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  “Death takes place because a worn-out tissue cannot forever renew itself, and because a 
capacity for increase by means of cell division is not everlasting but finite.” 

August Weismann (1881) 
 

At the time, the means and techniques were not developed yet to test this hypothesis. 
But with his prediction, evolutionary biologist August Weismann turned out to be close 
to our current knowledge of the process of senescence. Senescence is now generally 
defined as: a time-related accumulation of cellular and molecular damage, leading to a 
decline in physiological function, and ultimately a decrease in rates of reproduction 
and/or survival. Although this inevitable process occurs in almost all organisms, there is 
considerable heterogeneity between individuals of the same species in the onset and 
rate of ageing. Why individuals senesce at a different pace is still not fully understood. 
Finding markers related to senescence is a first step in identifying factors that explain 
variation in the rate of senescence, which should lead to understanding the evolution of 
this process. The principle theme of this thesis is telomere length and dynamics, a 
potential marker underlying variation in life-history trade-offs and eventually 
senescence, and moreover a molecular trait that generally erodes over time.  
 
Evolutionary theory of senescence 
 
Although considerable insight about the process of senescence has been gained from 
laboratory species, such as fruit flies and mice, less is known about causes of variation in 
the onset and rate of senescence under natural conditions. In fact, until recently it was 
believed that wild animals would rarely reach an elderly stage nor show the 
corresponding senescent phenotype. It was thought that extrinsic factors such as 
predation or low food availability would cause mortality before physiological 
deterioration started. This was first described by Medawar (1952) who stated that wild 
animals “simply do not live that long”. In the last two decades evidence of senescence in 
wild populations is accumulating (Nussey et al. 2013), the pattern commonly found 
being an age-specific improvement of phenotypic traits in early-life, followed by a 
plateau and decline later in life. Also in the great tit, a short lived bird species, such a 
pattern of reproductive senescence was demonstrated, both in a British population and 
in the Vlieland population (Bouwhuis et al. 2009, 2010). In great tits on Vlieland 
reproductive success increases until the age of three years, and after that declines, likely 
as a consequence of senescence.  

The paradox of senescence is that this process occurs in almost all species, but is 
seemingly running against the force of natural selection. The common basis to explain 
the evolution of senescence is that the force of natural selection decreases during life, 
because extrinsic mortality reduces survival chances to old age (Medawar 1952; 
Williams 1957; Hamilton 1966). Moreover, the greater part of the potential maximum 
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reproduction occurs during early life. Hence mutations with harmful effects later in life 
can accumulate, and a senescent phenotype can evolve.  

Weismann was the first proposing a hypothesis explaining the evolution of ageing 
in the late 19th century. He suggested that organisms have to make a trade-off between 
investing in reproduction and maintaining somatic cells. It took a century before 
Kirkwood elaborated on Weismann’s hypothesis and proposed the disposable soma 
theory, which states that, under the assumption of limited availability of resources, 
individuals have to trade-off growth and reproduction against somatic maintenance 
(Kirkwood & Holliday 1979; Kirkwood & Rose 1991; Fig. 1). Because mortality increases 
with age, early-life reproduction is favoured at the expense of somatic maintenance and 
as a consequence senescence evolves.  

 

 
Figure 1. Schematic of the disposable soma theory of ageing. This assumes that the amount of 
resources are limited, as represented by the height of the rectangle, and therefore a trade-off 
should be made between somatic maintenance (light grey) and reproductive effort (or growth; 
dark grey).    

 
 
In a wide range of species, from reptiles to birds and mammals, there was 

evidence for a trade-off between early-life reproduction or growth and somatic 
maintenance later in life, supporting the disposable soma theory (Lemaître et al. 2015).  
However, this energetic balance is influenced by environmental and individual quality; 
because resource availability and acquisition varies between individuals, variation in 
life-history trade-offs arises. Hence, individuals which are of good quality might be able 
to invest in multiple traits without apparently making a trade-off between reproductive 
effort and somatic maintenance (Van Noordwijk & De Jong 1986), resulting in slower 
senescence. Based on the disposable soma theory, molecular and cellular markers which 
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change with chronological age and predict biological age, could help understanding 
between individual variation in the rate of senescence. One might think of a wide variety 
of interesting biomarkers which change with age, such as oxidative stress, hormonal, 
immunological or DNA related biomarkers. In this thesis I used the DNA related 
biomarker telomere length as a read-out parameter of somatic maintenance in a free-
living bird, in order to explore variation in life-history trade-offs and contribute to 
understanding senescence in the wild.  

 
Telomeres 
 
Telomeres are structures that generally shorten with increasing age. Measuring 
telomere length has received increasing interest in the field of ecology. This is because it 
was initially believed that the age of wild animals of unknown origin could be estimated 
accurately based on the length of their telomeres. This assumption turned out to be 
false, and currently there is interest in telomeres, because they could be used as a read-
out parameter of somatic damage and the length or shortening rate correlates with 
experienced life stress.  
 
Structure and function 
Telomeres are repeats of non-coding DNA at the ends of linear chromosomes. In all 
vertebrates telomeres consist of the sequence 5’-TTAGGG-3’ (Meyne et al. 1989). They 
have a function in protecting chromosome integrity and stability (De Lange et al. 1990). 
Telomeres typically end in a single-stranded overhang, which together with the outer 
end of the double stranded telomere is folded back in the telomere strand to form a T-
loop (Griffith et al. 1999; Stansel et al. 2001). This structure prevents the chromosome 
ends from being recognized as double stranded break. This way the T-loop keeps 
chromosomes from end-to-end fusion and DNA damage responses which would result in 
cell cycle arrest. Formation of the T-loop and the protective function of the telomeres is 
supported by shelterin proteins (De Lange 2005). Furthermore, telomeres act as a 
protective cap, providing a barrier against oxidative stress for the important, coding 
DNA.  
 
Classes of telomeres 
Three different Classes of telomeres can be distinguished, at least in birds (Delany et al. 
2000). At intra-chromosomal sites interstitial telomeric repeats or Class I telomeres are 
located, short repeats of 0.5 – 8 kb. Interstitial telomeres are found in many vertebrates, 
including humans (Azzalin et al. 1997; Foote et al. 2010). They likely originate from 
chromosomal reorganisation events (Hastie & Allshire 1989; Lin & Yan 2008), but the 
function of interstitial telomeres is far from understood. We assume that they are not 
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susceptible to double strand breaks and unlikely to shorten with age. Hence they are not 
of interest as biomarkers for senescence. 
 At the ends of chromosomes two types of telomeres are found, distinguished by 
their length (Delany et al. 2000). Class II telomeres with lengths of 8 – 40 kb are involved 
in the protection and stabilization of chromosomes. In many species, including great tits, 
these telomeres were shown to shorten with age (Chapter 3). This range of the telomere 
distribution is of interest to ecologists and biomedical scientists as it could be used as a 
biomarker for biological age.  

In addition Class III or ultra-long telomeres with lengths up to 2.0 Mb are found at 
the ends of chromosomes. They are present in several bird species (Delany et al. 2000) 
and also great tits have numerous ultra-long telomeres (Chapter 3). A general property 
of Class III telomeres is that they are extremely variable between individuals, as found in 
inbred mice studies (e.g. Kipling & Cooke 1990; Zijlmans et al. 1997) and in inbred 
chicken (Rodrigue et al. 2005). The function of Class III telomeres is not understood yet, 
but they seem to be associated with the presence of micro-chromosomes in the genome 
(Delany et al. 2000). Micro-chromosomes are tiny chromosomes, typical for avian or 
reptile karyotypes, which despite their small size, contain about half of the genes of the 
genome (Smith et al. 2000; Burt 2002). A study comparing the distribution of telomeric 
repeats at the chromosome level in 16 bird species, found that micro-chromosomes 
contained a large amount of telomere sequence (Nanda et al. 2002). Similarly, Delany et 
al. (2000) demonstrated that Class III telomeres were more numerous in species with a 
higher number of micro-chromosomes. From this it was speculated that, because micro-
chromosomes contain a high density of genes, ultra-long telomeres could provide an 
extra buffer to protect these genes from eroding (Groenen et al. 2000; Nanda et al. 
2002). 
  
Telomere shortening 
Telomeres shorten with age in many species (overview in Dantzer & Fletcher 2015), 
including great tits (Chapter 3). With every cell cycle telomeres lose base pairs due to 
the end-replication problem (Olovnikov 1973): the DNA replication machinery is unable 
to copy the complete length of the DNA template, and as a consequence base pairs will 
be lost. Hence telomeres could also be seen as a buffer for important genes to not get 
lost during cell division. 
 The rate of telomere shortening is accelerated by factors related to life stress, of 
which oxidative stress is generally considered to be an important contributor (Von 
Zglinicki 2002). The balance between reactive oxygen species and the antioxidant 
balance plays an important role in the prediction of telomere shortening rates, at least in 
vitro (Von Zglinicki et al. 1995; Von Zglinicki 2002). Furthermore, oxidative stress itself 
can cause cellular senescence, as it triggers cell growth arrest. Also emerging evidence 
from in vivo studies demonstrates the relation between oxidative stress and telomere 
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shortening rate. For instance, in humans psychological stress results in higher levels of 
oxidative stress and shorter telomeres (Epel et al. 2004). In young king penguins both 
low survival and high growth rates were related to high oxidative stress and short 
telomere length (Geiger et al. 2012). Furthermore, in Adélie penguins handicapped birds 
increased their antioxidant capacity, whereas oxidative damage remained unchanged, a 
mechanism that could protect telomere lengths (Beaulieu et al. 2011). 

On the other hand, telomere length can be restored by the enzyme telomerase. 
This enzyme carries its own RNA template to replicate telomeric sequence and restores 
lost telomere repeats (Blackburn et al. 1989). Although in the germ cells and stem cells 
this enzyme is active, in most somatic cells it is down-regulated. One explanation for this 
down-regulation is the relation between quickly dividing cancer cells and active 
telomerase (Shay & Wright 2011). But why there is such variation in telomerase activity 
between different types of cells is still an open question. 

The balance between telomere shortening and telomere maintenance is of crucial 
importance for cellular senescence. A minimum number of telomeric repeats is needed 
for correct folding of the T-loop, hence telomere erosion affects cell fate (Stewart et al. 
2003). When several telomeres are shorter than a critical length, a cell apoptosis 
pathway is activated and cellular senescence occurs (Harley et al. 1990). When this was 
discovered, telomeres became highly interesting to many researchers, as telomere 
length predicted cell replicative senescence. From in vitro studies, telomeres clearly play 
a role in cellular senescence. But are telomeres also linked to organismal senescence in 
multicellular organisms and healthy populations?  
 
Study system: Great tits on Vlieland 
 
Most of the work described in this thesis was done in a population of great tits (Parus 
major) on the island Vlieland, in the Dutch Wadden sea. Great tit and blue tit (Cyanistes 
caeruleus) populations have been studied on Vlieland, from 1955 up until the present 
day, and over this time, almost all nestlings have been ringed, parents identified and 
breeding success has been monitored (Van Noordwijk et al. 1981). Over 80% of the 
breeding individuals were ringed as nestlings and immigration and presumably 
emigration rates are low due to the isolated location (Van Tienderen & Van Noordwijk 
1988), making the longitudinal life-history dataset very complete. 

During my study (2011 – 2015) about 500 nest boxes were present in the forests 
and village on the island. The forest consists of 5 spatially separated patches: the biggest 
is the forest near the village, which is also referred to as the East, and four smaller 
patches which are referred to as the West. Between East and West is a dune area of 1.5 
km, which the tits rarely cross, creating two subpopulations on the island (Postma & van 
Noordwijk 2005). In all the analyses I checked whether there were differences between 
these subpopulations, but this was never a significant factor in the models.  
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Each spring breeding activities in the nest boxes were monitored, and all 
nestlings and unringed parents were ringed. In winter parents were caught for a second 
time in the year during roost checks. We took a blood sample from adult great tits 
during all the catches, which were used to analyse telomere length. 

 
Quantifying telomere length 
 
Telomeres differ in length between chromosome arms, because the rate of shortening 
varies (Lansdorp et al. 1996), but also different Classes of telomeres were found across 
chromosomes. Hence a distribution of telomere lengths could be found in each sample. 
In general, depending on the method used for analysing telomere length, the output 
ranges from a point-estimate of average telomere length per sample to telomere lengths 
estimated per chromosome arm. In ecology there is little documentation on the 
suitability of the different methods for particular questions and species. Moreover, it is 
not well known which Classes of telomeres are best used as biomarkers for senescence 
and life-stress. In the first two chapters of this thesis I explored this issue for great tits, a 
model species often used in evolutionary and behavioural ecology. 
 
Terminal Restriction Fragment analysis 
The ‘gold standard’ for measuring telomere lengths is Terminal Restriction Fragment 
(TRF) analysis. This method involves digestion of DNA other than telomeres with 
restriction enzymes, pulsed field gel electrophoreses followed by in-gel hybridization of 
the single-stranded overhang with a 32P-labelled oligonucleotide (5’-CCCTAA-3’)4 and 
analysing images of the telomeric distribution (Haussmann & Vleck 2002; Salomons et 
al. 2009). Because the single-stranded overhang is labelled, only chromosome-end 
telomeres will be quantified, which are of interest as biomarkers. This method differs 
from the denaturing Southern Blot protocol, in which all telomeric repeats, including 
interstitial telomeres, are labelled. We preferred using the non-denaturing in gel 
hybridization, avoiding inclusion of interstitial repeats in the telomere estimates.  

TRF analysis is time consuming and involves working with radioactivity, but a 
great advantage is that it results in an optical density profile of the telomere distribution 
in the sample. As well as calculating the average telomere length for a sample, TRF 
makes it possible to explore telomere dynamics for different sets of telomere lengths in 
the distribution. In this thesis I used a partitioning of the distribution into percentiles 
(10 – 90%) to analyse telomere dynamics in more detail (Chapters 3, 6). This is 
particularly interesting because in jackdaws (Salomons et al. 2009), common terns 
(Bauch et al. 2014) and humans (Kimura et al. 2007) the longer telomeres in the 
distribution shortened at the highest rates. We found the same patterns in great tits 
(Chapter 3). Because the longest telomeres are most vulnerable to oxidative damage, 
they lose more base pairs than shorter telomeres (Grasman et al. 2011; Verhulst et al. 
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2013). Hence they are more sensitive to environmental conditions and might be more 
pronounced biomarkers of senescence. 
Quantitative PCR  
Quantitative PCR (qPCR) is increasingly used to measure telomeres because of the high 
throughput and little amounts of DNA needed. It is based on PCR reactions with primers 
amplifying the telomeric sequence and a primer set for an invariant control gene 
(Cawthon 2002, Chapter 2). By dividing the fluorescent signals of the telomeres by the 
invariant control gene, a ratio for the average amount of telomere per genome is 
obtained. An absolute measure for average telomere length per genome could be 
calculated by using a standard curve with known quantities of synthetic oligo 
(O’Callaghan et al. 2008). However, it should be noted that measurement error caused 
by a variety of factors is higher with qPCR than with TRF analysis (box 1). Moreover, 
estimates include interstitial repeats and information about the telomere distribution 
will be lost, which is especially a problem if a species contains high amounts of Class III 
telomeres which do not shorten. This is illustrated by our findings in great tits, where 
Class III telomeres obscured shortening of Class II telomeres when quantifying dynamics 
of the average telomere length of the full distribution (Chapter 3).  
 
