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Abstract

Individuals differ in realized fitness but the genetic/phenotypic traits that underpin such variation are
often unknown. Telomere dynamics may be a major source of variation in fitness traits because
physiological telomere shortening depends on environmental and genetic factors and can impair
individual performance. Here, we showed that, in a socially monogamous, biparental passerine bird, the
barn swallow (Hirundo rustica), telomere length (TL) of both adult males and females positively predicts
seasonal reproductive success, as expected because long telomeres can boost performance. Telomere
length was correlated with sexually dimorphic plumage colour traits in both sexes, showing for the first
time in any species that coloration reliably reflects TL and may mediate mutual mate choice, leading to
the observed positive assortative mating for TL in the barn swallow. Thus, TL appears to be a source of
variation in a major fitness trait and may be an ultimate target of mate choice, as individuals of both

sexes can use coloration to adaptively choose high-quality mates that possess long telomeres.
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Introduction

Understanding the causes of individual variation in fitness traits is pivotal to the study of ecological
evolutionary processes. Variance in complex life-history traits, like breeding success and survival, likely
depends on a large number of so-called ‘quality’ or ‘state’ traits, some of which, however, may have a
disproportionate effect on performance owing to their multi-facetted consequences for life-histories.
Studies of humans and model organisms have suggested that telomere dynamics are likely candidates as
major determinants of variation in individual state because of their pervasive effects on organismal

function and crucial processes like senescence [1].

Telomeres are nucleoprotein structures located at the termini of eukaryotic chromosomes that contribute
to maintaining chromosomal integrity. Telomeric DNA of vertebrates consists of tandem repetitions of
the hexamer TTAGGG tightly associated with shelterin complexes, which provide regulation and
protection to chromosome ends [2]. Because DNA polymerase cannot fully replicate linear telomeric
DNA, in normal somatic cells telomeres undergo shortening at each cell division. When telomere length
(TL) reaches a certain threshold, cells enter either replicative senescence or apoptosis, thereby
potentially compromising tissue renewal capacity and functioning and, ultimately, performance [1,3,4].
For example, in wild bird populations short and/or rapidly shortening telomeres negatively predict life

expectancy [5-8], (but see [9]) and reproductive success [10,11].

Telomere length and dynamics are partly genetically determined [12,13], (but see [14]). However, the
rate at which telomeres shorten partly depends on exposure to diverse forms of stress [1,6,15-17],
parasitism [18], social environment and competition effects [19-22], parental effort [20,23,24] and
availability of dietary antioxidants [25,26] or oxidative stress [27-29], with unfavourable conditions

being associated with reduced telomere length and/or increased telomere erosion.

Thus, telomere dynamics have the potential of translating the experience of environmental factors into
variation in life-histories [22,23,30]. Because telomere dynamics are a key factor underpinning variation

in individual ‘quality’ [31], they may be relevant to sexual selection processes. Sexual selection theory
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posits that individuals of the sex that invests disproportionately more in reproduction are selected to
prefer high-quality individuals as mates because this will accrue them fitness benefits [32]. In species
where both sexes appreciably invest in reproduction, however, mate choice is predicted to be mutual,
leading to expect positive assortative mating for quality traits. According to Fisherian-handicap models
of sexual selection, preference for highly expressed secondary sexual traits that reliably advertise the
genetic/phenotypic quality of their bearer can mediate adaptive choice of high-quality mates [32]. The
components of variation in individual quality that are the ultimate target of adaptive mate choice,
however, are typically difficult to identify. In the present context, we suggest that variation in telomere
length may be a major component of variation in quality, and may therefore covary with the expression

of sexually dimorphic traits potentially under directional inter-sexual preference.

The determinants of telomere dynamics and the role of TL in physiology and pathology of humans and
model species has been at the focus of intensive research [31]. However, our knowledge of telomere
biology in relation to life-histories in wild organisms is at its infancy, and no study has investigated the
relationships between telomeres and sexually selected traits. The aims of the present study of the barn
swallow (Hirundo rustica), a socially monogamous, semi-colonial passerine bird showing sex-related

colour variation [33,34], were thus threefold.

First, we tested if seasonal reproductive success covaried with TL. If long telomeres are typical of high-

quality individuals, we expected reproductive success to increase with TL.

