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The mechanisms that contribute to variation in lifetime reproductive success
are not well understood. One possibility is that telomeres, conserved DNA
sequences at chromosome ends that often shorten with age and stress
exposures, may reflect differences in vital processes or influence fitness. Tel-
omere length often predicts longevity, but longevity is only one component
of fitness and little is known about how lifetime reproductive success is
related to telomere dynamics in wild populations. We examined the relation-
ships between telomere length beginning in early life, telomere loss into
adulthood and lifetime reproductive success in free-living house sparrows
(Passer domesticus). We found that females, but not males, with longer telo-
meres during early life had higher lifetime reproductive success, owing to
associations with longevity and not reproduction per year or attempt. Telo-
meres decreased with age in both sexes, but telomere loss was not associated
with lifetime reproductive success. In this species, telomeres may reflect
differences in quality or condition rather than the pace of life, but only in
females. Sexually discordant selection on telomeres is expected to influence
the stability and maintenance of within population variation in telomere
dynamics and suggests that any role telomeres play in mediating life-history
trade-offs may be sex specific.

1. Introduction

Darwinian fitness is influenced by variance in longevity and in reproductive
output. Understanding the mechanisms that contribute to this variation is
important to diverse biological disciplines. Accumulating evidence suggests
that telomeres are part of a suite of mechanisms that impact vital processes
or are reflective of organismal performance [1]. Telomeres are highly conserved,
repetitive sequences of non-coding DNA that form protective caps at chromo-
some ends that enhance genome integrity, but limit cellular lifespan [2]. In
the absence of restoration, telomeres shorten during cell division [2]. Once
telomeres become critically short, cells stop dividing and can undergo apopto-
sis [2] and this process is expected to contribute to age-related declines in
organismal function [3]. In support of these ideas, telomeres shorten with age
in diverse tissues and their length often predicts subsequent longevity, although
this pattern is not universal [4]. In some species, this relationship is already pre-
sent during early life, with juveniles having longer telomeres living longer [5-8].

Importantly, although longevity is often positively related to telomere
length, survival is only one component of fitness and little is known about
the relationships between telomeres and lifetime reproductive success. How-
ever, this information will be essential for predicting how selection is likely to
act on telomeres and the potential role that telomeres play in shaping the evol-
ution of life-history strategies. Some of the variation in telomere length is owing
to genetic factors [8-12], but environmental circumstances including exposure
to stressors and metabolically demanding activities can also impact the rate
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of telomere loss [13]. During early life, both rapid growth [14]
and exposure to stressors [15] including sibling competition
[16], reduced access to food [17,18], and parental neglect
[19,20] often predict greater telomere loss and shorter telo-
meres. In adulthood, reproduction and other stressors can
increase telomere loss [21]. In humans [22] and in birds [5],
females that produced offspring had shorter telomeres than
nulliparous females, and the production and/or rearing of
a greater number of young was associated with greater telo-
mere loss and/or shorter telomeres [23-26]. Thus, telomeres
may be reflective of past life experiences and could play an
important role in mediating life-history trade-offs [27-29].

Several processes could lead to individuals with longer
telomeres living longer and having more offspring. Individ-
uals with longer telomeres could be of higher quality or
have experienced less stressful circumstances during develop-
ment that then could have positive effects on both longevity
and reproductive performance, both of which would increase
lifetime reproductive success [7,30]. Alternatively, individuals
may exhibit a different pace of life, with telomeres being a
correlated characteristic [7,29]. Individuals with longer telo-
meres may exhibit lower reproductive output but live
longer if they allocate less to reproduction and thereby
suffer lower reproductive costs [7,28,29]. Thus, how telomeres
and lifetime reproductive success are related to one another
will depend on the mechanisms linking telomeres to
increased lifespan and reproduction. Importantly, many of
these relationships could differ between the sexes as sensi-
tivity to stress, reproductive rates, and longevity often differ
between males and females [31]. Sex differences in telomere
dynamics across taxa are highly variable [32], but few non-
human studies have investigated the relationships between
early-life telomeres and lifetime fitness components.