Other methods 
There are other methods, often outside the field of ecology, used to quantify telomere 
length also (full overview in Nussey et al. 2014). More difficult to establish are 
quantitative in situ hybridization (Q-FISH; Lansdorp et al. 1996) and single telomere 
length analysis (STELA; Baird et al. 2003), but both techniques result in quantification of 
the telomere distribution. Moreover, the outcome of STELA is telomere length per 
chromosome end, which is of interest in order to discriminate between chromosomes 
with Class II or III telomeres. The most recent developed technique is based on Dot blot 
analysis, which results similarly as qPCR in a point estimate of total telomeric repeats 
relative to the total amount of DNA  (Kimura & Aviv 2011). 
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 Box 1. Measuring telomere length with qPCR  
 
Quantifying telomere length with qPCR is relatively easy and analyses yield high throughput. 
However, there are methodological factors that influence the outcome of the qPCR analysis, 
which should be taken into account when validating this method. Many factors could cause 
variation between assays or laboratories, such as variation in DNA concentrations, 
composition of the master mix, choice of control gene or the qPCR thermocycler machine. Here 
I will discuss two factors we found contributing to variation between assays in more detail.  

First, differences between extraction methods have been reported: DNA extracted 
from column technology resulted in shorter telomere estimates and less variance between 
individuals than DNA extracted by salting-out or organic extraction (Cunningham et al. 2013). 
Also in another study differences between methods were found; DNA extracted with spin 
columns yielded longer telomere estimates than protein precipitation (Tolios et al. 2015). 
Furthermore, DNA extracted with magnetic beads resulted in shorter telomere estimates than 
extraction with protein precipitation (Raschenberger et al. 2016). Passage of the membrane 
in the extraction columns and the vortexing during the extraction protocol affects DNA 
integrity.  

In our own study in great tits we found that vortexing (0 – 30 secs) of extracted DNA 
influenced telomere length estimates, but effects were not repeatable. Furthermore, we stored 
a selection of great tit samples in aliquots in either glycerol buffer from which DNA was 
extracted with column extraction or in lysis buffer from which DNA was isolated using a 
protein precipitation method. qPCR telomere length estimates using DNA from both extraction 
methods correlated weakly (N = 40, r2 = 0.29) and were longer in DNA from column extraction 
(3.2 ± 0.12 kb) than protein precipitation (2.8 ± 0.11 kb; F1,52.5 = 2.60; p = 0.11). Especially in 
long running ecological studies it is not uncommon that switches between buffers are made. 
Hence it is important that within experiments making use of quantifying telomere length, one 
storage buffer and extraction technique is used.  

Second, qPCR involves temperature cycles induced by a thermocycler block. Due to 
inconsistent heating across the block, there are well position differences in telomere length 
estimates. In a systematic experiment the telomere to control gene ratio (T/S ratio) was lower 
close to the centre of the plate (Eisenberg et al. 2015). We also found position effects using 
zebra finch samples in our own laboratory. For this we used a crossed plate design: the plate 
was divided into quadrants and for the duplicate run the quadrants were exchanged between 
the diagonals. Telomere length estimates for the duplicates on different quadrants of the plate 
did not correlate (N = 29, r2 = 0.018). This means that the outcome of telomere length varies 
between the different positions on the plate. Solutions would be not using the edges of the 
plates, use rotary qPCR thermocyclers or correct for the position effect if it is repeatable.    

qPCR has the potential to be an accurate method, but estimates from gel 
electrophoresis have higher repeatabilities (Aviv et al. 2011). This is also illustrated by a meta-
analyses on gender differences in humans: overall females have longer telomeres than males. 
But when repeating the analysis per molecular method, this is true for studies using gel 
electrophoresis, but not for qPCR (Gardner et al. 2014). Together with the above mentioned 
observations, qPCR did not reach the standards of accuracy that we required and thus we 
decided to use TRF analysis instead. 
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Between individual variation in telomere length 
 
Telomere length and shortening rate highly vary between species (Haussmann et al. 
2003; Dantzer & Fletcher 2015), but also between individuals of the same species. This 
could be due to genetic variation, environmental factors and differences in life-history 
strategies and interactions between these factors. A challenge handled by evolutionary 
biologists is disentangling the contribution of these components to trait variation. In the 
last three chapters of this thesis I discuss the relation between telomeres, genes and life-
history. 
 
Heritability of telomere length  
Quantifying additive genetic variation of traits is of interest in evolutionary biology, 
because traits need to be heritable in order to evolve. In general, life-history traits have 
lower heritabilities than for instance morphological or physiological traits (Postma 
2014). This was often interpreted as a decrease of genetic variation caused by natural 
selection on life-history traits. However, heritability is a ratio between additive genetic 
variation and total phenotypic variation, which could result in small numbers if the 
denominator is larger, for instance because variation caused by environmental effects is 
large. Therefore Houle (1992) proposed using the coefficient of genetic variation (CVA), 
which is given by the additive genetic variance divided by the trait mean, in order to be 
able to estimate evolvability. In a meta-analysis there was a positive relationship 
between the CVA of traits and the association with fitness, underpinning the influence of 
environmental factors on heritability of life-history traits (Houle 1992).    
 Variation in initial telomere length in the zygote, telomere shortening rate, and 
degree of telomere maintenance all have the potential to be genetically determined. So 
far mainly heritability estimates of telomere length were reported in the literature. The 
first heritability estimates for telomere length originated from human twin studies and 
parent-offspring comparisons. The strength of the heritability estimates varied between 
studies (Fig. 2, Chapter 4), but on average they were close to 0.7, which was also found 
in a large study combining several datasets resulting in a sample size of 19,713 subjects 
(Broer et al. 2013). Variation between studies could be attributed to differences in the 
relations compared, statistical approaches, and environmental effects, which are difficult 
to control for in human studies. Nevertheless, in humans a fair share of variation in 
telomere length could be explained by genetic effects. There was no difference in 
heritability estimates across the telomere distribution (shorter – longer telomeres) 
when comparing quartiles (Hjelmborg et al. 2015b). One study reported heritability of 
telomere dynamics during adult life, which was not as strong (h2 = 0.28) as the 
heritability of telomere length (Hjelmborg et al. 2015b). 

Results from animal studies were far less consistent (Fig.2). In sand lizards 
heritability was estimated to be high: 0.52 in a mother-daughter comparison or 1.23 in a 
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father-son comparison. In birds heritability of telomere length was on average 0.46, 
ranging from 0.038 in free-living white-throated dippers (Becker et al. 2015) to 0.999 in 
captive zebra finches (Chapter 4). However, with only seven studies estimating 
heritability in vertebrates other than humans there is a great need for more datasets. In 
particular, large studies in free-living animals could have the potential for separating 
genetic and environmental effects, which will contribute to a better understanding of the 
origin of variation in telomere length. 
   
Early environment and parental effects 
Low heritability estimates in animal studies could be explained by the influence of 
environmental effects, such as the condition in the nest of birth or year quality (Becker 
et al. 2015). This idea is confirmed by low a heritability estimate of 0.18 in cross-
fostered collared flycatchers (Voillemot et al. 2012 but see Reichert et al. 2014). Cross-
fostering is an experimental design that (partially) controls for early-environment 
effects. However, this seems not to be true in ad libitum laboratory conditions. In a 
captive zebra finch population we were unable to separate genetic and environmental 
effects due to low variation in environmental conditions (Chapter 4).    

Besides genetic effects, in humans both maternal and paternal effects were 
observed. Broer et al. (2013) found that maternal effects were stronger contributors to 
telomere length variation than paternal effects. However, in a meta-analytic comparison 
which combined five human studies, no distinction in the size of maternal and paternal 
effects could be made (Eisenberg 2013). From animal studies no clear conclusions could 
be drawn yet. In sand lizards a paternal effect was found (Olsson et al. 2011b), but in 
four out of six bird studies maternal effects were found (Horn et al. 2011; Reichert et al. 
2014a; Asghar et al. 2015a; Becker et al. 2015).  

Finally, positive paternal age effects were found in several human studies (e.g. 
Kimura et al. 2008; Broer et al. 2013; De Meyer & Eisenberg 2014; Hjelmborg et al. 
2015a). This could be explained by two (non-exclusive) alternative explanations. First, 
telomerase is active in the male germ stem cells (Wright et al. 1996), hence sperm 
telomere length increases with paternal age, which results in a positive association 
between paternal age and offspring telomere length. Second, germ stem cells with the 
shortest telomeres might selectively disappear from the stem cell population, resulting 
in a selected population of cells characterized by longer telomeres (Hjelmborg et al. 
2015a). Only a few wild animal studies described parental age effects. In sand lizards 
(Olsson et al. 2011b) negative effects of paternal age were found and in reed warblers 
(Asghar et al. 2015a) a positive effect of maternal age was described. Obviously more 
studies are needed to make proper conclusions about parental effects.        
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Figure 2. Overview of estimated heritability of telomere length in human studies (both twin and 
parent-offspring comparison), sand lizards (parent-offspring comparison) and birds (sibling-, 
parent-offspring comparison and ‘animal model’). The grey area reflects the expected range of 
heritability estimates (0-1). The grey circle among the bird studies depicts our heritability 
estimate in the zebra finch. 
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 Box 2. Factors underlying variation in telomere length in great tits 
 
We intended to explore genetic and environmental factors underlying variation in telomere 
length in great tits on Vlieland (N = 123 individuals; 289 samples). There is genetic 
differentiation in micro-satellites between the two subpopulations (East and West) on the 
island (Postma et al. 2009). Immigrants settle mostly in the West, and as a consequence 
immigrants and Vlieland-West great tits are genetically more similar to each other than either 
of them to Vlieland-East great tits. Also, there is a consistent genetic difference in clutch size 
between the two areas on the island (Postma & van Noordwijk 2005). Our telomere phenotype 
dataset was small and includes too few direct relatives to calculate heritability. Therefore, as a 
rough estimate of genetic effects on telomeres we compared telomere length of first samples 
corrected for age between the subpopulations and immigrants and residents. We found no 
differences in telomere shortening rate in any of the comparisons (not shown).  

There was a trend that telomeres were longer in great tits born in the Eastern 
subpopulation than in West (difference: 751.44 ± 404.24 bp; F1,84 = 3.46, p = 0.067). There was 
no difference in telomere length between resident and immigrant birds (difference: 244.79 ± 
255.56 bp; F1,111.4 = 0.92, p = 0.35) and also no differences between the genetic clusters based 
on micro-satellites, that is East-Vlieland versus West-Vlieland and immigrants (difference: 
81.90 ± 235.71 bp; F1,109.2 = 0.12, p = 0.73). Note that the individuals in our dataset were not 
genotyped. 

Finally, we investigated environmental effects on telomere length later in life by 
distinguishing between East and West as areas of breeding. Previously, production of recruits 
and adult survival were shown to be consistently higher for birds breeding in the East than in 
the West (Postma & van Noordwijk 2005). Telomere length did not differ between the Eastern 
and Western subpopulations (difference: 239.57 ± 278.43 bp; F1,113.3 = 0.74, p = 0.39). 
However, there was an interaction between breeding area and migrant status (F1,114 = 6.22, p 
= 0.014, Fig. 3). In the West, the area with lowest fitness perspective for great tits, telomere 
length was longer in immigrant than resident birds. This could be due to higher selection 
pressure on telomere length in birds that migrated to Vlieland and settled in the West. We can 
only speculate that resident West-Vlieland great tits were able to cope with more difficult 
environmental conditions given their shorter telomeres. An alternative explanation is that the 
immigrant birds in the East were Vlieland birds born in natural cavities. 
 Altogether, telomere length is longer in 
resident East great tits than in resident West great tits. 
Currently we are unable to disentangle the genetic and 
environmental effect. An interesting continuation 
would be estimating heritability of telomere length in 
nestlings with an ‘animal’ model, a technique that 
allows for separation of genetic and environmental 
factors. 
 
Figure 3. Telomere length plotted for the breeding 
subpopulations and migrant status (res = resident, immi = 
immigrant). Plotted values are model estimates corrected 
for age and gel differences (random effect) ± standard error. 
Numbers in the graph indicate the number of males. 
Different letters indicate significant differences according to 
statistical results. 
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Telomeres and life-history 
 
In vitro experiments demonstrated that telomeres are causally involved in cellular 
senescence. But how do telomeres relate to senescence and fitness in multicellular 
organisms? And what are the effects of environmental factors on telomere length and 
dynamics? My main interest in this thesis was telomere length, and especially telomere 
dynamics, as a marker of cellular senescence, in order to understand the trade-off 
between reproductive effort, telomeres, and ultimately survival. 
 
Reproductive success 
Under the assumption that resources are limited, a trade-off between reproductive 
effort and somatic maintenance could be expected, according to the disposable soma 
theory (Kirkwood & Holliday 1979; Kirkwood & Rose 1991). This association could be 
investigated both in cross-sectional datasets comparing telomere length and 
reproductive success in the same year, or in longitudinal datasets by investigating 
telomere shortening following reproduction. In general, longitudinal studies yield higher 
power to detect differences between individuals, because they can be correct for 
selective disappearance of poor quality individuals, which might be underestimated 
effects in cross-sectional datasets (Van de Pol & Verhulst 2006). Moreover, longitudinal 
analyses yield additional information to cross-sectional analyses, and with longitudinal 
analyses it could be tested whether an association with telomere length could be 
explained by telomere shortening rate independent of telomere length.  
 There were several cross-sectional studies in wild animals testing for the 
association between telomere length and reproductive success (Fig. 5). In dunlins 
(Pauliny et al. 2006), king penguins (Le Vaillant et al. 2015) and sand lizards (Olsson et 
al. 2011a) small or no associations between the two traits were found. In leatherback 
turtles more successful individuals had longer telomeres (Plot et al. 2012), whereas in 
male common terns more successful individuals had shorter telomeres (Bauch et al. 
2013). In great tits we found no association between telomere length and reproductive 
success (Chapter 6). Although most estimates were positive, the findings are mixed (Fig. 
5), demonstrating the complexity of this relationship. The association between telomere 
length and reproductive success in common terns was quadratic, in the sense that the 
most successful individuals lost fewer telomere base pairs than the intermediate 
successful birds (Bauch et al. 2013). This suggests there is high heterogeneity between 
individuals due to the interaction between differences in individual quality and 
reproductive effort. 
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Figure 4. Two alternative scenarios for the relationship between telomere shortening and 
reproductive success. In the left panels, solid lines represent telomere dynamics with increasing 
age in reproductive successful individuals, and dashed lines in unsuccessful individuals. We 
assume that telomere shortening rate reflects the effort put into reproduction. The right panels 
are the outcomes of reproductive success given the effort made during reproduction. (a) 
Individuals that have no reproductive success lose more telomeres than successful individuals. 
Unsuccessful individuals put high effort into reproduction, but given their state, are both unable 
to gain reproductive success and maintain telomere length. Hence, their high effort results in 
low success. (b) Individuals which have reproductive success lose more telomeres than 
unsuccessful individuals. Successful individuals put high effort in reproduction, but this comes at 
the cost of losing telomeres. Nevertheless, their high effort results in high success.  
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lost less telomere base pairs in humans (Barha et al. 2016) and great tits (Chapter 6), in 
agreement with scenario (a). In common terns individuals with the highest reproductive 
success lost most telomeric sequence, consistent with their findings in the cross-
sectional dataset, and supporting scenario (b) (Bauch et al. 2013). But in king penguins 
there was no correlation between reproduction and telomere dynamics (Le Vaillant et 
al. 2015). Both in common terns and great tits the association between reproduction and 
telomere shortening was most pronounced in the longest telomeres in the sample 
telomere distribution. 

