring resemblance is
sex-specific gene imprinting. However, we found no evidence
of either maternal or paternal imprinting. Similarly, we found
no evidence for sex-linkage, specifically Z-linkage. Further-
more, the strong resemblance between mothers and their
sons rules out W-linkage. However, it should be noted that,
if they do exist in the first place, we could expect the effects
of imprinting and Z-linkage to be relatively small, and the
double matrix mixed effect models required for their esti-
mation are particularly data-hungry. Hence, our dataset
might not provide the statistical power required for their
detection. Nevertheless, as of yet few studies have attempted
to estimate these effects, and we hope our attempts will aid
those with access to larger amounts of data.

We find a major role for environmental effects in shaping
variation in RTL. For example, a substantial amount of variation
was attributable to environmental differences among birth years
(i.e. cohort effects). This is in accordance with previous studies
on mammals, lizards and birds [25-27,55-60], which have
shown increased telomere shortening in response to suboptimal
environmental conditions. For example, Mizutani et al. [60]
showed that in black-tailed gulls (Larus crassirostris), the rate of
change in telomere length mainly differed with respect to year,
and they attributed this to the consequences of El Nifio events
and the Great Japan Earthquake on food availability.

It remains unclear which environmental variables are
responsible for the observed annual variation in early-life
RTL in our study population of dippers. We found that birds
born in cohorts with relatively high RTL were on average hea-
vier and more likely to produce offspring later in life. However,
within cohorts only the correlation between nestling weight
and the probability of producing offspring later in life
approached statistical significance (p =0.06). The fact that
these associations are observed on the cohort rather than the
individual level suggests that these associations are driven by
a third, unknown, factor, rather than by a causal relationship
between the two.

In addition to the population-level environmental effects
acting across years, the micro-environment of the nest was
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found to be an important determinant of early-life RTL.
Indeed, early development is a period characterized by rapid
telomere shortening [59], and faster telomere shortening
early in life has been demonstrated in the wild, e.g. in jackdaws
(Corvus monedula) [8]. Similarly, Andrew et al. [61] showed that
49% of the variation in telomere length could be attributed
to (environmental) family effects in a human twin study.
This suggests that the main parameters that determine nest
microclimate, temperature, humidity and gas composition,
may modulate telomere shortening. An additional factor
contributing to this large nest effect is parental quality. High-
quality parental investment may buffer stressful events
during early development and preserve telomeres from adverse
stress-related weakening, causing significant nest effects.
Although it only reached statistical significance in the
animal model including maternal RTL, we found RTL to be
positively related to an individual’s inbreeding coefficient.
This positive relationship is surprising, as longer telomeres
have been associated with increased survival rate and lifespan
[4,5], whereas survival and lifespan are typically lower in
inbred individuals (for review, see [62]). Interestingly, however,
it is in line with findings in laboratory mouse strains [63]
and domesticated chicken lines [64]. Furthermore, knowledge
about the relationship between telomere length and fitness-
related traits such as fecundity is still limited (but see [9]), and
the longer telomeres of inbred nestlings may be a by-product

of inbreeding effects on factors associated with telomere
elongation. Further work focusing on the interplay between
telomere length, inbreeding and fitness is warranted.

In summary, we here demonstrate that environmental fac-
tors such as the nest and the year of birth are the main drivers
influencing early-life RTL in a wild bird population. Further-
more, despite mother—offspring resemblance in early-life
RTL, its heritability is very low. These results thereby highlight
the importance of including factors of a common environment
into analyses that intend to separate genetic and environmental
effects on phenotypic variation. On the whole, our study high-
lights the large amount of interspecific variation in telomere
inheritance patterns, and further research should aim to
elucidate the underlying causes of this variation.
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