Research examining the relationship between telomeres
and lifetime reproductive success in natural populations has
been limited because it requires long-term studies in which
individuals have been repeatedly sampled and tracked
across the lifespan. In purple-crowned fairy wrens (Malurus
coronatus), a cooperatively breeding bird, individuals of
both sexes with longer telomeres early in life lived longer
and had higher lifetime reproductive success, the latter occur-
ring primarily through longer lifespan [7]. However, this
study only included telomeres collected from early life, thus
how variation in telomere loss relates to lifetime fitness
remains unknown. Furthermore, given the diversity of associ-
ations between telomere dynamics and longevity in the two
sexes across taxa [32], a general understanding of the poten-
tial links between telomeres and life histories requires study
in diverse systems.

Here, we examined the relationship between telomeres
and lifetime reproductive success in free-living house
sparrows (Passer domesticus), a monogamous, biparental
songbird distributed globally [33]. Both sexes exhibit similar
natal philopatry before breeding, but males show higher
breeding philopatry than females, probably driven by
higher mortality in females [33] (D. F. Westneat 1993-2014,
unpublished data). We used data from a long-term study
[34,35] in which birds were sampled at 10 days of age and
then followed through their reproductive lives to test between
two major hypotheses about links between telomere
dynamics and lifetime reproductive success. The ‘pace-of-
life’ hypothesis predicts that individuals with long telomeres
early in life would reproduce at a slower rate, live longer, and

have slower rates of telomere shortening than those with
shorter telomeres early in life. The quality hypothesis, in
which differences in telomeres reflect either intrinsic quality
differences or differences in early-life conditions, predicts
positive correlations between telomere length and either
longevity or reproductive rate or both. We also tested for
sex differences in all relationships but had no a priori expec-
tation about differences.

The samples we used came from a long-term study of a free-living
population of house sparrows (P. domesticus) breeding in artificial
nestboxes located at the University of Kentucky’s Agricultural
Experiment Station North Farm complex in Lexington, Kentucky
(see [35]). During 1992-2013, between the months of April-
August, nearly all offspring were given a US Fish and Wildlife
numbered aluminium band and had a blood sample collected at
10 days after hatching. Periodic trapping using seed-baited traps
throughout the year or nest-traps during the breeding season
resulted in recaptures of some banded birds that were then
marked with colour bands and blood sampled again. In the focal
study population, both sexes recruit to breed at low but similar
rates, and most individuals do so in their first adult year. Nest-
boxes were censused at least once per week through the entire
breeding season in all years, and adults identified from their
colour-bands at least once per month, making it possible to estab-
lish which adults were associated with each breeding attempt and
to monitor adult survival. Some breeding dispersal occurs; move-
ment between locations is more common for females than males
but is still rare (Iess than 10%). However, only two males and
three females in our sample of 104 breeders had a gap year
between bouts of breeding in our boxes (and so may have bred
elsewhere). Our methods thus allowed us to estimate longevity
(time from day 10 sampling until last sighting) and to have a
good measure of lifetime reproductive success (total eggs pro-
duced or offspring reaching day 10, the last day nests were
checked, for the focal bird), reproductive rate (eggs or offspring
produced per year) and reproductive performance (date of first
egg in the season, and clutch size and number of offspring reach-
ing day 10 per reproductive attempt).

After collection, whole blood samples were suspended in
100-200 ul Tris—-NaCl-EDTA buffer, stored on ice for less than
or equal to 6 h in the field, and then transferred to —80°C freezers
at the University of Kentucky. For the current study, we selected
frozen whole blood samples of individuals that had a 10-day
sample and at least one subsequent sample and transported
them on dry ice to the Heidinger Laboratory at North Dakota
State University where they were then stored in —80°C freezers
until telomere analyses. Birds that met these criteria were a
small fraction of all birds followed in the study (greater than
15000).

To measure relative telomere length, DNA was extracted from
whole blood samples using DNeasy tissue and blood kits and
following the manufacturer’s instructions (Qiagen). DNA quan-
tity was measured using a Nanodrop 8000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA) and DNA quality was
verified by electrophoresis on a 2% agarose gel.

Relative telomere length was measured using quantitative
polymerase chain reaction (qPCR) on an Mx3000P (Stratagene,
San Diego, CA, USA), following the methods of [36] and adapted
for house sparrows. The single copy control gene used for this
study was  glyceraldehyde-3-phosphate  dehydrogenase
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(GAPDH). The suitability of GAPDH was verified using a melt
curve analysis, which confirmed that the dissociation curve had a
single peak at the expected melting temperature (T,,) of 82.0°C. In
addition, PCR product was also run on a 2% agarose gel to verify
that a single product was amplified at the expected 98 bp.