It is difficult to interpret these results based on four studies in different species. 
Next to variation in life-history strategies and telomere dynamics, there is also variation 
caused by for instance differences between methods to quantify telomere length (qPCR 
versus gel electrophoresis). It is important to keep in mind that the great tit dataset 
contained only males; hence it is good to note that the correlation we find is mainly due 
to territory defence and chick rearing activities. In female birds the costs of 
reproduction might be different, as they produce eggs and, at least in great tits, incubate 
the eggs. Costs of reproduction might be even higher in female mammals, due to changes 
in physiology and body composition during pregnancy and lactation.  
 
Experimental approaches to disentangle trade-offs 
In addition to studying the effects of natural variation in life-history traits, experimental 
approaches are helpful in understanding causality. It is well-established that trade-offs 
have to be made between reproduction and survival, this has been demonstrated in 
experiments where brood size was manipulated. Costs could be explained by several 
mechanisms, but likely contributors were immune functioning and increased oxidative 
stress. Also telomere shortening was a candidate to be affected by experimentally 
increased reproductive effort (Fig. 5). When reproductive effort was pushed upwards by 
increasing brood size in a laboratory setting in zebra finches, increased brood sizes 
negatively affected telomere erosion (Reichert et al. 2014b). Not only brood size, but 
also reproduction itself impacted telomere shortening in zebra finches, although these 
effects did not last in the long-term (Heidinger et al. 2012). Also in the wild, trade-offs 
with telomere maintenance had to be made in blue tits when brood sizes were increased 
(Sudyka et al. 2014).  

However, manipulating energy expenditure by handicapping birds with a 
backpack did not influence telomere dynamics (Beaulieu et al. 2011, Chapter 6). In our 
manipulation male great tits had to carry 5% of their body mass during one year, which 
seemed a substantial handicap (Chapter 5). We found small effects of the additional 
mass on the state of the males; for instance body mass increased and males were less 
likely to occupy a nest box for roosting in winter. But, we found no long-term fitness 
consequences in terms of reproductive success or survival. And also telomere dynamics 
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were not affected by the manipulation of workload. Apparently great tits were able to 
cope with this load, which was comparable to transmitters used in small passerines.  

 

 
 

Figure 5. Overview of studies on the association between telomeres and reproduction. We 
divided the studies in (i) cross-sectional designs, comparing telomere length and reproduction 
at the same time, (ii) longitudinal designs, comparing reproduction and subsequent telomere 
dynamics and (iii) studies manipulating reproductive effort (brood size manipulation in zebra 
finch and blue tit, handicap with backpack in Adélie penguin and great tit). Note that telomere 
length in dunlins was quantified with the program Telometric, which produces biased estimates. 
See text for references. 
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lost less telomere base pairs in humans (Barha et al. 2016) and great tits (Chapter 6), in 
agreement with scenario (a). In common terns individuals with the highest reproductive 
success lost most telomeric sequence, consistent with their findings in the cross-
sectional dataset, and supporting scenario (b) (Bauch et al. 2013). But in king penguins 
there was no correlation between reproduction and telomere dynamics (Le Vaillant et 
al. 2015). Both in common terns and great tits the association between reproduction and 
telomere shortening was most pronounced in the longest telomeres in the sample 
telomere distribution. 
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caused by for instance differences between methods to quantify telomere length (qPCR 
versus gel electrophoresis). It is important to keep in mind that the great tit dataset 
contained only males; hence it is good to note that the correlation we find is mainly due 
to territory defence and chick rearing activities. In female birds the costs of 
reproduction might be different, as they produce eggs and, at least in great tits, incubate 
the eggs. Costs of reproduction might be even higher in female mammals, due to changes 
in physiology and body composition during pregnancy and lactation.  
 
Experimental approaches to disentangle trade-offs 
In addition to studying the effects of natural variation in life-history traits, experimental 
approaches are helpful in understanding causality. It is well-established that trade-offs 
have to be made between reproduction and survival, this has been demonstrated in 
experiments where brood size was manipulated. Costs could be explained by several 
mechanisms, but likely contributors were immune functioning and increased oxidative 
stress. Also telomere shortening was a candidate to be affected by experimentally 
increased reproductive effort (Fig. 5). When reproductive effort was pushed upwards by 
increasing brood size in a laboratory setting in zebra finches, increased brood sizes 
negatively affected telomere erosion (Reichert et al. 2014b). Not only brood size, but 
also reproduction itself impacted telomere shortening in zebra finches, although these 
effects did not last in the long-term (Heidinger et al. 2012). Also in the wild, trade-offs 
with telomere maintenance had to be made in blue tits when brood sizes were increased 
(Sudyka et al. 2014).  

However, manipulating energy expenditure by handicapping birds with a 
backpack did not influence telomere dynamics (Beaulieu et al. 2011, Chapter 6). In our 
manipulation male great tits had to carry 5% of their body mass during one year, which 
seemed a substantial handicap (Chapter 5). We found small effects of the additional 
mass on the state of the males; for instance body mass increased and males were less 
likely to occupy a nest box for roosting in winter. But, we found no long-term fitness 
consequences in terms of reproductive success or survival. And also telomere dynamics 
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cope with this load, which was comparable to transmitters used in small passerines.  
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accumulating evidence for a positive association between telomeres and survival (Fig. 
6). Although generally in literature positive correlations between telomere length and 
survival were found, there are several exceptions. In cross-sectional studies a non-
significant positive relation was found in dunlins (Pauliny et al. 2006), soay sheep 
(Fairlie et al. 2015) and barn swallows (Caprioli et al. 2013) and a negative correlation 
in water pythons (Ujvari & Madsen 2009). It is good to note that, unexpectedly, in water 
pythons telomeres were reported to elongate with age. In longitudinal studies in 
barnacle geese (Pauliny, Larsson & Blomqvist 2012), blue tits (Sudyka et al. 2014) and 
soay sheep (Fairlie et al. 2015) non-significant positive correlations were found. In great 
tits individuals with longer telomeres had a higher chance of survival, but this did not 
reach statistical significance (Chapter 6).  
 A few studies demonstrated early life telomere length was a better predictor for 
survival and lifespan than telomere length later in life. The first evidence came from a 
captive zebra finch population, in which individuals with the longest telomeres as 
nestling, had the longest lifespan (Heidinger et al. 2012). This positive association 
between telomere length and lifespan became weaker with increasing sampling age. 
These findings were confirmed by a positive correlation between early life telomere 
length and lifespan in wild reed warblers (Asghar et al. 2015b). Finally, in jackdaws 
there was no association between survival and nestling telomere length in a cross-
sectional dataset, but in the longitudinal dataset nestling losing fewer base pairs had 
higher recruitment chances, suggesting telomere shortening rate is a better predictor for 
survival (Boonekamp et al. 2014). 

In common terns the association between telomere length and survival was most 
pronounced in the longer telomeres within individuals (Bauch et al. 2014). This is in 
agreement with the shortening rate with age being highest in the longer telomeres in 
jackdaws (Salomons et al. 2009), common terns (Bauch et al. 2014) and great tits 
(Chapter 3). These findings seem paradoxical, given that in vitro the shortest telomeres 
trigger cell growth arrest when they are below a certain threshold (Harley et al. 1990). 
These in vitro studies suggested causal involvement of telomeres in the process of 
senescence, but this has so far not been supported by any in vivo studies. In fact, in a 
recent review of telomerase knockout and overexpression studies little support was 
found that telomeres cause senescence (Simons 2015). Instead telomere length could be 
interpreted as a proxy for individual quality or read-out parameter of experienced life-
stress, as also found in our study in great tits (Chapter 6). 
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Figure 6. Overview of studies on the relation between telomeres and survival. We divided the 
studies in (i) cross-sectional designs, comparing telomere length in year x and subsequent 
survival and (ii) longitudinal designs, comparing telomere dynamics preceding year x and 
subsequent survival. Both designs are subdivided into telomere measurement in adult 
individuals or young individuals. Note that all cross-sectional studies in young individuals 
related nestling telomere length to adult survival, except in European storm petrels where 
nestling telomere length was compared to nestling survival. 
  
 
Conclusions and implications 
 
Telomeres shorten with age and are related to biological age or senescence. Evidence for 
the relevance of telomeres as biomarkers for individual quality or life-stress is 
accumulating. In this thesis I was interested in telomeres in great tits, a short-lived 
passerine bird. My first aim was to establish accurate methods for quantifying telomere 
length in great tits. In chapter 2 my co-authors and I describe the development of an 
invariant copy number control gene, the key step for developing usage of qPCR in a new 
species. We developed primers on a sequence in the great tit GAPDH gene, which cross-
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nestling, had the longest lifespan (Heidinger et al. 2012). This positive association 
between telomere length and lifespan became weaker with increasing sampling age. 
These findings were confirmed by a positive correlation between early life telomere 
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agreement with the shortening rate with age being highest in the longer telomeres in 
jackdaws (Salomons et al. 2009), common terns (Bauch et al. 2014) and great tits 
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amplified in blue tits. For future studies the importance of a proper control gene and 
thorough validation of the qPCR technique should not be neglected. In current studies 
the appropriate details about validation steps are often lacking (see MIQE guidelines; 
Bustin et al. 2009). The high throughput of qPCR is an enormous advantage, but the 
lower repeatability and point estimate of the average telomere length made the method 
less suitable for measuring telomere length in great tits. Hence we analysed telomere 
length with TRF analysis, resulting in information regarding the full telomere 
distribution.  
 In chapter 3 my co-authors and I show that shortening of Class II telomeres was 
masked by Class III telomeres in great tits. This made qPCR an inappropriate method to 
quantify telomere dynamics in great tits. With the TRF method we showed that Class II 
telomeres shortened with age, but Class III telomeres did not. Moreover, in the 
distribution of Class II telomeres the longer telomeres lost base pairs at the highest rate. 
These long repeats were more vulnerable to damage, likely to be caused by oxidative 
stress. Based on these findings it is highly recommended to explore the telomere 
distribution with TRF analysis when studying telomeres in new species. When Class III 
telomeres do not obscure shortening of Class II telomeres, qPCR could be used as a 
quicker method to estimate telomere length. 
 My second goal was to identify factors underlying variation in telomere length. In 
chapter 4 my co-authors and I show that the heritability of telomere length in captive 
zebra finches was extremely high. This dataset did not allow for separation of genetic 
and environmental effects. Because environmental variation was small, we concluded 
that this likely overestimated our heritability estimate. Furthermore, in preliminary 
analyses in great tits it was suggested that next to genetic background, environmental 
effects are important determinants for telomere length. More studies disentangling 
genetic, parental and environmental effects in wild animals are needed for better 
understanding of the interaction of factors underlying variation in telomere length, 
mainly in early life as this seems the best predictor for lifespan. 
 Third, in chapter 6 I was interested in the correlation between telomere length 
and dynamics and life-history traits. My co-authors and I found no association between 
reproduction and telomere length in cross-sectional analyses. However, in longitudinal 
datasets, individuals with higher reproductive success in terms of recruits lost fewest 
telomere base pairs. We argued that telomere dynamics could be used as proxy for 
individual or environmental quality. Although our estimates were in the expected 
positive direction, there was no association between telomere length or dynamics and 
survival. Since great tits are short-lived birds, stochasticity in extrinsic mortality factors, 
which do not relate to telomere shortening, might play an important role. Due to 
practical reasons our study was limited to male great tits. It would be interesting to 
include females in future analyses. Other costs of reproduction could be expected in this 
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sex, since female great tits are responsible for nest building, egg production and 
incubation.  
 Finally, in addition to the study of genetic components and effects of natural 
variation in life-history strategies, we studied the effects of prolonged higher workload 
of male great tits to establish whether there was a causal relationship between life stress 
and the rate of senescence and telomere shortening in chapter 5 and 6. We found short-
term effects on male state, but no long-term fitness consequences of our treatment. 
Moreover, there were no effects of the additional mass on telomere dynamics, fitting 
with the lack of long-term fitness consequences. This means that despite the stressor of 
the additional mass during one year, great tits were able to cope with this and similar 
equipment, such as transmitters.   
 
To conclude, Class II telomeres shortened with age and were positively but weakly 
correlated with fitness components in great tits. Telomere shortening in this species was 
masked by the abundance of Class III telomeres, which did not erode. What the function 
of these ultra-long telomeres is remains an open question. Nevertheless, with this thesis 
another step in gaining insight in telomeres as a marker for underlying variation in 
phenotypic quality and life-history trade-offs was made.  
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Abstract 
Estimating the number of genome copies in a tissue sample can serve various purposes. 
For example, such an estimate serves as scaling variable when measuring telomeres 
with quantitative PCR. We describe the primer development and evaluation for the 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene in the great tit (Parus 
major), as a control gene to estimate genome copy number. We demonstrate specific 
amplification with negligible variation in 48 great tits and cross-amplification in 53 blue 
tits (Cyanistes caeruleus). We conclude this primer set to be reliable for amplification of 
GAPDH as a reference gene for quantitative PCR analysis in great- and blue tits.  
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Introduction 
An invariant control gene, which estimates genome copy number, is used in molecular 
studies to correct for variation in sample loading or reaction efficiencies (Stürzenbaum 
& Kille 2001). To serve this purpose, all individuals need to have the same number of 
copies of the control gene per genome. Secondly, there needs to be negligible variation 
between individuals in the amplified region of the control gene to ensure that they are 
multiplied at comparable rates in samples of different individuals. A control gene used 
for qPCR studies of telomeres in birds is the glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) gene. Primers are designed for the zebra finch (Taeniopygia 
guttata), and telomere lengths measured with qPCR compared with those of terminal 
restriction fragment analysis by in-gel hybridization as a reference. A strong correlation 
between both methods was found, and cross-amplification in the alpine swift (Apus 
melba) (Criscuolo et al. 2009).  