Melanin-based coloration of the ventral plumage region of barn swallows considerably varies among
individuals and subspecies [34], ranging from white to chestnut, and also differs on average between the
sexes [35], suggesting that coloration may be under sexual selection and that it may potentially reflect
inherent individual quality (sensu [36]), [37]. In addition, in a previous study of nestlings from the same
geographical population it was shown that individuals with darker coloration have longer telomeres [22].
Our second aim was therefore to test if ventral plumage coloration reflects TL also in adults, while

predicting a positive relationship between colour darkness and TL.
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Third, we analyzed the relationship between coloration and seasonal reproductive success. Previous
studies of other populations have documented a relationship between male coloration and annual
breeding success, with darker males producing a larger number of offspring per breeding season, but no
within-population-level data from Europe have been published on this relationship [38]. If telomere
length correlates with coloration and predicts breeding success, we also expected coloration to predict

seasonal reproductive success, with darker individuals showing higher success.
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Methods

We captured, sexed and marked with numbered metal and colour rings all adult barn swallows
breeding at 11 colonies (= farms) in all years between 2010 and 2013. Age of the individuals was
assigned thanks to breeding philopatry of our study population and exhaustive capturing of all

breeding adults in all years since 2010, according to well established procedures (see ESM 1; see also
[39)).

In 2013, we collected a blood sample from focal adults for telomere analyses. Blood samples were
stored at -80 °C within four hour of collection. Upon capture we also collected ca. 5 contour feathers
from the same ventral plumage region from all individuals for later spectrophotometric colour
measurement. We assigned adults to nests by observation of individual markings. Nests were
regularly inspected to record all breeding events during the breeding season. Barn swallow nestlings
usually fledge when approximately 20 days old. Seasonal reproductive success was expressed as the
total number of nestlings that were present in the nest at last visit, when nestlings were at least 12
days old. This is a good proxy of the number of nestlings fledged because in our population nestling

mortality during the second half of the nestling period is very low (<5%, NS unpublished results).

Telomere length analysis

The methods for TL analysis of the present sample of individuals are fully reported in Parolini et al.
(2015) [40] and in the Electronic Supplementary Material (ESM). Briefly, TL was measured in DNA
extracted from blood samples by the monochrome multiplex quantitative PCR method. Telomere
length was measured as the ratio (T/S) of the amount of telomeric repeats (T) to that of a single copy
gene (S), relative to a reference sample, and expressed as relative telomere length (RTL). As the
amount of reference sample DNA was not enough to include it in all the plates, we split the analyses
in two different batches and we used two different reference samples. The first group included 22

pairs, while the second group included 43 pairs. To solve any differences in the mean RTL between
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batches due to the dissimilar reference sample we used, RTL data were standardized within each of

two groups of pairs by subtracting the group’s mean.

Spectrometric feather colour analysis

Color of one ventral feather was quantified by recording the reflectance spectra of its distal end (see
ESM and [35]). Reflectance data were subsequently processed according to the tetrahedral color
space model [41]. Feather color was thus described by three variables: 3 and ¢, which accounts for
the ‘visible’ and the ultraviolet colour component, respectively, and rA, which accounts for saturation.
The present method for quantifying coloration provides highly repeatable measures both between
repeated measurements of the same feather and between feathers of the same ventral plumage region.
Importantly, we have demonstrated that coloration measured according to our present procedure

strongly positively reflects coloration as measured directly on the birds [36].

Statistical analyses

We relied on Poisson generalized linear models to analyze variation in seasonal reproductive success in
relation to RTL and colour. In the models we included age as a continuous covariate because
reproductive success can vary with age. Large correlations existed between age and RTL of mates.
Because inclusion of highly correlated predictors in linear models can raise multicollinearity issues, we
ran separate analyses for males and females. Variation of colour components in relation to RTL was
analyzed in Gaussian linear mixed models including breeding pair as a random factor and sex, RTL and
their interaction as fixed effects. In addition, we included age as a covariate. The interaction term
between sex and RTL, and the effect of age were removed from the models in a single step when
statistically non-significant. In all the above models we initially included the random effect of colony.
Because log-likelihood tests based on Gaussian linear mixed models did not show any significant

contribution (P > 0.05 in all cases) of colony, the random effect was removed.
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The sample consisted of 65 females and their 65 male mates for RTL and seasonal reproductive success.
The sample for coloration consisted of 62 females and 65 males (feathers for 3 females were not

available).



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

Results

The age of both males and females ranged between 1 and 3 years, was positively correlated between
mates (r = 0.588, n = 65, P < 0.001) and did not differ between males and females (paired t-test; tes =
1.22, P =0.228). RTL did not differ between males and their mates (paired t-test; tss = 1.38, P = 0.173)
and did not vary with age both in males (r = 0.01, n = 65, P =0.969) and females (r =-0.04,n =65, P =

0.769).