Reactions for GAPDH and telomere were run in triplicate on
separate plates. The total volume for each reaction was 25 pl and
contained 20 ng of DNA and either telomere or GAPDH primers
at a 200 nM forward /200 nM reverse concentration mixed with
12.5 pl of perfeCTa SYBR green supermix Low ROX (Quantabio).
The following primers were used to amplify the telomere and
GAPDH reactions respectively: telomeres - forward tellb (5'-
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3)
and reverse tel2b (5'- GGCTTGCCTTACCCTTACCCTTACCCT-
TACCCTTACCCT-3') and GAPDH - forward (5'-AACCAGCC-
AAGTACGATGACAT-3') and reverse GAPDH (5'-CCATCAG-
CAGCAGCCTTCA-3'). Thermal profiles for the qPCR reactions
were as follows: telomeres—10 min at 95°C, followed by 27
cycles of 15s at 95°C, 30's at 58°C, and 30s at 72°C, finishing
with 1min at 95°C, 30s at 58°C, and 30s at 95°C; and
GAPDH—10 min at 95°C, followed by 40 cycles of 30's at 95°C
and 30s at 60°C, finishing with 1min at 95°C, 30s at 55°C,
and 30 s at 95°C.

The number of PCR cycles necessary to accumulate sufficient
fluorescent signal to cross a threshold (Ct) was measured and aver-
age Ct values were used to calculate the relative telomere length
(T/S ratio) according to the following formula: ZAAG, where AACt =
(C telomere _ C SAPDH) reference sample — (Ct *lomer — Ct GATPH)
focal sample (Stratagene 2007).

Each plate also included a house sparrow reference sample
that was serially diluted to create a 5-point standard curve
(40, 20, 10, 5, 2.5ng), which allowed us to measure reaction
efficiencies and ensure that all samples fell within the bounds
of the standard curve. The average reaction efficiencies for
GAPDH 94.4+0.80 (mean=+*s.em) and telomere 96.0+0.81
(mean + s.e.m) plates were similar and in all cases were between
the recommended 85-115%. At the time of assay optimization,
the repeatability of the T/S ratio was calculated by running
samples collected from 28 individuals in this long-term study in
random well locations across two plates. The intraclass correlation
coefficient (two-way, single measurement, absolute agreement,
random effects model) was 0.86, p <0.001, 95% confidence interval
lower bound 0.723 and upper bound 0.932 [37].

We tested predictions from the two main hypotheses and also the
potential for these to differ between the sexes using four related
datasets. The initial dataset (telomere) consisted of 544 telomere
measures for 250 individuals; for three of these individuals their
day 10 sample did not provide DNA suitable for telomere
measurement, and for two we only had their day 10 measures.
This dataset was used to assess technical influences on telomere
measures, and to evaluate if there was sufficient individual vari-
ation in telomere length or change in telomere length to warrant
further analysis. We employed linear mixed models (in SAS 9.4)
to explore factors affecting relative telomere length measures. In
all models, subject identity was included as a random effect. We
ran injtial models to assess the impact of plate identity and the
number of years the samples sat in the freezer (fixed effects) on
relative telomere length. Plate identity was significant (Fy¢231 =
4.5, p=0.0001) and so was included in all subsequent models of
telomere length. Years stored had no effect (estimate=—0.007 +
0.006, F1283=1.3, p=0.26) and so was ignored in all subsequent
analyses.

We estimated repeatability of telomere length using a mixed
model with bird identity as a random effect and plate identity as
a fixed effect; repeatability and bootstrapped confidence limits

were estimated with the rptR progam in R [38] as the variance
among individuals divided by the sum of residual plus variance
among individual. To provide an initial view of the biological
variation in telomere length, we then modelled it with plate,
sex, and age in years at the time of sampling as fixed effects,
and subject identity and the by-subject slope with age as
random effects. We also asked if the pattern of variation in telo-
mere length within and among individuals differed by sex. We
present results using a frequentist approach in which fixed effects
were tested with F-tests using degrees of freedom estimated
according to the Kenward-Rogers method, and random effects
were tested using the likelihood ratio test (LRT). A Bayesian ver-
sion of the model was also run and is presented in the electronic
supplementary material, table S3.