Telomeres, tandem repeats at the ends of chromosomes, have been proposed as 
an indicative measure for past life stress in humans (Boonekamp et al. 2013) and birds 
(Monaghan & Haussmann 2006; Bauch et al. 2013). This view is supported by studies 
demonstrating links between telomere length and survival (e.g. Haussmann et al. 2005; 
Bize et al. 2009; Salomons et al. 2009). Several techniques are available to measure 
telomeres (Aubert et al. 2012), of which quantitative PCR (Cawthon 2002; O’Callaghan et 
al. 2008) has the advantages that it is relatively less labour intensive, and requires only 
small quantities of DNA. Recently this method was also introduced to measure 
telomeres in birds (Criscuolo et al. 2009; Barrett et al. 2012).  

The zebra finch GAPDH primers are to an unknown extent species specific and 
our preliminary results showed that they are not invariant in great tits (Parus major) 
and blue tits (Cyanistes caeruleus). We therefore derived the sequence of the GAPDH 
gene from a de novo assembly of great tit Illumina sequences, a platform for next-
generation sequencing, and designed and validated new primers on part of the GAPDH 
gene in the great tit. We further show that these primers cross-amplify in blue tits.  
 
 
Methods 
 
Blood sampling 
We collected blood samples of great and blue tit populations on Vlieland, an island in the 
Dutch Wadden Sea (Verhulst & Van Eck 1996). For both species, age at which blood 
samples were taken ranges from one to five years (great tit age = 1.7 ± 1.13; blue tit age 
= 1.7 ± 1.16; values are averages ± SD). Blood samples were collected in 2% EDTA, 
stored at 4-7°C for up to three weeks, and subsequently stored at -80°C after being snap-
frozen in a 40% glycerol buffer. 
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Molecular analysis 
Whole blood was centrifuged for 4 minutes at 3500 rpm and DNA was extracted from 
3μl red blood cells using the innuPREP Blood DNA Mini Kit (Analytik Jena) following the 
manufacturer’s protocol. Concentrations and purity (A260/A280 and A230/A260) were 
quantified using a NanoDrop 2000C Spectrophotometer (Thermo Scientific). Aliquots of 
DNA were diluted to 1.67 ng/μl and stored at -20°C for all downstream applications. 

We used a fragment of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
gene as control gene. The starting point was the GAPDH sequence of the zebra finch 
(Criscuolo et al. 2009). We located this sequence in the great tit by performing a local 
NCBI BLAST search of the zebra finch GAPDH sequence using Blastn with default 
settings and an E-value cut-off of 1.0 x e-25, against contigs produced from assembled 
Illumina by next-generation sequencing of great tit sequences (van Bers et al. 2010; Van 
Bers et al. 2012). The 2180 bp long sequence consisting of two contigs aligned for 99% 
with the zebra finch with E-values ranging between 5.0 x e-37 and 3.0 x e-167. We 
designed primers that amplified an 80 bp fraction of an exon on the GAPDH gene in the 
great tit using Primer3 (Rozen & Skaletsky 2002).  

DNA of 52 individual great tits was subjected to PCR to test for the specificity of 
the primers and variation between individuals. Primer concentrations were 100nM for 
both the forward and reverse primer in a total volume of 10.5 μl. Reaction conditions 
were: 1 μl 10x PCR + Mg buffer (Roche), 200 μM of each dNTP, 0.075 μl Taq polymerase 
(5 U/μl, Roche). Between 10 and 100 ng of DNA was used as template. The PCR reaction 
was performed in a TC-512 thermal cycler (Techne). After initial denaturation at 95°C 
for 10 seconds, 40 cycles of 1 minute at 95°C, 1 minute annealing at 60°C and 1 minute 
at 72°C were completed, followed by a final extension of 5 minutes at 72°C. The PCR 
product was subjected to electrophoresis for 90 minutes at 5.45 V/cm in a 2.5% agarose 
gel with ethidium bromide and compared with a 100bp size standard. DNA of 24 blue 
tits was subjected to the same procedure.  

To test the quality of the primer set with higher resolution, we amplified DNA of 
48 great tits and 53 blue tits in a quantitative PCR reaction (qPCR), with each species 
analysed on separate plates. The variation in cycle quantification value (Cq) and melting 
temperature or lack thereof will give more details about similarity between individuals 
and the amount of different amplicons respectively. As a negative, no-template control 
we used AccuGENE Molecular Biology Water (Lonza). Primer concentrations were 
100nM for both the forward and reverse primer in a final volume of 15 μl containing 7.5 
μl of iQ SYBR Green Supermix (BioRad). Each reaction contained 10ng of DNA. The qPCR 
reactions were performed in a CFX96 (Bio-Rad) instrument. Thermal cycles were: 15 
minutes at 95°C followed by 40 cycles of 15 seconds at 95°C, 30 seconds annealing at 
60°C for GAPDH and 30 seconds extending at 72°C. Data were collected during the 
extension phase. We made a dilution curve of a serial dilution of great tit DNA, when 
amplified with GAPDH primers. We diluted a sample consisting of a mix of DNA samples 
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of 4 great tits two times in 4 subsequent steps with a starting concentration of 3.33 
ng/μl. A log linear curve would confirm specific amplification in the GAPDH region of the 
DNA, independent of DNA concentration. Calculations of amplification efficiencies and 
cycle threshold values were made with the program LinRegPCR 12.13 (Ruijter et al. 
2009). The effects of age at which blood samples were taken and species on Cq values 
were evaluated with a GLM in the program JMP 7.0 (SAS Inst., Marlow, UK).  

As a final evaluation we established a qPCR-coupled High Resolution Melting-
curve (HRM) analysis in 25 great and 24 blue tit DNA samples. This method is able to 
detect point mutations and is therefore more sensitive to detect variation between 
individuals. As positive controls for resolution of this method we used a synthetic 
oligomer (A) of the 80 bp GAPDH amplicon and this same oligomer (B) with a point 
mutation (A-G at position of 31 bp) (See Supplementary information 1 for details). We 
used the same reaction volumes as in the qPCR analysis, but as fluorescent dye EvaGreen 
2x Epitect HRM PCR master mix (Qiagen). The qPCR-coupled HRM was performed in a 
Rotor-Gene Q (Qiagen) instrument (5 minutes at 95°C followed by 55 cycles of 10 
seconds at 95°C, 30 seconds annealing at 60°C and 15 seconds extending at 72°C 
succeeded by HRM from 65°C rising with 0.1°C each step till 95°C were reached). Data 
were normalised in the program Rotor-Gene Q 2.0.3 and melt peaks compared in 
Statistix 8.0.  

Furthermore, we made calculations for absolute telomere length as done recently 
in birds (Barrett et al. 2012) comparing calculations with standard curves of oligomers A 
and B in order to estimate the error in telomere length calculations when there would be 
a point mutation (A-G) in GAPDH. The weight of the oligo standards compared to the 
amplicon in the birds is important for our methods, as this is used to calculate genome 
copy numbers. The weight difference is highest in a transition of purines (A-G). Even 
though a transversion from C-G would lead to the biggest weight difference, we did not 
use this because transversions are less common mutations. As standard curve for 
telomere length we used results obtained in zebra finches in our lab, as this should 
provide a realistic proxy for calculation purposes.  
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In short, to calculate the amount of telomere (Kb) and GAPDH (number of diploid 
genomes), we used the equation: 
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sAMPE  is the amplification efficiency of the individual 

sample as given by LinRegPCR and 
aAMPE  is the amplification efficiency of the standard 

curve as calculated by:  
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and b and m are the intercept and slope of the standard curve. This way we could correct 
for differences in efficiencies between sample and the synthetic oligomers. Telomere 
length (Kb) was divided by the number of GAPDH genome copies to calculate telomere 
length per diploid genome. 
 
 
Results and Discussion 
The average DNA concentration we obtained was 45.5 ng/μl in great tit and 33.8 ng/μl 
in blue tit. Purities, estimated as the ratio of the intensity of absorption at 260/280nm 
and 230/260nm, were all close to the (normal) range of respectively 1.8–2.0 and 2.0-2.2. 
The primers we designed,  
 
Forward 5’-TGTGATTTCAATGGTGACAGC-3’ and  

Reverse 5’-AGCTTGACAAAATGGTCGTTC-3’,  
 
resulted in amplification of an 80 bp product including primers, as estimated from the 
100 bp size standard after electrophoresis. There was no distinguishable variation in 
product size between individuals of either species.  

Average efficiency of the qPCR was at 2.02 ± 0.01 exactly the same for great tits 
(range 1.85–2.15) and blue tits (range 1.91–2.19). There was no amplification in our no-
template control. The dissociation curves showed a single peak, indicating one product 
was amplified (Fig. 1). Melting temperature was 81.5°C for all tested individuals in both 
great tits and blue tits, except for one blue tit with a peak at 81.0°C (temperature was 
changed in 0.5°C steps). Thus a similar product was amplified in both species. The Cq 
value (mean ± S.D.) was 22.2 ± 0.25 (range 21.7–22.8) in great tits and 22.3 ± 0.22 
(range 21.6–22.8) in blue tits. Given the small standard deviation of the Cq value in both 
species (C.V. = 1.1%) we conclude that there is negligible variation in amplification 
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between individuals. Moreover, in a GLM we found no effect of species (N = 101; p = 
0.58) nor age (N = 64; p = 0.58) on Cq value. Because Cq value and melting temperature 
were indistinguishable from those obtained in great tits, we conclude the primer set 
cross-amplifies in the blue tit. Second, we met the requirement for a control gene in 
telomere analyses with qPCR, that there is no effect of age at which the blood sample 
was taken on the length of the amplified product. We made a serial dilution standard 
curve of great tit DNA with R2=0.999, and blue tit DNA with R2=0.985. This confirms 
specific amplification in the GAPDH region of the DNA, independent of DNA 
concentration. 

 
 

 
Figure 1. Amplification (top) and dissociation (bottom) curves of GAPDH as averaged over all 
tested individuals. Cq great tit = 22.2, Cq blue tit = 22.3; Tm great tit = 81.5°C, Tm blue tit = 
81.5°C. 

 
 
When analysing the data with HRM we find two clusters of great tits which are 

distinguished by a small shift of the melt curve (Fig. 2). One group overlaps with 
oligomer A (N = 5), the other is right shifted (N = 20). Blue tits all overlap with the right 
shifted group, indicating they have the same sequence. The difference between 
oligomers A and B, caused by an A to G mutation, is larger than the difference between 
the clusters of birds. Also an analysis of the melt peak temperatures shows a significant 
difference between oligomer B and all other clusters, and between the two clusters of 
great tits (Tukey pairwise comparison, Supplementary information 2). However, since 
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In short, to calculate the amount of telomere (Kb) and GAPDH (number of diploid 
genomes), we used the equation: 

 
sqaAMPsAMPa
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AMPEX −×= )(log

0     

 
(Gallup & Ackermann 2008), where 

sAMPE  is the amplification efficiency of the individual 

sample as given by LinRegPCR and 
aAMPE  is the amplification efficiency of the standard 

curve as calculated by:  
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and b and m are the intercept and slope of the standard curve. This way we could correct 
for differences in efficiencies between sample and the synthetic oligomers. Telomere 
length (Kb) was divided by the number of GAPDH genome copies to calculate telomere 
length per diploid genome. 
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the difference in melting temperature between the clusters of birds is smaller than 
0.2°C, it cannot be detected in a standard qPCR as commonly used for telomere length 
analyses. Also Cq values of the two clusters of great tits are very similar (left group 22.1 
± 0.21; right shifted group 22.3 ± 0.18). We calculated hypothetical telomere length 
based on oligomer A and B, in order to determine the absolute effect of an A to G 
mutation on telomere estimates (Supplementary information 3). For the minimum and 
maximum Cq values obtained for GAPDH in great tits and assuming Cq = 11 for telomere 
length, this gives a negligible difference of 0.04% in telomere length.  

 
 

 
Figure 2. qPCR-coupled High Resolution Melting-curve (HRM) analysis depicted by two 
representative individuals for each cluster. Great tit (both clusters): solid lines, blue tit: dashed-
dotted lines, oligo A: dashed lines, oligo B: dotted lines. Values on the y-axis are normalized 
fluorescence in Rotor-Gene Q allowing all curves to be compared with the same starting and 
ending fluorescent signal level. 

 
 
Conclusion 
We designed primers for an invariant control gene, GAPDH, to estimate genome copy 
number in the great tit and showed its cross-amplification in the blue tit. Amongst other 
things, this opens up the possibility of telomere analysis with qPCR in these species. 
Further applications for these primers may be in determining the number of nuclei in 
tissue samples and the cross-amplification in a larger set of passerines. The GAPDH 
protein is involved in many cellular functions and highly conserved (Sirover 2011). 
When performing a BLAST search for the 80 bp GAPDH amplicon in the red jungle fowl 
(Gallus gallus, GenBank ref. NW_003763490.1), turkey (Meleagris gallopavo, 
NW_003432340.1) and zebra finch (Taeniopygia guttata, NW_002197702.1) we find one 
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product with a >96% match in the GAPDH part of the sequence in these species. 
Although in the red jungle fowl potentially a second product (NW_003763646.1) is 
amplified, this might give scope for usage of this primer set as a control gene in other 
bird species. 
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Supplementary information 

 

SI 1. Standards used in q qPCR-coupled High Resolution Melting-curve (HRM) analysis: 
synthetic oligomer (A) of the 80 bp GAPDH amplicon and the same oligomer (B) with a 
point mutation A-G at position of 31 bp. 
 

Name Purpose Sequence Molecular 
weight (u) 

oligomer  
A 

Positive control; 
amplicon obtained 
from great tit 
sequence 

5’-TGT GAT TTC AAT GGT GAC AGC 
CAT TCC TCC ACC TTT GAT GCG GGT 
GCT GGC ATT GCA CTG AAC GAC CAT 
TTT GTC AAG CT-3’

24593 

oligomer 
B 

Positive control; 
amplicon with point 
mutation  

5’-TGT GAT TTC AAT GGT GAC AGC 
CAT TCC TCC GCC TTT GAT GCG GGT 
GCT GGC ATT GCA CTG AAC GAC CAT 
TTT GTC AAG CT-3’

24609 

 

 
Standard curves of synthetic oligomer standards, GAPDH oligo A and B and Telomere 
(TTAGGG repeated 14 times).  
 