Relative telomere length and reproductive success

Seasonal reproductive success increased with RTL in both sexes (Table 1; Fig. 1). An increase in RTL
by 2 standard deviations could be estimated to translate into an increase in seasonal reproductive success
by 1.2 offspring for males and 1.3 offspring for females, corresponding to 24% (males) or 25% (females)
of the mean observed seasonal reproductive success. Breeding success increased with age, as expected

(Table 1).

Relative telomere length and coloration

Males had darker ‘visible’ ventral plumage coloration (6: paired t-test; te1 = 4.46, P < 0.001) and larger
ventral plumage saturation (rA: tex = 3.68, P < 0.001), and their UV coloration differed from that of
females (o: te1 = 3.72, P < 0.001) (Fig. 1S). Because none of the colour components significantly varied

with age (r values always associated with P > 0.21), these analyses were not influenced by age effects.

The relationships of ventral plumage colour components with RTL varied in a complex way between
the sexes. Darkness of the ‘visible’ coloration (as reflected by decreasing values of 0), increased with
RTL in males whereas it was not significantly associated with RTL in females, yielding a significant sex
by RTL interaction effect (Table 2; Fig. 2). The values of the ¢ (UV) colour component increased with

RTL independently of sex (Table 2; Fig. 2). In addition, rA significantly decreased with RTL in females
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while it non-significantly increased with RTL in males, again yielding a significant sex by RTL

interaction effect (Table 2; Fig. 2). Thus, coloration covaried with RTL, but in a sex-dependent way.

Coloration and seasonal reproductive success

Seasonal reproductive success differently covaried with ventral plumage coloration in either sex. Darker
males had significantly larger breeding success whereas no significant relationship existed between
‘visible’ coloration and reproductive success in females (Table 3; Fig. 2S). In addition, reproductive
success of males but not females increased with increasing UV reflectance whereas it did not covary

with colour rA (Table 3; Fig. 2S).
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Discussion

Telomeres have the potential to contribute a major component of variation in life-history traits of
eukaryotic organisms under both physiological and pathological conditions because their shortening
dynamics are sensitive to environmental as well as genetic background, and have pervasive
consequences for organismal function [1]. In fact, the first main finding of our study was that seasonal
reproductive success of both male and female barn swallows positively covaried with TL. These results
are by necessity correlational, because experimental manipulation of telomere length can hardly be
devised in the wild (but see [42] for lab experimental approach), and therefore do not conclusively
demonstrate causality. The relationship between breeding success and TL, however, was in the expected
direction because long telomeres are predicted to enhance general individual performance, and thus
seasonal reproductive success. These relationships were observed while controlling for the potentially
confounding effect of individual age. Since positive assortative mating for telomere length exists in the
present population of barn swallows (r = 0.384, n = 65, P = 0.002; Khoriauli et al., submitted), a
proximate explanation for a causal positive relationship between TL and seasonal reproductive success
is that high-quality males with long telomeres mate with relatively fecund females which also have long

telomeres, and/or that individuals with relatively long telomeres perform better at parental duties.

Positive assortative mating for TL (Khoriauli et al., submitted) suggested the existence of traits that
reliably signal TL in both sexes, and that assortative mating results from mutual preference for high-
quality mates, as expected in a species with extensive biparental reproductive investment. Here, we
demonstrated for the first time in any species that TL covaries with sexually dimorphic coloration in
both sexes and may therefore mediate mutual sexual choice leading to assortative mating. Interestingly,
the covariation between TL and individual components of sexually dimorphic coloration differed
between the sexes and in females existed only for the UV component and for colour saturation. This
highlights the importance of considering all colour components in studies of communication in this and

potentially also in the majority of the other bird species, which perceive UV wavelengths.
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A relationship between coloration and RTL was previously documented in nestlings from the same
population [22]. Differently from the present results, however, the relationship was not sex-dependent
(our unpubl. results). Because nestling barn swallows show null or small colour sexual dimorphism
[22,37] whereas adult males strongly differ in average coloration from females, the sex-dependent
association between coloration and RTL appears to be established only in adulthood, when sexual
differences in coloration are also established. The mechanisms that link telomere length to melanin-
based plumage coloration are open to speculation. A link between melanogenesis and telomere dynamics
may arise because the activity of telomerase, an enzyme that functions to restore telomere length [43],
affects the expression of tyrosinase, which is involved in early melanin biosynthetic pathways [44]. A
general physiological link between melanogenesis and telomere dynamics may also arise via the
pleiotropic effects of genes of the melanocortin system, which control melanogenesis and intervene in a
number of physiological functions including response to diverse forms of stress and hence telomere

dynamics [45].