Because most juvenile house sparrows disperse (approx. 3%
of banded nestlings were seen breeding over the course of the
study, D. F. Westneat 1993-2014, unpublished data), many of
the 250 individuals were not seen to breed on the study site.
To analyse relationships between telomere length and longev-
ity or reproductive success metrics, we restricted the data to
104 local recruits (56 males and 48 females) who had at least
two measures, one of which was at day 10 (n=75 sampled
twice, n=23 sampled three times and n=6 sampled four
times). Of these 104 individuals, 77 were sampled at least
once in adulthood (greater than or equal to 10 months after
the first sample was collected).

To examine the relationships between telomere length and
longevity, we ran a Cox regression survival analysis including
the telomere length at 10 days post-hatching as a fixed effect.
In these models, we also included sex and the interaction
between sex and 10-day telomere length. Neither variable
violated the proportional hazards assumption (electronic
supplementary material). We analysed two metrics of lifetime
reproductive success, the total eggs laid (for males, these are
eggs laid by their mates) and total offspring produced, both cal-
culated from all attempts associated with the focal bird, for both
sexes. We assumed 100% paternity by males in this analysis, and
so eggs and offspring are those for social fathers. Extra-pair
paternity (EPP) occurs in house sparrows [39-42], but at a rela-
tively low frequency (10-15%) in all examined populations
including this one (11%) [43]. Given this low rate, we assume
for now that any possible association between EPP and telomere
length would not influence relationships between telomere
length and apparent reproductive success in males.

Both lifetime number of eggs and offspring are count variables,
but neither fits a Poisson distribution. Both had some level of over-
dispersion, so we used a generalized linear model (GLM) with a
negative binomial and a logit link, run in Proc Genmod in SAS
which includes a scale parameter to control for over-dispersion.

The quality and pace-of-life hypotheses make contrasting
predictions about the relationship between telomeres and repro-
ductive performance, including the date in the season when
birds started breeding, clutch size, and the number of offspring
reared to day 10. Because we had repeated measures data on
all of these metrics, we analysed each (using dataset ‘Breeding’)
using generalized linear mixed models with subject identity as a
random effect. Covariates included telomere length at 10 days,
sex, and their interaction in all models. The year was included
as a factor in all models to control for yearly differences in repro-
ductive performance. For the date a subject had their first egg of
the season, we included bird age as a covariate. For clutch size
and day 10 brood size, we included lay date for each attempt
as a covariate, as it is previously known to be important [35]. Off-
spring produced from each nest was modelled with clutch size as
an offset fixed effect. Date of seasonal first egg and clutch size
were analysed with a Gaussian distribution, and for brood size
we used a negative binomial. All analyses were done in Proc
Glimmix in SAS.
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We also explored links between measures of telomere change
and lifetime reproductive success. The ideal method for analys-
ing emergent variables such as the rate of telomere length
change with age is a bivariate mixed model [44], as this incorpor-
ates the observed distributions of individual measures and
avoids problems with doing statistics on statistics [45]. We per-
formed separate bivariate mixed models with both telomere
length and each of the three life-history metrics as dependent
variables. In this way, we could potentially estimate the corre-
lation between individual intercept (estimated mean telomere
length at 10 days of age) and individual slope with respect to
age at sampling to the life-history variables. The model fitted
for longevity and telomere length contained common elements
to both as follows:

InLongevity;
{ TL; ]}:'BO+IJ‘+ ijs

where Sy is the mean, I; is individual j’s deviation in longevity
from the population mean and ¢;; is the residual for a given obser-
vation. The telomere length equation additionally included the
terms: (B; + Sy1j) age;y, in which age;; is bird j's age at sample i,
By is the population slope of telomere length with age at
sampling, and Sy is individual j’s deviation from the population
slope.

Our primary interest was the among-subject variance-covari-
ance matrix, as follows:

VII; CII, Ay Cb],sn
Cuyy Viy Cisa
C11],511 Clrf/stl VSH

The diagonals are the variance in longevity, variance in telo-
mere length intercepts, and variance in slopes of telomere length
in response to age, respectively. We were specifically interested
in two covariances, that between individual longevity and
individual telomere length intercept (Cj, ), and between indi-
vidual longevity and individual slope (Cy,s,). We fit similar
models with lifetime number of eggs and offspring in place of
longevity, both also In transformed (note: we attempted models
with the negative binomial, but these models failed to converge).
The analysis was coded into SAS 9.4 as in the electronic sup-
plementary material, text S17.C in [44] and is provided in this
case in the electronic supplementary material Part VI using the
dataset called ‘Telostack’.