Oligomer A: R2 = 0.9937, slope = -3.3175, intercept = 36.320  
Oligomer B: R2 = 0.9937, slope = -3.3175, intercept = 36.319  
Telomere: R2 = 0.9976, slope = -3.4833, intercept = 42.711 
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SI 2. Tukey pairwise comparison of melt peaks for groups. 
 

Group Mean BT GT1 GT2 Oligomer A 
BT 80.186     
GT1 80.257 0.071    
GT2 80.133 0.053* 0.123*   
Oligomer A 80.217 0.031 0.040 0.083  
Oligomer B 81.000 0.814* 0.743* 0.867* 0.783* 

 
Alpha   0.05 
Critical Q Value 4.009  
Error term used Error, 48 DF 
 
 
SI 3.  Input for calculations of telomere length 
 

Telomere GAPDH  

Cq ba EAMPa EAMPs X0 Cq ba EAMPa EAMPs X0 

TL/ 

Dipl. 

genome 

11.0 42.711 1.937 1.900 2299.040 21.78 A:36.320 2.002 1.980 0.866 2654.20 

11.0 42.711 1.937 1.900 2299.040 22.76 A:36.320 2.002 1.980 0.443 5184.00 

11.0 42.711 1.937 1.900 2299.040 21.78 B:36.319 2.002 1.980 0.866 2655.28 

11.0 42.711 1.937 1.900 2299.040 22.76 B:36.319 2.002 1.980 0.443 5186.11 
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Abstract 
Telomere length (TL) is increasingly used as a biomarker of ageing. TL varies between 
cells and chromosomes, thus a tissue sample has a TL distribution rather than one TL. 
The telomere distribution can be divided in shorter (Class II) telomeres and ultra-long 
(Class III) telomeres (Class I telomeres are static interstitial telomeric sequences). While 
Class II telomeres typically shorten with age, little is known of Class III telomere 
dynamics. Given that telomeres shorten at a higher rate in short-lived species, and that 
within individuals the highest shortening rate is found in the longest telomeres of the 
Class II distribution, we expected high rates of telomere shortening in great tits, a short-
lived species we find to have ultra-long telomeres. Multiple experiments confirmed that 
the ultra-long telomeres indeed consisted of telomeric repeats rather than sub-telomeric 
regions. TL averaged over the whole distribution did not significantly change with age. 
However, more detailed analyses showed that Class II telomeres did shorten with age, 
whereas Class III telomeres maintained their length. Within the Class II telomere 
distribution, the longest telomeres shortened faster, like in other species. We conclude 
that Class II telomeres in great tits are biological most relevant as marker of ageing. Our 
results suggest there is variation in TL and dynamics between different sets of 
chromosomes within individuals. This interpretation indicates a need for techniques 
that measure telomeres for subsets or single chromosomes. Moreover, studies finding 
no age effects on TL may be confounded by ultra-long telomeres that do not shorten 
with age. 
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Introduction 
Finding biomarkers of ageing is of wide interest and an increasingly used molecular 
marker of ageing is telomere length (TL) (e.g. Blackburn et al. 2015; Haussmann & 
Heidinger 2015). Telomeres are non-coding DNA repeats forming the end-caps of linear 
chromosomes, hereby safeguarding chromosome integrity (Blackburn 1991). TL is to a 
large extent genetically determined, although heritability estimates vary widely between 
studies (overview in Atema et al. 2015). TL generally shortens with age, although in 
some studies no age effect was found (overview in Dantzer & Fletcher 2015). Moreover, 
telomere shortening is accelerated by environmental challenges and the dynamics are 
related to for instance early life condition (Boonekamp et al. 2014; Reichert et al. 2014; 
Watson et al. 2015), reproductive effort (Bauch et al. 2013), stress during adulthood  
(Hau et al. 2015), diseases (Beirne et al. 2014; Asghar et al. 2015) and environmental 
conditions (Angelier et al. 2013; Stier et al. 2015). Finally, telomeres predict remaining 
lifespan or survival (e.g. Haussmann et al. 2005; Salomons et al. 2009; Heidinger et al. 
2012; Boonekamp et al. 2013). Therefore TL, and perhaps in particular telomere 
shortening, could be used as a read-out parameter of ageing and experienced life-stress. 

In birds, telomeric repeats are located at the ends of the chromosomes, but also at 
interstitial sites in the chromosome (Delany et al. 2000; Foote et al. 2013). It is unlikely 
that interstitial telomeres shorten, as terminal telomeres generally do, because this 
would involve double strand breaks. Hence, as a biomarker of ageing only the terminal 
telomeres are of interest. Based on their length, two types of telomeres at the end of 
chromosomes have been described (Delany et al. 2000): shorter or Class II telomeres (8-
40 kb) which are generally found to shorten with age, and ultra-long or Class III 
telomeres (up to 2.0 Mb). Delany et al. (2000) found no evidence for shortening of Class 
III telomeres, but her analyses were cross-sectional and data sets were small. Overall, 
little is known of the dynamics of ultra-long telomeres. 

Multiple techniques are available to measure TL and these techniques differ, 
among other things, in the information they provide, ranging from a point-estimate of 
average TL in a sample (including interstitial sequences) to the length of single 
telomeres (Nussey et al. 2014). When the aim is to quantify the distribution of TLs at the 
ends of chromosomes, non-denaturing Terminal Restriction Fragment (TRF) analysis is 
highly suitable (Haussmann & Vleck 2002). This method yields an image of a smear with 
a range of TLs with varying optical density, depending on the prevalence of a particular 
fragment size (Lansdorp et al. 1996). Because the DNA is not denatured, the probe binds 
to the single strand telomere overhang only, and hence interstitial telomeric sequences 
do not show up on the gel. Using this method, it was shown in jackdaws (Salomons et al. 
2009) and common terns (Bauch et al. 2014) that within individuals the longer 
telomeres shortened at a higher rate, and predicted survival and other fitness 
components best. However, these species have negligible ultra-long telomeres (Class III) 
and hence it is not known whether this finding extends to this Class of telomeres.  
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To gain an understanding of telomere dynamics across the full size distribution of 
telomeres, we investigated age dependent patterns in subsets of telomeres in free-living 
great tits (Parus major). In this species we found broad distributions of TLs ranging from 
2.1 till >240kb. Following Delany et al. (2000) we divided the distribution into Class II 
(short) telomeres and Class III (ultra-long) telomeres. We analysed age dependent 
patterns within individuals for the whole distribution of TLs and separately for the 
different TL classes to identify the best ageing biomarker in this ecological model 
species. 
 
Materials and methods 
 
Study species and blood sampling  
We monitored a population of great tits on Vlieland, an island in the Dutch Wadden Sea, 
in the years 2011-2015. During the breeding season, adults were caught with spring 
traps while feeding 8-10 day old nestlings and in winter while roosting in nest boxes 
(Atema et al. 2016). Individuals were identified by their ring number; 70% of the 
captured birds used in this study had been ringed as nestling. Individuals captured for 
the first time were ringed and their age (yearling or older) was estimated based on the 
colour of the wing coverts. Age was known for 101 out of the 105 individuals in our 
dataset and ranged from 0-7.6 years. 

Blood samples were taken from the brachial vein and stored in 2% EDTA at 4-7 
°C for up to three weeks. Subsequently, samples were snap-frozen in 40% glycerol 
buffer and stored at -80 °C.  
 
Telomere terminal restriction fragment analyses 
We quantified TL in male great tits using terminal restriction fragment (TRF) assays as 
described previously (Salomons et al. 2009; Atema et al. 2015) with some adjustments. 
In short, DNA from 4 μl of red blood cells was extracted in agarose plugs using the CHEF 
Mammalian Genomic DNA Plug kit (Bio-Rad Laboratories, Inc., USA). Subsequently DNA 
from half a plug was digested overnight at 37 °C with a mixture of the restriction 
enzymes HindIII (30 U), HinfI (15 U) and MspI (30 U) in NEB2 buffer.  

The restricted DNA and the 32P end-labelled size standards (1 kb DNA ladder, 
New England Biolabs, range 0.5-10kb; Molecular Weight Marker XV, Roche Diagnostics, 
Basel, Switzerland, range 2.4-48.5 kb; NEB MidRange PFG Marker I, New England 
Biolabs, range 15-242.5 kb) were separated through a 0.8% agarose gel by pulsed field 
gel electrophoresis at 14 °C for 22 h (4.8 V/cm, initial switch time 1 s, final switch time 
25 s). Gels were dried (gel dryer model 538, Bio-Rad Laboratories) and hybridized 
overnight at 37 °C with 32P-labelled oligonucleotide (5’-CCCTAA-3’)4, which bound to the 
single-stranded overhang of the telomeres. Gels were exposed overnight to a phosphor 

Ultra-long telomeres mask attrition 
 
 

47 
 

screen (PerkinElmer Inc., Waltham, USA), and the radioactive signal was visualized 
using a phosphor image (CycloneTM Storage Phosphor System, PerkinElmer) (Fig. 1). 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Subset of a non-denatured pulsed-field gel 
representing the variation in telomere distributions. 
Represented are repeated samples of three individuals, with 
the clusters of individuals in lane 1-3, 5-6, 8-10. Lane 4 
includes a control sample and lane 7 includes the ultra-long 
size standard NEB MidRange PFG Marker I. The border 
between Class II and III telomeres is indicated with black 
arrows per sample cluster. Note the consistent individual 
variation in telomere distribution pattern. 
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To gain an understanding of telomere dynamics across the full size distribution of 
telomeres, we investigated age dependent patterns in subsets of telomeres in free-living 
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For each sample we calculated average TL, as well as the TL of every 10th 
percentile (range 10-90%). Our preliminary results suggested that the short and long 
telomeres are two different traits reflecting Class II and III telomeres as described by 
Delany et al (2000). Hence, we continued the analyses of age dependent patterns by 
dividing the distribution of telomeres into two regions: (i) long telomeres, visible as the 
banded pattern in the high molecular weight region (Class III, approximately 20-240 kb) 
and (ii) short telomeres, which were visible on the gel as a continuous smear in the short 
length region (Class II, approximately 3-20 kb). Delany et al (2000) suggested that the 
transition of Class II to Class III telomeres was at 30-40 kb in chicken, without defining a 
clear border. Based on the optical density plots we defined a border between the end of 
the short “smear” and the beginning of the long “bands” for each sample individually 
(range 9-32 kb). This border is visible on the images of the gels as a small gap with a 
lower optical density between the Class II “smear” and Class III “bands” (Fig. 1). We 
identified the border by first inspecting the gel image to pinpoint the range in which the 
border was located, after which we defined the border as the point in that range with 
the lowest optical density values. This individual border was correlated with age (slope: 
-211.1 ± 76.4 bp; F1,147.8 = 7.63, P = 0.0065, Fig. S1), indicating that the assignment was 
biologically relevant. However, because there is a slight subjective element in the 
visually scored threshold we verified results with results obtained with a fixed threshold 
at 20 kb (see supplementary information S2). 

 
Testing for effects of sub-telomeric regions 
Great tit TLs turned out to be extremely long compared with other bird species (see 
below). A substantial part of the genome consists of repetitive DNA, amongst which are 
repeats of sequences at sub-telomeric sites (Biscotti et al. 2015). Potentially, not all DNA 
other than telomeric repeats was digested by the 3 restriction enzymes we used which 
would have left sub-telomeric repeats intact. We therefore carried out multiple 
experiments to test the hypothesis that the long telomeres we measured can be 
attributed to sub-telomeric repeats.  

First, we applied the exonuclease Bal31, an enzyme that preferentially digests 
double-stranded DNA ends when DNA is intact. DNA was extracted in agarose plugs as 
described above that we subsequently cut in four equal-sized pieces. These pieces were 
subjected to different digestion times with Bal31 (0.1 U in 200 μl of reaction buffer): 0, 
20, 80 and 240 minutes. To stop the reaction, plugs were transferred to a tube on ice 
containing 20 mM Tris, 50 mM EDTA (pH 8.0) buffer. Subsequently plugs were 
immediately washed three times (10 min each) in EDTA buffer, three times in Tris buffer 
and placed in 150 μl restriction enzyme reaction buffer for 60 min. Finally, DNA was 
restricted using the mix with three restriction enzymes and gel-electrophoreses, 
labelling with the oligonucleotide, and visualization of the radioactive signal were done 
as described above. 
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After digestion with Bal31 there is no single-stranded overhang to label with the 
telomeric probe and hence DNA had to be denatured for this assay. To this end we 
followed the procedure as described by Foote et al. (2013). Denaturing and subsequent 
labelling of telomeric sequence will visualize all three Classes of telomeres. The protocol 
involved denaturing the gels with a buffer (1.5 M NaCl, 0.5 M NaOH) during three times 
30 minutes and neutralizing it during two times 30 minutes with a buffer (0.5 M Tris-
HCL pH 8.0, 1.5 M NaCl) at room temperature. Gels were hybridized with the 32P-
labelled oligonucleotide (5’-CCCTAA-3’)4 and the radioactive signal was visualized 
following the same protocol as used with the non-denatured gels. Because labelling now 
occurred along the full length of telomeric repeats, differences in the banding pattern in 
the long region of the telomere distribution were visualised with higher contrast, 
allowing for a more detailed comparison of different treatments. 

Second, we used a mixture with 7 restriction enzymes, instead of our standard 3 
restriction enzymes, to increase the likelihood that all DNA other than telomeric 
sequence was digested. The restriction enzymes we added to our standard set were 
HphI (15 U), MnlI (15 U), RsaI (15 U) and HaeIII (15 U) (New England Biolabs, Inc., 
Beverly MS, USA). Gel-electrophoreses, labelling with the oligonucleotide, and 
visualization of the radioactive signal were done as described above, including 
denaturation after the normal labelling protocol. 

Third, we measured telomeres using qPCR in great tits, to be compared with blue 
tits (Cyanistes caeruleus, also sampled on Vlieland) of which we also obtained TRF 
measurements of the same set of samples. The average TL measured with TRF is half as 
long in blue tits compared to great tits (see below). Finding a similar ratio with qPCR, 
which we can safely assume to measure exclusively telomeric repeats, would further 
support our results found with TRF. As a control gene we used GAPDH, amplified with 
primers we previously designed for great- and blue tits (Atema et al. 2013). The qPCR 
reaction was executed as previously described (Atema et al. 2013), with small 
adjustments. DNA samples were diluted to a concentration of 0.83 ng/μl, each reaction 
contained 5 ng of DNA. The reaction for telomere (500 nM for forward and reverse 
primer) and GAPDH (100 nM for forward and reverse primer) was done on separate 
plates, with DNA of great- and blue tits on the same plate. We calculated the T/S ratio as:  

 

  (Pfaffl 2001) 

 
We calculated the mean amplification efficiency (Eff) and cycle quantification 

(Cq) values with the programme LinRegPCR (version 12.13; Ruijter et al. 2009). ΔCq was 
calculated as the Cq values of the control subtracted by the Cq value of the sample. Mean 
Efftelo was 1.94 ± 0.014 and mean EffGAPDH was 2.11 ± 0.0092, both close to the expected 
efficiency of 2. 
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Statistics 
We tested for effects of age on TL using linear mixed models on a longitudinal dataset (2 
individuals sampled 6 times, 4 individuals sampled 4 times, 32 individuals sampled 3 
times, 60 individuals sampled 2 times and 7 individuals sampled once), including 
individual identity and gel identity as random effects.  
 Given that we found hints for telomere elongation in a part of our dataset, we 
tested whether telomere elongation was real or could be attributed to measurement 
error following Simons et al. (2014).  