The barn swallow is widely distributed across the Holoarctic region and morphological variation exists
across its range in sexually dimorphic traits as well as in sexual dimorphism [33,34]. In addition, sexual
selection on dimorphic traits also seems to vary geographically: most traits are under directional sexual
selection in multiple populations/subspecies, but the strength of selection varies geographically [38].
Here, we showed for the first time in any European barn swallow population that individual variation in
both the ‘visible’ and UV components of ventral plumage coloration predicts seasonal reproductive
success. Interestingly, in the same study population darker males suffer a viability disadvantage
compared to paler males [46], suggesting that conflicting fecundity and viability selection may concur

in maintaining extensive, genetically based polymorphism in coloration.

In conclusion, we showed for the first time in any bird species that telomere length covaries with both
reproductive success and coloration in both sexes. Because coloration reliably reflects TL, it may

mediate the observed positive assortative mating for TL, which may result from adaptive mutual choice
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between high-quality males and females. Telomere length may therefore be an ultimate target of
(mutual) mate choice mediated by the expression of plumage colour traits, an hypothesis that can be
tested in several other bird species. Finally, our study highlights the importance of considering all the
different components of coloration of birds because these may have different role in social and sexual

communication.
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345 Table 1. Poisson generalized linear models of seasonal reproductive success (total number of offspring
346 in the breeding season) in relation to RTL and age for females and males separately. Estimated
347  coefficients (SE) are given. Sample size was 65 females and 65 males.

348

349 A P coefficients (SE)

350

351  Females

352 RTL 5.61 0.018 0.654 (0.276)
353 Age 7.09 0.008 0.254 (0.100)
354  Males

355 RTL 4.60 0.032 0.568 (0.265)
356 Age 3.45 0.063 0.182 (0.098)
357

358
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Table 2. Gaussian linear mixed models of ventral plumage tetrahedral colour components in relation to
sex, RTL and age. The effects of age and of the RTL by sex interaction were removed when non-
significant. The random effect of breeding pair was always included in the model. Estimated marginal

means (EMM) and coefficients (SE) are given. Sample size was 65 males and 62 females for all

analyses.
F df P EMM (SE) /coefficients (SE)
0
Sex 19.31 1,123 <0.001  males: 0.217 (0.008) females: 0.266 (0.008)
RTL 2.74 1,123 0.100

Sex x RTL  3.97 1,123 0.048 males: -0.109 (0.041)** females: 0.009 (0.041)

Age? 2.97 1,122 0.087

¢
Sex 13.70 1,124 <0.001  males: -0.868 (0.008) females: -0.912 (0.008)
RTL 6.07 1,124 0.015 0.072 (0.029)

Sex x RTL* 0.00 1,122 0.976

Age? 073 1,122 0.395

rA
Sex 13.33 1,123 <0.001  males: 0.211 (0.006) females: 0.179 (0.006)
RTL 0.19 1,123 0.661

Sexx RTL 6.46 1,123 0.012 males: 0.046 (0.029) females: -0.065 (0.032)*

Age? 0.01 1,122 0.906

2 term removed from final model; *: 0.01 < P < 0.05; **: P < 0.01.
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Table 3. Poisson generalized linear models of seasonal reproductive success (number of offspring in

the breeding season) in relation to ventral plumage tetrahedral colour components and age for females

and males separately. Estimated coefficients (SE) are given. Sample size was 62 females and 65 males.

Females Males
71 P coefficient (SE) 7 P coefficient (SE)
0 1.90 0.169 1.190 (0.864) 5.48 0.019 -2.168 (0.926)
Age 6.55 0.011 0.252 (0.099) 2.40 0.122  0.155 (0.100)
0 0.00 0.958 -0.044 (0.835) 5.39 0.020 1.924 (0.828)
Age 5.56 0.018 0.228 (0.097) 2.65 0.103 0.161 (0.099)
rA 1.82 0.177 -1.521 (1.127) 0.25 0.620 0.574 (1.158)
Age 5.91 0.015  0.235 (0.097) 3.53 0.060 0.184 (0.098)
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Legend to figures

Figure 1. Seasonal reproductive success (total number of nestlings in the breeding season) in relation
to relative telomere length (RTL) of male or female barn swallows. The relationship was significantly

positive in both sexes.

Figure 2. Tetrahedral components (6, ¢, rA) of the ventral plumage coloration of male and female
adult barn swallows in relation to relative telomere length (RTL). Linear regression lines for either sex
are shown. 0 values significantly increased with RTL in males but not in females. ¢ values
significantly increase with RTL in both sexes. rA significantly declined with RTL in females but did

not significantly covary with RTL in males.
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