Bivariate models are data hungry, and they may be sensitive
to limiting information. As outlined above, the majority of the
cases in our study had only two measures of telomere length.
This may affect resolution of some covariance parameters (see
Results and the electronic supplementary material) limiting use
of these methods, so we also analysed telomere change using
two commonly used methods (in the dataset “TelomereChange’).
For the first, we took the difference in telomere length measures
between the first and last measure we had for each individual
and divided by the subject’s age (years) at the last sampling.
Second, because measurement error could be an issue in
measures of telomere change with age, we calculated a modified
measure of telomere change adjusted for potential measurement
error [46]. The equation published in [46] centres individual
values to the mean values at two time points. Because our
second measures varied considerably in the ages they were
taken, we instead calculated the centred values relative to the
predicted value using the regression of telomere length on age
in years for the full dataset. Hence, our modified equation was

D=-1x (p(TL] - ﬁl) - (TLlast - (ﬁl + Slope X agelast))’

where TL; is the relative telomere measure at time 1 (day 10
measure), TL; is the mean telomere measure at day 10 (defined
as the intercept of the regression on age), TLj, is the last observed

Table 1. Variance components and fixed effects from a linear mixed model n

of relative telomere length obtained from 250 individual house sparrows as
nestlings and again at least once post-independence.

statistic

component estimate =+ s.e. (df£)?

p-value

random effects

individual 0.046 + 0.011 15.8 (1) 0.0005
intercept

individual 0.003 + 0.002 9.0 (2) 0.03
slope: age

cov (intercept, —0.012 £+ 0.005
slope)

residual 0.094 + 0.008

fixed effects”
age (years) —0.029 +0.014 4.0 (1,43.5) 0.053

3Statistic is xz (likelihood ratio test) for random effects and F for fixed
effects.
®The model also included plate identity as a fixed effect factor.

TL, slope is the population mean change in TL with age in years,
agelast is the age in years at last sampling, and p is

2?5152
2+ 537

where S; is the observed standard deviation in TL at the first
observation, S, is the s.d. of the regression-centred last observation,
and r is the correlation between TL; and TL,.

3. Results
(a) Age and individual variation in telomere length

House sparrows exhibited significant repeatable individual
variation in telomere length over time (r =0.28 + 0.08 (range:
0.18, 0.50), LRT =5.9, df =1, p =0.008). We also obtained evi-
dence that on average telomere length declined with age after
the first sampling at 10 days of age, and that sparrows exhibit
individual variation in telomere loss (table 1 and figure 1).
We found no difference between the sexes in either mean
telomere length (sex, F-M: —0.03 +0.04, F; 225=0.6, p=0.46)
or the mean rate of decline with age (sex by age, F-M: 0.03
+0.04 units per year, F;3,5=1.5, p=0.23). We also found
no difference in the variance matrix between the two sexes
even though variance in telomere change with age was an
order of magnitude higher in females (electronic supplemen-
tary material, table S2). Finally, estimates of individual slopes
were negatively collinear with intercepts in both sexes
(F: —0.78, M: —1.0). A Bayesian version of this model produced
similar results (electronic supplementary material, table S3).

We compared early-life telomere measures between indi-
viduals who later recruited into the breeding population and
those who did not. We found no significant differences in
either the mean telomere length (bred: 1.16 +0.03, did not
breed: 1.21+0.03; Fy230=1.33, p=025) or the change in
telomere length with age (bred: —0.02+0.02; did not breed:
—0.06 £0.04, F1565=1.1, p=0.29), suggesting that the subset
which stayed on the study site and bred was no different
than those that did not recruit to the local population.

09501707 ‘88T § 0 Y 20id  qdsi/jeunol/bio buiysigndAranosiefos
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relative telomere length

age at sampling (years)

Figure 1. Plot of 250 individual linear trajectories (shaded differently) of
relative telomere length sampled from nestling house sparrows at 10 days
post-hatch (age =0 years) and again one to three times later in life, with
age at sampling indicated in years. Mixed model analysis (see text) revealed
significant intercept and slope variation.