Analyses were done in JMP 7.0 and R 3.0.2 (R Development Core Team 2008). 
Unless mentioned otherwise, estimates are presented as average ± standard error (s.e.). 
 
Results 
 
Full telomere distribution 
The distribution of TLs included extremely long telomeres, exceeding 240 kb in some 
cases. The average length of telomeres was 47.1 ± 2.0 kb (N = 251), which is more than 
twice as long as found previously in other bird species analysed in our lab (Fig. 2), and 
about seven times as long as telomeres of human adults (e.g. Verhulst et al. 2013). We 
restricted this comparison to species measured in our lab, to minimize methodological 
effects on TL.  
  

 
Figure 2. Population mean TLs in adults of different bird species as measured in our lab with TRF 
analysis in jackdaw (Salomons et al. 2009), common tern (Bauch et al. 2014), black-tailed godwit 
(Atema et al. 2011), zebra finch (Atema et al. 2015), blue- and great tit (this study). Error bars 
that are not visible are smaller than the marker.  
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Figure 3. Tests to ensure we quantified exclusively end-telomeric repeats. (a) The telomere 
distribution as visible after digestion of double-stranded DNA ends with Bal 31. DNA was 
digested over a gradient of time (0, 20, 80 and 240 seconds) as shown in two individuals (lanes 
1-4 and 5-8). (b) The telomere distribution as visible after restriction with 3 (odd lanes) or 7 
(even lanes) restriction enzymes. The test was run in two individuals (lanes 1-4 and 5-8) and in 
each individual at two different ages (age 1: lanes 1, 2 and 5, 6; age 2: lanes 3, 4 and 7, 8). The 
difference caused by the additional restriction enzymes, situated in the extremely large region of 
the distribution, is depicted with white arrows. 
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Ultra-long telomeres or sub-telomeric repeats? 
The ultra-long TLs we measured could be due to sub-telomeric repeats in the flanking 
regions of the telomeres, rather than containing exclusively telomeric repeats. We ran 
three experiments to test whether we quantified exclusively telomeric repeats.  

Bal31:  Over the gradient of digestion times, the signal in the larger weight region 
reduced and there was a shift in the distribution of telomeres towards the lower weight 
region in which the signal became more intense (Fig. 3a). This indicates that the 
restriction fragments consist largely of telomeric sequences, because otherwise the 
signal would have weakened more and shifted less. The average TL estimated after 240 
minutes of digestion with Bal31 in 5 different samples was reduced by 32% compared to 
the start of the digestion procedure.  

7 Restriction enzymes: We compared TL of 2 individuals (2 samples each at 
different ages) with mixes containing 3 (used throughout our study) and 7 restriction 
enzymes. The only notable difference from visual inspection of the distribution was the 
disappearance of a band outside our measurement range (i.e. >240 kb, indicated in Fig. 
3b), suggesting that only this extremely long telomeric repeat was confounded by sub-
telomeric repeats. The additional restriction enzymes on average caused a reduction of 
TL of 2.8 kb, which is consistent with a decrease of 5.8%. Since we found no substantial 
differences compared to the use of three restriction enzymes this indicates that our 
measurements were not confounded by sub-telomeric repeats in the flanking regions.  

qPCR: We compared TLs quantified with TRF and qPCR in the same samples. 
Independent of technique, TLs were twice as long in great tits compared to blue tits 
(ratio blue tit:great tit TRF = 1:2.02; qPCR 1:2.16; Fig. 4). This finding further indicates 
that the ultra-long telomeres as quantified by the TRF assay represented telomeres 
rather than sub-telomeric regions. 
 

 

 
 
 
 
 
 
 
 
Figure 4. Average TLs (± s.e.) quantified with 
TRF assays (x-axis) and relative qPCR (y-axis) 
in blue- and great tits.  
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Figure 5. Change of TL (bp) in the full (a), long Class III (b) and short Class II (c) telomere 
distribution plotted against delta age (years). TL did not significantly decline with age in the 
complete sample and Class III (P>0.50), while Class II telomeres shortened significantly with 
age. In the analysis individual identity was controlled for (random effect) and to let the figure 
reflect the analysis the data on both axis were expressed as deviations from the individual mean 
age and telomere length calculated over the different samples per individual. Note substantially 
smaller scale on y-axis of bottom panel. 
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age. In the analysis individual identity was controlled for (random effect) and to let the figure 
reflect the analysis the data on both axis were expressed as deviations from the individual mean 
age and telomere length calculated over the different samples per individual. Note substantially 
smaller scale on y-axis of bottom panel. 
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Full telomere distribution: effect of age 
Individual variation (random effect) in the average TL of the full distribution of 
telomeres explained 51.2% of the total variation. We found no effects of age on the 
average TL calculated over the full distribution (slope: 213.5 ± 335.1; F1,218.8 = 0.41, P = 
0.52; Fig. 5a). TL at the 10th percentile was 6.0 ± 0.12 kb, whereas TL at the 90th 
percentile was 134.8 ± 4.6 kb (Table 1). We found no significant effect of age on TL at the 
any of the nine percentiles (P: 0.31-0.88). 

In contrast to what could be expected based on findings in other bird species, the 
data suggested that on average telomeres in the long region of the distribution 
(percentile 50-90, Table 1) elongated with age. We tested whether there was elongation 
using the statistical approach proposed by Simons et al. (2014) to detect whether in part 
of the sample there is significant elongation but could not reject the null hypothesis that 
Class III telomeres did not elongate (F16,37 = 1.46, P = 0.17).  

However, in the range representing short telomeres (10-30%) we found hints for 
the expected telomere shortening with age (Table 1). In subsequent analyses we 
therefore analysed the ultra-long Class III and short Class II telomere distributions 
separately. 

 
Table 1. Estimates (s.e.), F ratio and P-value from mixed models testing for effects of age on TL 
across the percentiles in the full distribution.  

Parameter 
TL 

Estimate (s.e.) F 
ratio 

P-value 

average 213.5 (335.1) 0.41 0.52 
percentile:    

10 -11.5 (13.5) 0.73 0.40 
20 -12.9 (30.8) 0.18 0.67 
30 -37.5 (83.0) 0.20 0.65 
40 29.9 (205.0) 0.021 0.88 
50 328.9 (322.9) 1.03 0.31 
60 406.0 (446.3) 0.83 0.36 
70 244.3 (617.5) 0.16 0.69 
80 441.3 (802.5) 0.30 0.58 
90 348.3 (828.9) 0.18 0.67 

 
 
Class III telomeres 
The average TL of the Class III telomeres was 83.6 ± 2.0 kb. Individual variation in the 
average TL in this region of the distribution of TRF assays accounted for 73.3% of the 
total variation. Despite the longitudinal character of our dataset, we found little evidence 
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for an age effect on TL in the Class III telomeres (slope: -73.6 bp/yr ± 428.1; F1,241 = 
0.029, P = 0.86; Fig. 5b).  
 We quantified TL at percentiles 10-90% within the Class III TL distribution. 
Although the estimates of the change of TL with age were negative up to the 80th 
percentile, we found no significant changes of TL with age across the distribution of 
Class III telomeres (Fig. 6).  
 

 

Figure 6. Telomere shortening rate (± s.e.) at different TL percentiles as estimated with the 
mixed model (bp/year). (a) Class II TL significantly shortened across all percentiles (P: >0.0001-
0.0092). (b) No significant shortening across the Class III TL percentiles (10th percentile P = 
0.055; other percentiles P: 0.34-0.92). Note increase in s.e. with percentile, which is due to the 
logarithmic nature of the gels. Furthermore, the rate of shortening in Class II telomeres was 
higher compared to the shortening rates in the 10th-30th percentiles in the analyses of the full 
distribution (table 1). This is due to the fact that the 30th percentile of the full distribution in 
some cases will include Class III telomeres, causing underestimation of telomere shortening.  
 
 
Class II telomeres 
The average TL of the Class II telomeres was 8.7 ± 0.2 kb. Individual variation (random 
effect) in average Class II TL accounted for 80.5% of the total variation (Fig. 7). Class II 
TL shortened significantly with age (slope: -111.2 ± 27.1 bp/year; F1,155.1 = 16.78, P < 
0.0001; Fig. 5c).   

When quantifying TL at percentiles 10-90% within the Class II TL distribution we 
found significant shortening of TL with age at all percentiles (all P ≤ 0.0092). More 
importantly, because in agreement with our findings in other species, higher percentiles 
within the Class II TL distribution lost more base pairs per year than the lower 
percentiles (Fig. 6).  
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Full telomere distribution: effect of age 
Individual variation (random effect) in the average TL of the full distribution of 
telomeres explained 51.2% of the total variation. We found no effects of age on the 
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using the statistical approach proposed by Simons et al. (2014) to detect whether in part 
of the sample there is significant elongation but could not reject the null hypothesis that 
Class III telomeres did not elongate (F16,37 = 1.46, P = 0.17).  

However, in the range representing short telomeres (10-30%) we found hints for 
the expected telomere shortening with age (Table 1). In subsequent analyses we 
therefore analysed the ultra-long Class III and short Class II telomere distributions 
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for an age effect on TL in the Class III telomeres (slope: -73.6 bp/yr ± 428.1; F1,241 = 
0.029, P = 0.86; Fig. 5b).  
 We quantified TL at percentiles 10-90% within the Class III TL distribution. 
Although the estimates of the change of TL with age were negative up to the 80th 
percentile, we found no significant changes of TL with age across the distribution of 
Class III telomeres (Fig. 6).  
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Figure 7. Class II TL in year 2 plotted against TL in year 1 (N = 53 individuals). The dotted line 
shows where subsequent measurements are equal (y=x). All dots which fall below that line are 
individuals in which TL was shorter when recaptured 1 year later. For graphical purpose we 
only plotted individuals with two samples with 1 year interval; in the analyses we included all 
measurements. 
 
 
Discussion 
TL typically varies between species (Haussmann et al. 2003; Lorenzini et al. 2009) and 
we found great tits to have very long telomeres compared to humans and other bird 
species. Long sub-telomeric regions, not digested by our standard set of three restriction 
enzymes, could potentially explain this finding. However, results of three different 
experiments make this explanation unlikely, and we therefore conclude that great tits 
have long TLs compared to other bird species. TL measured with TRF in samples from 
great tits in Wytham woods showed similar long telomeric patterns as found in our 
Vlieland population (Mulder, Bouwhuis et al. unpublished observations), suggesting that 
ultra-long telomeres are a general feature of great tits. In mammals, TL variation was in 
part explained by body size, with small mammal species having longer telomeres 
(Lorenzini et al. 2009). In the small set of species for which we could compare TL (Fig. 
1), there is also a trend that smaller and shorter lived species have longer telomeres, but 
clearly a much larger species set is required to analyse interspecific variation in avian 
TL. 

Ultra-long telomeres were previously found in several mammal species. For 
example, Kipling & Cooke (1990) found telomeres up to 140 kb in laboratory mice that 
did not shorten with age in a cross-sectional analysis. Zhdanova et al. (2010) found TL 
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up to 300 kb in wild Iberian shrews, and Wistar rats have telomeres up to 100 kb (Cherif 
et al. 2003). Surprisingly, telomeres in wild mice are considerably shorter, suggesting 
that selection for long telomeres somehow took place in laboratory bred mice and rats 
(reviewed in Eisenberg 2011). Domestication however does not explain the existence of 
ultra-long telomeres in wild great tits or Iberian shrews.  

The ultra-long telomeres were due to high prevalence of Class III telomeres, 
which have previously been demonstrated in chickens, several raptor species and cranes 
(Delany et al. 2000). Why Class III telomeres are so numerous in great tits is a question 
to which we can only give speculative answer. Nanda et al. (2002) compared the 
distribution of telomeric repeats at the chromosome level in 16 bird species using FISH 
and found micro-chromosomes to display a large number of telomere sequence. This is 
consistent with the finding of Delany et al. (2000) that Class III telomeres were more 
numerous in species with more micro-chromosomes. Great tits were estimated to have 
40 different chromosomes (2n = 80) of which about half were classified as micro-
chromosomes (Nanda et al. 2011; van Oers et al. 2014). Thus the large number of micro-
chromosomes might, at least partly, explain the high prevalence of ultra-long telomeres 
in great tits. It is worth noting that this explanation contrasts with the positive 
correlation between chromosome size and telomere length observed in the human 
genome (Wise et al. 2009). On the other hand, the smallest human chromosome (#21) is 
larger than all great tit micro-chromosomes (Santure et al. 2013), and different 
processes may act on different size ranges.  
 
Telomere dynamics 
Following Delany et al. (2000) we separated the telomeric distribution in two different 
Classes (II and III). Class III telomeres did not shorten with age, which explains why TL 
calculated over the full distribution did not change with age. This was unexpected, given 
that within individual birds and humans the longer telomeres lose more base pairs than 
the shorter telomeres (Kimura et al. 2007; Salomons et al. 2009; Bauch et al. 2014). In 
theory, the finding that Class III telomeres do not shorten with age could be due to 
insufficient statistical power, and we can of course not exclude that a small age effect 
would be detectable in a much larger data set. However, we anticipate that such an (as 
yet undetected) effect would be small, given that (i) the precision of our measurements 
was high, (ii) due to our method, we included only terminal telomeres in our 
measurements (interstitial telomeric sequences do not shorten with age), and (iii) we 
had a large set of longitudinal measurements that yields substantially more statistical 
power than cross-sectional data, due to large TL variation between individuals.  

In contrast to Class III telomeres, Class II TL did shorten with age. Based on the 
relationship between maximum lifespan and telomere shortening in other bird species, 
we would expect a shortening rate between 50 and 250 bp per year in great tits 
(Dantzer & Fletcher 2015). The observed rate of telomere shortening of Class II 
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up to 300 kb in wild Iberian shrews, and Wistar rats have telomeres up to 100 kb (Cherif 
et al. 2003). Surprisingly, telomeres in wild mice are considerably shorter, suggesting 
that selection for long telomeres somehow took place in laboratory bred mice and rats 
(reviewed in Eisenberg 2011). Domestication however does not explain the existence of 
ultra-long telomeres in wild great tits or Iberian shrews.  

The ultra-long telomeres were due to high prevalence of Class III telomeres, 
which have previously been demonstrated in chickens, several raptor species and cranes 
(Delany et al. 2000). Why Class III telomeres are so numerous in great tits is a question 
to which we can only give speculative answer. Nanda et al. (2002) compared the 
distribution of telomeric repeats at the chromosome level in 16 bird species using FISH 
and found micro-chromosomes to display a large number of telomere sequence. This is 
consistent with the finding of Delany et al. (2000) that Class III telomeres were more 
numerous in species with more micro-chromosomes. Great tits were estimated to have 
40 different chromosomes (2n = 80) of which about half were classified as micro-
chromosomes (Nanda et al. 2011; van Oers et al. 2014). Thus the large number of micro-
chromosomes might, at least partly, explain the high prevalence of ultra-long telomeres 
in great tits. It is worth noting that this explanation contrasts with the positive 
correlation between chromosome size and telomere length observed in the human 
genome (Wise et al. 2009). On the other hand, the smallest human chromosome (#21) is 
larger than all great tit micro-chromosomes (Santure et al. 2013), and different 
processes may act on different size ranges.  
 
Telomere dynamics 
Following Delany et al. (2000) we separated the telomeric distribution in two different 
Classes (II and III). Class III telomeres did not shorten with age, which explains why TL 
calculated over the full distribution did not change with age. This was unexpected, given 
that within individual birds and humans the longer telomeres lose more base pairs than 
the shorter telomeres (Kimura et al. 2007; Salomons et al. 2009; Bauch et al. 2014). In 
theory, the finding that Class III telomeres do not shorten with age could be due to 
insufficient statistical power, and we can of course not exclude that a small age effect 
would be detectable in a much larger data set. However, we anticipate that such an (as 
yet undetected) effect would be small, given that (i) the precision of our measurements 
was high, (ii) due to our method, we included only terminal telomeres in our 
measurements (interstitial telomeric sequences do not shorten with age), and (iii) we 
had a large set of longitudinal measurements that yields substantially more statistical 
power than cross-sectional data, due to large TL variation between individuals.  

In contrast to Class III telomeres, Class II TL did shorten with age. Based on the 
relationship between maximum lifespan and telomere shortening in other bird species, 
we would expect a shortening rate between 50 and 250 bp per year in great tits 
(Dantzer & Fletcher 2015). The observed rate of telomere shortening of Class II 
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telomeres was 111 bp/year, which falls well within the expected range. Moreover, we 
found the higher telomere loss rates at the longer percentiles of the Class II telomere 
distribution, as previously shown using the same approach in jackdaws (Salomons et al. 
2009) and common terns (Bauch et al. 2014). Because of the similar dynamics as found 
in other species, we suggest that Class II telomeres might be indicators for biological age, 
which should be further tested in relation to for instance survival. The distribution of 
Class II telomeres in great tits overlaps with the telomere distribution in other species 
with few Class III telomeres such as jackdaws and common terns. It is interesting to note 
therefore that great tit Class II telomere dynamics resembles the dynamics of these same 
species, whereas Class III telomeres do not.    

The border to distinguish between Class II and III telomeres was not clearly set 
by Delany et al. (2000), and visual inspection of their gel images suggests the border 
position to differ between species. Fortunately, Class II and Class III telomeres could be 
defined relatively easy in great tits by the gap in optical density distribution between the 
two Classes (Fig. 1). This distinction is for instance less obvious in zebra finches (see gel 
images Criscuolo et al. 2009; Foote et al. 2013). We found that the border value 
consistently varied between individuals and decreased with age, indicating that defining 
the border position for each individual smear is of importance for estimating TL 
separately for TL Classes II and III. However, this also introduces a risk of biased scoring, 
in particular when the border is more difficult to determine than in great tits. It is 
encouraging therefore that when we estimated TL from our gels using a fixed border at 
20 kb, the same pattern emerged, with the telomeres <20 kb shortening with age, while 
no such effect was found in telomeres >20 kb.  
 
Methodological implications 
Our findings indicate that there are sets of chromosomes within the great tit genome 
that differ strongly in the size of telomeres and rate at which they change in length, and 
that in particular the shorter (Class II) telomeres within the genome show a pattern that 
is consistent with markers of ageing. Being able to identify the shorter telomeres within 
the genome depends on the telomere measurement technique that is employed. Some 
techniques yield a single estimate related to the number of telomere repeats throughout 
the genome (e.g. qPCR, dotblot), whereas other techniques (e.g. TRF, Q-FISH) yield a 
telomere length distribution for each sample, representing variation in telomere length 
between cells and chromosomes (Nussey et al. 2014). In our study, we would have 
concluded that TL is independent of age when we would have used one of the 
techniques that yield a single estimate to characterize telomere length. Likewise, it 
seems possible that other studies that concluded that TL was independent of age would 
have reached a different conclusion when a more informative technique had been 
employed. For instance no effect of age on TL estimated with qPCR was found in 
leatherback turtles (Plot et al. 2012), which could be due to the presence of Class III 

Ultra-long telomeres mask attrition 
 
 

59 
 

telomeres, given that turtles also have micro-chromosomes (Ellegren 2013). Hence we 
recommend investigating the TL distribution with a suitable technique (usually TRF) 
before investing in techniques that yield only a single TL estimate, and resort to a 
technique yielding more detailed information when ultra-long telomeres are numerous.  
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Supplementary information  
 
S1. Relation individual border and age 
There is substantial variation between individuals in the pattern of the telomere 
distribution. Hence we started our analyses by defining individual borders between the 
end of the short “smear” and the beginning of the long “bands”. This individual border 
correlated highly with age (F1,147.8 = 7.63, P = 0.0065; Fig. S1), indicating biological 
relevance of these estimates. 
 

 
Figure S1. Correlation between the TLs at which we assigned the individual border and age for 
the individual samples.  
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S2. Comparing individual border with 20 kb border  
To check for robustness of the estimate of TLs using an individual border to distinguish 
between telomere Classes, we repeated the analysis of age effects on TL estimated with 
a fixed border of 20 kb. The average of the individual border we used in our study is 18.6 
kb. By applying a border slightly above this average, that is a border of 20 kb, we cut off 
fewer telomere sequences in the distribution of the short smear. Both estimates of Class 
II TL (individual border and border of 20 kb) correlated reasonably well in most cases 
(r2 = 0.41; Fig. S2) but there are also some clear exceptions pointing out the value of 
individually set borders.  

With a border of 20 kb the average TL of the Class III telomeres was 85.4 ± 2.4. 
Individual variation (random effect) in the average TL in this region of the distribution 
of TRF assays accounted for 60.9% of the total variation. We found no effects of age on 
the change of Class III TL (F1,241 = 0.13, P = 0.72). 

With a fixed border of 20 kb the average TL of the Class II telomeres was 8.9 ± 0.1 
kb. Individual variation in the average TL in this region of the distribution of TRF assays 
accounted for 79.2% of the total variation. TL shortened significantly with age in this 
part of the telomere distribution (F1,155.1 = 10.29, P < 0.0016; Fig. S3). The rate of 
shortening was 63.8 ± 19.9 bp/year, clearly below the value of 111 bp/year we found 
with the individually set border. We divided the distribution of short telomeres in 
percentiles ranging from 10-90% (Fig. S4). We found significant shortening of TL with 
age in all percentiles. The largest telomere shortening was found in the higher 
percentiles, thus the longer Class II telomeres.  

To summarize, when using a fixed border of 20 kb the findings are similar to our 
results presented in the paper. However the estimate of Class II shortening rate was 
smaller when using a fixed border, implying that this approach underestimates telomere 
shortening rate. Hence we recommend setting the border between Class II and III 
telomeres in great tits individually. 
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Supplementary information  
 
S1. Relation individual border and age 
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S2. Comparing individual border with 20 kb border  
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Figure S2. The correlation between Class II TLs estimated with a fixed upper border of 20 kb and 
Class II TLs estimated with an individual upper border set for each sample. 
 

 

 
Figure S3. Class II TL (kb) plotted against age (years). In the analyses we corrected for repeated 
measurements by including individual identity as random effect. 
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Figure S4. Telomere shortening rate of different Class II percentiles (measured with a fixed Class 
II / III border at 20 kb) and the average shortening of Class II telomeres as estimated with the 
mixed model (bp/year). 
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Figure S3. Class II TL (kb) plotted against age (years). In the analyses we corrected for repeated 
measurements by including individual identity as random effect. 
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Figure S4. Telomere shortening rate of different Class II percentiles (measured with a fixed Class 
II / III border at 20 kb) and the average shortening of Class II telomeres as estimated with the 
mixed model (bp/year). 
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Abstract 
Telomere length predicts survival in birds, and many stressors that presumably reduce 
fitness have also been linked to telomere length. The response to selection of telomere 
length will be largely determined by the heritability of this trait; however little is known 
about the genetic component of telomere length variation in animals other than humans. 
Moreover, published heritability estimates of telomere length are based on telomere 
measurements with techniques that do not distinguish between terminal telomeres, 
which are susceptible to age and stress, and the interstitial telomeric repeats, which are 
relatively inert. Heritability estimates that combine interstitial and terminal telomeres 
are difficult to interpret in species such as birds where interstitial telomeres are often 
numerous. We estimated the heritability of terminal telomere length in a captive zebra 
finch population of cross-fostered (half-) siblings using data obtained with an 
electrophoresis technique that excludes the interstitial repeats from the measurements. 
We used both a Bayesian quantitative genetic ‘animal’ model and a frequentist sibling 
regression approach to estimate heritability. With the animal model, we estimated a 
high heritability of telomere length (h2 = 0.99, 95% credible interval = 0.87–1), but had 
insufficient statistical power to separate parental and permanent environment effects. 
The frequentist approach yielded similar heritability estimates, although with large 
confidence intervals. We used general linear mixed models to disentangle variance 
components of telomere length. The relative contribution of the individual, mother and 
father to telomere length variation were statistically indistinguishable at 23-31%. Chicks 
were cross-fostered four days after hatching, and no effect of rearing nest was found, 
indicating that any undetected environmental effects exerted their influence prior to, or 
soon after, hatching. Thus we conclude that telomere length resemblance between 
relatives is high and proportional to their relatedness, but we cannot conclusively 
distinguish between genetic and other forms of inheritance.  
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Introduction 
Telomeres are non-coding repeats of the highly conserved DNA sequence 5’-TTAGGG-3’ 
(Meyne et al. 1989) that are important in the protection and stabilization of linear 
chromosomes (Blackburn 1991). Because of the end replication problem, the fact that 
DNA polymerase is not able to completely replicate the 3’ end of the DNA strand, and 
other contributing factors such as oxidative stress, telomeres tend to shorten with age 
(Olovnikov 1973; von Zglinicki 2002). Telomere shortening can be accelerated by 
various forms of stress encountered throughout life (Epel et al. 2004; Kotrschal et al. 
2007; Gilley et al. 2008; Bauch et al. 2013; Boonekamp et al. 2014). Short telomeres 
eventually lead to replicative senescence of the cell (Blackburn 2005), and individuals 
with longer telomeres have a higher probability of survival in numerous species (Joeng 
et al. 2004; Haussmann et al. 2005; Bize et al. 2009; Salomons et al. 2009), including 
humans (Boonekamp et al. 2013). Furthermore, individual zebra finches with longer 
telomeres at the end of the nestling period have a longer lifespan (Heidinger et al. 2012). 
Therefore, telomeres have been suggested as biomarkers of the levels of stress that 
individuals have experienced over their lifetime (e.g. Monaghan 2014). 

Given the association between telomere length and survival, it is of interest to 
unravel the causes of variation in telomere length. Variation in telomere length is 
determined by (i) initial telomere length in the zygote, (ii) the rate of shortening and (iii) 
the degree of telomere maintenance (Bischoff et al. 2005), and all three factors may be 
influenced by both genetic and environmental factors. Quantifying the contribution of 
genetics to the outcome of these processes (i.e. heritability) is important because it will 
determine the response to selection (Falconer & Mackay 1996; Visscher et al. 2008). 
New statistical methods also enable separation of individual phenotypes in genetic and 
environmental components (Kruuk & Hadfield 2007), allowing estimation of the 
importance of various factors in shaping the variation in a trait. Heritability of human 
telomere length has repeatedly been investigated, and heritability estimates are in the 
range 0.36–1.28 (Table 1). Based on the largest data set, the heritability of telomere 
length was estimated at 0.70 (95% C.I. 0.64–0.76, Broer et al 2013), which falls close the 
mean of the other estimates. In five animal populations heritability of telomere length 
was estimated to range from 0.09 to 1 (Table 1). The number of studies is low however, 
and they differ widely in many respects (e.g. in estimate and measurement technique). 
Hence, our knowledge of the heritability of telomere length in non-human animals is 
limited. 
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Table 1. Published estimates of telomere length heritability. The sample size is the number of 
phenotyped individuals in the analyses, unless otherwise specified. Parental effects between 
brackets are not significant or significance was not tested. Abbreviations: SB, Southern blot; h2, 
heritability; 95% Co.I., 95% confidence interval. Missing confidence intervals in the table were 
not reported. 