(b) Telomere length, longevity and measures of lifetime
reproductive success

We examined the relationship between telomeres and life-
history characteristics in the subset of birds sampled at 10
days of age that recruited into the breeding population (1 =
104), controlling for cohort effects. Once recruited, males
(n=56) had a lower probability of disappearing per unit
time than females (1 =48) difference in hazard ratio=-3.1+
0.9; )(2=14.8, p <0.0001; electronic supplementary material,
figure S1). Importantly, telomere length at 10 days predicted
survival differently between the sexes (visualized as longevity
in figure 2g; difference in hazard ratio=2.4+0.7, )(2=12.6,
p =0.0004), with longer early-life telomere length in females
predicting a significantly higher chance of surviving (effect =
-1.6+0.5, ;(2 =11.6, p =0.0006), whereas in males there was a
non-significant pattern for survival to decline with longer
early-life telomere length.

The sexes also differed in how early-life telomere length
predicted metrics of lifetime reproductive success. In females,
longer telomere length at 10 days positively predicted life-
time production of eggs (effect on natural scale: 28.4 +10.0
eggs per unit of telomere length, Wald x*=13.7, p=0.002)
and offspring that survived to leave the nest (figure 2b;
effect on natural scale: 13.7+4.7 offspring per unit of
telomere length, Wald %2, using negative binomial =9.8, p =
0.002). In our sample, males contributed to more total eggs
(sex, M-E natural scale: 40.6 + 16.0 eggs, GLM with negative
binomial, Wald z*=10.4, p=0.001) and offspring that sur-
vived to leave the nest (sex, M-F on natural scale: 20.2 + 6.6
offspring per unit, Wald y*=9.6, p=0.002). However, the
association between telomere length at 10 days and total
eggs assigned to males was negative and significantly differ-
ent from females (sex by telomere length, M-F on natural

(@ 125 - .
£ 100
=
] e e
E 751 =
‘? -'. : .o ) =~ F
d:}) 50 1 Ripges = °* Al o == M
§ e
25 1 IR s vy T
oPed, ¢ o0, -q:-ﬂ' .
() 2
60 -
g :
8. 40 L .
ng e . o *
] a . L
g 204 |
0

0.5 1.0 1.5 2.0
telomere length at 10 d (T/S ratio)
Figure 2. The relationship between early-life telomere length (at 10 days
post-hatching) and (a) longevity (months seen alive), and (b) lifetime repro-
ductive success (total offspring produced across the lifetimes) of 104 house
sparrows (Passer domesticus) who bred at least once. The sexes are separated
by colour (48 females are red and 56 males are black) and their separate
linear regressions indicated with solid lines and 95% confidence limits by
the shaded areas. Significance (see text) in (a) was assessed using a Cox
regression and in (b) using a GLM with a negative binomial distribution.
(Online version in colour.)

scale: —25.5+14.9 eggs per unit, Wald x> =10.1, p=0.002).
In males, the relationship between telomere length at 10
days and lifetime production of offspring was significantly
less than in females (sex by telomere length, M-F on natural
scale: —17.9 6.0 offspring per unit telomere length, Wald
2°=9.8,p=0.002) and trended negatively (6.1 + 3.9 offspring
per unit telomere length, Wald y*>=1.8, p=0.18).

Both the quality and pace-of-life hypothesis predict a
possible link between telomere length and the rate of repro-
duction, albeit in opposite directions. To assess this, we
added longevity as a covariate to the above models, thereby
assessing if telomere lengths predicted residual reproduction
controlling for longevity. We found that this removed any
relationships between early-life telomere length and the
difference between the sexes for both total eggs and total
offspring that survived to leave the nest (electronic
supplementary material, tables S7 and S8), indicating no
evidence of reproductive rate differing with telomere length.

(c) Early-life telomere and reproductive performance

To further test the possibility that telomere length may reflect
differences in reproductive rate, we assess correlations
between day 10 telomere length and the timing of first breed-
ing in the season or reproduction per breeding attempt. We
found telomere length at 10 days did not predict any individ-
ual reproductive performance measure in either sex (table 2).

(d) Telomere change and measures of lifetime
reproductive success

Bivariate analysis using all measures of telomere length
would in theory provide the most effective test [44] of the

09501707 ‘88T § 0 Y 20id  qdsi/jeunol/bio buiysigndAranosiefos H
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Table 2. Analysis of relationships between early-life telomere length and three metrics of reproductive performance in 104 male and female house sparrows. [}

(All models included individual as a random effect and year as a fixed effect factor.)

metrics of reproductive performance

date of first egg in season

sex
female (n = 48)
male (n = 56)

sex by telomere length at day 10
female
male

subject age

clutch size per attempt

sex
female
male

sex by telomere length at day 1
female
male

first egg date of each breeding attempt

offspring per attempt®

sex
female
male

clutch size (offset)

date of first egg for attempt

sex by telomere length at 10 days
female
male

effect £ s.e. statistic (d.f.)

0.03 (1,81.1) 0.87
1552+ 26.8
1559+273
1.4 (1,67.2) 0.23
—49+380
82x75
—35+13 7.3 (1,181) 0.008
15 (1,62.8) 0.22
45+0.6
4407
0.03 (1,47.9) 0.87
0.177£0.18
—0.14+0.17
—0.01 £ 0.0009 111.0 (1,583) <0.0001
0.7 (1,515) 0.41
—03+14
—04+14
0.4 +0.08 19.2 (1,515) <0.0001
—0.004 £ 0.002 2.5 (1,515) 0.12
0.7 (1,515) 0.41
0.18£0.33
—0.12+0.31

®ffect sizes are in natural scale but statistical tests used logits. Individual explained no variance, so d.f. assume observations are independent.

independent influence of early-life telomere (individual inter-
cept) or telomere loss (individual slope with respect to age)
on life-history traits. Our attempt with this approach yielded
the same patterns as described above for intercept values
(electronic supplementary material, table S21). However, we
could not separate the influence of slope and intercept
owing to their collinearity (strongly negative, see the
electronic supplementary material, VI).

We thus analysed longevity and lifetime reproductive
success as a function of two other metrics of telomere
change, raw change per year and change per year adjusted
for the regression to the mean (D) [46]. None of the six tests
revealed any indication that the three metrics of lifetime
reproductive success were correlated with measures of telo-
mere change (table 3). We also found no difference between
the sexes in these relationships (table 3).

4. Discussion

We tested predictions of two hypotheses about the potential
links between telomere dynamics and lifetime reproductive
success. In house sparrows, the relationship between

telomeres during early life and lifetime reproductive success
is sex specific. Females with longer telomeres as nestlings had
greater longevity and higher lifetime reproductive success
than females with shorter telomeres. In males the opposite
was true; birds with longer telomeres during early life
tended to have shorter lifespans and lower reproductive
output. However, early-life telomere length did not
significantly predict annual or per episode measures of repro-
ductive performance including the timing of first breeding,
clutch size, or the number of young that survived to leave
the nest in either sex, providing no support for the “pace-of-
life’ hypothesis. Thus, the positive relationship between
early-life telomere length and lifetime reproductive success
in females appears to occur primarily through the relation-
ship between early-life telomere length and longevity,
suggesting that early-life quality or condition differences
linked to telomeres only impact survival. Telomere length
declined with age in both sexes but was not associated
with longevity or lifetime reproductive success in either
males or females. Taken together, these results are more con-
sistent with the idea that telomeres are reflective of variation
in individual quality than differences in the pace of life and
that those quality differences apply to females but not
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Table 3. Test of the relationship between two measures of telomere change and each of three measured components of lifetime reproductive success in both

sexes using 104 breeding house sparrows with multiple telomere measurements.

metric of lifetime success®

longevity (months)"

models

raw change per year

female (n = 48) 22.7 +3838

male (n = 56) —-123+214

test of interaction 7' =09,p=035
adjusted D per year

female 3.7£100

male ‘ » 3.6+8.0

test of interaction 22=0.001, p=097

®All effects sizes are in the natural scale.
bSignificance from Cox regression (x).
Significance from a negative binomial with a log link (x?).

males. Furthermore, these results provide novel evidence that
selection on telomeres is likely to be sexually discordant,
which may help to explain the stability of both mean and
within-population variation in telomere dynamics over
time, and suggests that any role which telomeres play in
mediating or reflecting life-history trade-offs may be complex
and sex-specific.

Intriguingly, although longevity often differs between the
sexes, this variation is not consistently associated with sex
differences in telomere length and loss [32,47]. In house spar-
rows, although females had shorter lifespans than males, a
pattern commonly reported in birds [48-50], they did not
have shorter telomeres or experience more telomere shorten-
ing than males. Several factors could have contributed to
these sexually divergent relationships between telomere
dynamics and lifetime reproductive success. In birds, females
are the heterogametic sex and consequently are expected to
be more vulnerable to the unguarded expression of deleter-
ious alleles on the sex chromosome than males, which
could influence the relationship between telomeres and long-
evity [32]. There may also be important sex differences in
growth profiles, stress exposure, or sensitivity to stress
during development that could influence both telomeres
and future fitness measures [31]. For example, if telomeres
in females are more sensitive to the effects of developmental
stress this may result in negative effects on longevity and life-
time reproductive success in females, but not in males [31].
Few studies have examined whether the relationships
between telomeres and reproductive success differ between
the sexes. Consistent with our results, a recent study in
Cory’s shearwaters (Calonectris borealis), reported that females
with longer telomeres in adulthood produced more offspring,
while the opposite was true in males [51], but it is unclear
how telomeres and longevity or lifetime fitness are related
in this species or whether this results from early-life events
as suggested here, or from processes that act only in
adulthood.

Although telomere loss is also often correlated with long-
evity and reproductive strategies [25,52], we found no
association between the change in telomere length and
either longevity or lifetime reproductive success in either

lifetime eggs* lifetime offfspring*

3214513 289+208
—256+283 —69+115

7 =14,p=02 7' =22,p=014
—120+13.2 —6.2+54
244105 45+43
2°=06,p=046 2'=21,p=015

sex. Thus, in female house sparrows, telomere length
during early life seems to be a better predictor of lifetime fit-
ness than the loss that occurs after post-natal development.
Generally, early-life telomere length will be influenced by
variation in starting length and any loss that occurs during
pre- and post-natal growth [1]. Longitudinal studies
[5,53,54] suggest that the pace of telomere loss tends to be
greater during early life than it is at later life stages. Thus,
although loss after post-natal development is not predictive
of lifetime reproductive success in female house sparrows,
loss that occurs prior to this time, during pre- or post-natal
development, may contribute to variation in early-life telo-
mere length and impact lifetime reproductive success. It is
also possible that reproductive investment increases the rate
of telomere loss, but this would be best evaluated using
experimental studies as individuals often plastically modify
reproductive effort to match their own state [21].
Importantly, our results do not provide support for the
idea that early-life telomere length is reflective of intrinsic
pace-of-life differences whereby individuals with longer telo-
meres have greater longevity but lower levels of reproductive
output [29]. Instead, our findings are more consistent with
the idea that the positive relationship between early-life telo-
mere length and lifetime fitness in females is driven by
differences in individual quality. Telomeres may directly
affect longevity, which could occur if telomeres decline with
age and once they reach a critically short length contribute
to declines in organismal function [1]. In this case, early-life
telomere length may function as a countdown timer where
individuals with longer telomeres live longer and have
higher lifetime reproductive success simply because they
have more time on their biological clocks than individuals
with shorter telomeres. Alternatively, variation in the quality
of the developmental environment could affect both early-life
telomeres and other aspects of condition that impact longev-
ity. This could occur if individuals that experience better
developmental circumstances have longer telomeres and are
in better condition and able to allocate more to mechanisms
that extend longevity. Yet why this would impact longevity
but not reproductive output during each breeding event,
and why these effects differed between the sexes is unclear.
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In conclusion, our results demonstrate that in females, tel-
omeres are reflective of differences in quality or condition
rather than the pace of life. Further, they suggest that selec-
tion on telomeres will be sexually discordant, with no
apparent effect on sex differences in telomere dynamics.
Our results raise challenging questions about the evolutionary
stability of mean telomere length in the two sexes and the
maintenance of within population variation in telomere
dynamics. They also suggest that how telomeres influence or
reflect life-history trade-offs may be sex specific. Investigating
what factors contribute to this sex-specific relationship
between early-life telomeres and lifetime reproductive suc-
cess and whether this pattern is common across organisms
with disparate life histories are important areas of future
study.
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