Species Telomere 

analysis 

Relationship Sample 

size 

h2 (95% Co.I.) Parental 

effects 

1 Human 

  Homo sapiens 

SB Twin 115 0.78  

   (0.69 – 0.87) 

not reported 

2 Human 

  Homo sapiens 

SB Twin 98 0.84  

   (0.73 – 0.91) 

not reported 

3 Human 

  Homo sapiens 

SB Family-based 327 0.99 not reported 

4 Human 

  Homo sapiens 

SB Twin 574 0.36  

   (0.22 – 0.48) 

not reported 

5 Human 

  Homo sapiens 

SB Sibling 383 0.82  

   (0.59 – 1.05) 

not reported 

6 Human 

  Homo sapiens 

SB Twin 2050 0.36  

   (0.18 – 0.48) 

not reported 

7 Human 

  Homo sapiens 

qPCR Family-based 907 0.44  

   (0.32 – 0.56) 

Paternal 

8 Human 

  Homo sapiens 

qPCR Mother-offspring 

 

Father-offspring 

129 

 

98 

0.30  

   (-0.05 – 0.62) 

0.91  

   (0.56 – 1.20) 

Paternal 

9 Human 

  Homo sapiens 

qPCR Parent-offspring 254 1.28 (Paternal) 

10Human 

   Homo sapiens 

qPCR 

SB 

Meta-analysis 

(6 populations) 

19713 0.70  

   (0.64 – 0.76) 

Maternal 

Paternal age 
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Table 1. Continued     

Species Telomere 

analysis 

Relationship Sample 

size 

h2 (95% Co.I.) Parental 

effects 

11Sand Lizard 

   Lacerta agilis 

SB Mother-daughter  

 

Father-son 

55 

 

40 

0.52  

   (0.09 – 0.95) 

1.23  

   (0.81 – 1.67) 

Paternal 

12Kakapo  

   Strigops 
   habroptilus 

SB Mother-offspring  29 pairs 0.84  (Maternal) 

13Collared 
   Flycatcher  

   Ficedula albicollis 

qPCR Siblings  

(cross-fostering) 

74 broods 0.09  

   (-0.04 – 0.15) 

not reported 

14King Penguin 

   Aptenodytes 
   patagonicus 

qPCR Mid-parent - 
offspring 

53 pairs 0.2  

   (-0.02 – 0.42)  

(Maternal) 

15Great Reed 
   Warbler 

   Acrocephalus 
   arundinaceus 

qPCR ‘Animal’ model 

 

Mother - mid-
offspring 

Father - mid-
offspring 

193 0.48  

   (0.25 – 0.72) 

1.08  

 

0.28  

Maternal 

16Zebra Finch 

   Taeniopygia 
   guttata 

TRF ‘Animal’ model 

 

(half-)Siblings 
(cross-fostering) 

125 0.999  

   (0.87 – 1) 

Details: table 4 

None 

1 Slagboom et al (1994); 2 Jeanclos et al (2000); 3 Nawrot et al (2004); 4 Bischoff et al (2005); 5 Vasa-
Nicotera et al (2005); 6 Andrew et al (2006); 7 Njajou et al (2007); 8 Nordfjall et al (2010); 9 Al-Attas et al 
(2012); 10 Broer et al (2013); 11 Olsson et al (2011); 12 Horn et al (2011); 13 Voillemot et al (2012);  
14 Reichert et al (2014); 15 Asghar et al (2015); 16 This study 
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In the present paper we report heritability estimates of telomere length in a 
population of captive zebra finches. Resemblance between relatives can have a genetic 
basis, but can also be due to a shared environment. In order to obtain an unbiased 
estimate of heritability, genetic and environmental effects need to be separated (Kruuk 
& Hadfield 2007). To reduce shared environment effects we cross-fostered 75% of the 
individuals four days after the first hatching in a nest, enabling us to separate birth and 
rear nest effects, at least from cross-fostering onwards. Furthermore, we used a sample 
containing both full siblings and half-siblings to separate covariance of different degrees 
of relatives statistically. Specifically, we included both maternal and paternal half-
siblings to quantify parental effects. We estimated heritability with two methods. First 
we applied a so-called ‘animal’ model, a general linear mixed model using a pedigree of 
individuals in the dataset, to estimate heritability (Kruuk 2004) in a Bayesian 
framework (Hadfield 2010). ‘Animal’ models have the advantage of using all 
relationships in the dataset, but the disadvantage of being data consuming. Second, we 
used frequentist methods to calculate intraclass correlations and heritabilities 
comparing both full and half-sibships to investigate parental effects (Falconer & Mackay 
1996). Finally, we disentangled environmental and parental effects on telomere length 
with general linear mixed models (GLMM).  

In contrast to humans, many avian species have numerous interstitial telomeric 
repeats, which are in addition to ‘terminal’ telomeric repeats (Delany et al. 2000; Foote 
et al. 2013). Terminal telomeres are susceptible to ageing and environmental factors and 
are involved in the protection and stabilization of the chromosomes. Although there is 
evidence that interstitial telomeric repeats are involved in DNA repair, chromosome 
stabilization and the regulation of gene transcription, the exact function is not yet fully 
understood (Kilburn et al. 2001; Rivero et al. 2004; Yang et al. 2011).  It is also not 
known whether interstitial telomeric repeats change in length within an animal’s 
lifetime, given that this would involve two double strand breaks. The number of 
interstitial telomeric repeats and the length of terminal telomeres are therefore in 
essence different traits, despite their superficial similarity. Laboratory techniques differ 
in the type of telomeres included in the measurements, and published heritability 
estimates are based on techniques that pool interstitial and terminal telomeric repeats 
in one estimate (qPCR, southern blot; Table 1). Thus it is not known to what extent 
published heritability estimates in species other than humans provide information on 
variation in interstitial versus terminal telomeres (there are few interstitial repeats in 
the human genome). We therefore measured telomeres with in-gel hybridization 
labelling the single-stranded overhang of telomeres (Haussmann & Vleck 2002), i.e. the 
telomeric loop at the end of linear chromosomes that is an evolutionary well conserved 
aspect of telomere biology (Stansel et al. 2001). Hence, we measure only terminal 
telomeres (see Methods for details) and our heritability estimates are specifically for 
terminal telomeres only. 
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Methods 
 
Study species and sampling 
We used 125 zebra finches (66 females; 57 males), originating from 73 broods, reared 
from stock that were part of a long term experiment, in which natal brood size and 
energy expenditure required for foraging were manipulated (De Coster et al. 2011; 
Koetsier & Verhulst 2011). With respect to the foraging cost manipulation, we only used 
control birds that had easy access to food. Parents were paired randomly and housed in 
pairs during breeding, hence paternity was known with certainty. The inbreeding level 
is low in our Groningen zebra finch population (Forstmeier et al. 2007). Four days after 
the first chick of a brood hatched, we conducted a brood size manipulation, in which 
brood size was standardized to either two or six young (both within the natural range). 
Our aim was to cross-foster all individuals in this procedure, but due to logistic 
constraints we cross-fostered 75% of the chicks (N = 94).  

We measured telomere lengths in DNA from red blood cells. Blood was collected 
from the brachial vein into heparinised capillaries. Samples were suspended in 2% 
EDTA buffer, and within two days the red blood cells were spun down, and the pellet 
was stored in glycerol buffer at -80 °C after snap freezing. We used blood samples 
collected in 2006–2010. Storage time prior to analysis (0–6 years) did not affect 
telomere length (F6,152   = 0.66, p = 0.68). The samples were analysed, divided over seven 
gels, and timing (batch) of analysis did not affect telomere measurements (F6,152  = 1.48, 
p = 0.19). Hence storage time and timing of analysis were not included in the analyses.  

On average, individuals were 132 days old (S.E. = 11.6, range = 9–636) when a 
blood sample was collected. For 18 individuals we analysed two to three samples as they 
were sampled multiple times in life, resulting in a total of 158 telomere length estimates. 
On average the samples after the first sample were taken at an age of 940 days (S.E. = 
52.5, range = 609–1572). To simplify the models for estimating heritability, and because 
we had repeated measurements of only a subset of all individuals (18 out of 125 
individuals), we used the average telomere length as a Terminal Restriction Fragment 
(TRF) estimate per individual to calculate heritability. In order to estimate variance 
components that might influence phenotypic similarity we used the complete dataset 
including repeated measurements. Because telomere length generally declines with age 
we controlled for age in all analyses.  
 
TRF assay 
The TRF assay was conducted following Salomons et al. (2009). In summary, 5 μl of red 
blood cells were suspended in an agarose solution to form an agarose plug (0.8%; 
following the manufacturer’s protocol, CHEF Mammalian Genomic DNA Plug kit of 
Biorad). The cells in half a plug were digested overnight at 50 °C with Proteinase K. DNA 
was then digested overnight at 37 °C using a mixture of three restrictions enzymes, 
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In the present paper we report heritability estimates of telomere length in a 
population of captive zebra finches. Resemblance between relatives can have a genetic 
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including repeated measurements. Because telomere length generally declines with age 
we controlled for age in all analyses.  
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HindIII (60 U), HinfI (30 U) and MspI (60 U), in NEB2 buffer (New England Biolabs, Inc, 
Beverly MS, USA). 

The restricted DNA and the size standards (Molecular Weight Marker XV, Roche 
and 1kb DNA ladder, New England Biolabs) were electrophoresed through a 0.8% 
agarose gel by pulsed field gel electrophoresis at 14 °C for 24 h (3.5 V/cm, initial switch 
time 0.5 s, final switch time 7.0 s). Gels were dried with a gel dryer (Bio-Rad, model 538) 
and hybridized overnight with 32P-labelled oligo (5-CCCTAA-3)4 which labelled the 
single-stranded overhang of the telomeres. Since the DNA was not denatured as in 
Southern blot techniques, no 32P-labelled oligo marked interstitial repeats. The 
radioactive signal of the marker was detected by a phosphor screen (PerkinElmer), and 
analysed using a phosphor imager (Cyclone TM Storage Phosphor System, PerkinElmer). 

Telomere length varies among cells and chromosomes (Lansdorp et al. 1996), 
and hence the TRF assay results in a smear, instead of a clear band. The distribution of 
telomere lengths was calculated based on densitometry (Haussmann & Mauck 2008) in 
the open-source software IMAGEJ v. 1.38x (Salomons et al. 2009). The average labelled 
telomere length per lane was calculated as:  

 
Σ(ODi x Li)/ Σ(ODi),  
 

where ODi is the optical density output at position i, and Li is the length of the DNA (bp) 
at position i. OD is corrected for the background by subtracting the average grey value of 
non-DNA containing gel in IMAGEJ. Our lower limit was 2.3 kb, which falls within the 
smallest band of the 1 kb DNA ladder, which is 1 kb, and our upper limit was an 
extrapolated value of 80 kb based on the Molecular Weight Marker XV, which has a 
range of 2.4–48.5 kb, because telomere lengths of the zebra finches exceeded the 
Molecular Weight Marker XV. Note however, that the extrapolation comprised <1.5 cm 
on the gel (± 7% of the total length used), and that there was a strong correlation 
between calculations of telomere length based on the Molecular Weight Marker XV (up 
to 48.5 kb) and the same samples quantified with the extrapolated marker (up to 80Kb) 
(r = 0.82). Based on the repeated measures of 18 individuals, individual variation in TRF 
assays was 78% of the total variance in telomere lengths. Since repeatabilities of our 
TRF assays are high (Jeanclos et al. 2000; Haussmann & Mauck 2008; Salomons et al. 
2009) and the analysis is time consuming, all samples were run once. 
 
Statistical analyses 
We compiled a pedigree using the Groningen zebra finch database. Data on ancestry 
were available for four generations of birds, with the earliest records dating back to 
2004. We used pedigree data pruned back to the 125 phenotyped individuals, plus 143 
unphenotyped individuals linking the phenotyped birds. The pedigree contained 112 
individuals in a full sibling relationship, 45 maternal half-siblings and 62 paternal half-
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siblings. Half-sibling comparison facilitated attempts to separate genetic and 
environmental components. We over-represented paternal half-siblings in our data-
collection, because females lay the eggs and may thereby potentially exert a greater 
environmental influence on offspring telomere length, and we were primarily interested 
in the genetic component of the variance. For further details of the pedigree see Table S1 
(Supplementary information). 

We calculated the heritability of telomere length with an ‘animal’ model (Kruuk 
2004), using a Bayesian approach (Hadfield 2010), estimating the posterior mode and 
95% credible intervals (95% Cred. Int.) for fixed effects, variance components and 
heritability. In short, an ‘animal’ model uses a pedigree to calculate the proportion of the 
phenotypic variance that is due to additive genetic effects by comparing the covariance 
due to additive genetic effects in a phenotype between relatives. We calculated 
heritability using the package MCMCglmm (2.15) in R 2.14.1 (R Development Core Team 
2008; Hadfield 2010) with 10,000,000 iterations, a burn-in of 2,500,000 and a thinning 
interval of 5000. Autocorrelation between sampled iterations was < 0.08. We used 
default priors for fixed effects, parameter expanded priors for the random variance 
structure (variance = 1, degree of belief = 1, prior mean = 0, prior covariance matrix = 
500) and non-informative inverse-Wishart priors for the residual variance structure 
(variance = 1, degree of belief = 0.002). We applied several different prior distributions 
to confirm that our estimate of additive genetic variance was robust to prior 
specification.   

Telomere length was normally distributed (Shapiro-Wilk W = 0.989, p = 0.25, N = 
158). Exploratory analyses indicated that including sex and the logarithm of age (we log-
transformed age because telomeres shorten faster early in life) as fixed effects improved 
our model fit. For individuals with an average telomere length of multiple TRF estimates, 
we used the logarithm of the average age at sampling. Because the dataset did not have 
sufficient power to discriminate between the random variance components explaining 
environmental (birth nest and permanent environment, meaning an individual’s own 
common environment) and parental effects, we used a naïve model only including the 
pedigree component as a random effect. We therefore estimated the variance 
components as: 

 
    [1] 

 
 where VP is the phenotypic variance, accounting for the fixed effects of sex and the 
logarithm of the age at which an individual was sampled; VA is the additive genetic 
variance and VR the residual variance.  
  

RAP VVV +=
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We then calculated heritability as: 
 

     [2] 

 
We compared h2 from the ‘animal’ model with the heritability estimate based on 

the intraclass correlations for sibships (Falconer & Mackay 1996), to evaluate 
robustness of our findings. The individual least square mean estimate of telomere length 
was used from a model including the logarithm of age. For the full sibling comparison we 
used a general linear mixed model (GLMM) with family identity as a random effect, 
where a family is defined as a set of full siblings. Second, we made a half-sibling 
comparison in a subset of the data containing half-siblings, by building a GLMM with 
either mother identity or father identity as a random effect. Here we used a mean value 
of telomere length for each birth nest, to prevent our estimate from being biased by 
pseudo-replication by full siblings. This approach allowed us to compare similarity 
between maternal- and paternal half-siblings, testing for a trans-generational effect from 
mother or father. Sample sizes for all sibling relationships can be found in Table 4. Some 
of the individuals in the full sibling comparison were also included in the maternal (N = 
14) and paternal (N = 31) half-sibling comparison. Following Falconer and Mackay 
(1996) equation 9.8, heritability in the full sib dataset was calculated by multiplying the 
correlation between full siblings by two:  
 

  [3] 

 
where tFS is the correlation between full siblings and VD the dominance variance. In 
general VD is relatively small compared to VA and hence could be ignored (Falconer & 
Mackay 1996). This was confirmed by the similarity of our heritability estimates of full- 
and half-siblings (see Results). Heritability using the half-sibling dataset was calculated 
by multiplying the correlation between half-siblings by four according Falconer and 
Mackay (1996) equation 9.6: 
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As we could not include random effects in the ‘animal’ model nor separate 
variance components in the intraclass correlations, we estimated variance components 
that may influence phenotypic similarity in telomere length with a GLMM. We ran a 
GLMM with sex and the logarithm of age as fixed effects, where our response was 
telomere length at a given age, rather than one averaged value, and included individual 
as random effect in the model. In Table 2 we describe which environmental and genetic 
effects are embedded in each variance component. We defined phenotypic variance 
components as significantly different from zero if their confidence intervals (C.I.) did not 
overlap with zero. 

 
 

Table 2. Separation of phenotypic variance components into genetic, environmental and parental 
effects.  

 Additive 

genetic 

Permanent 

environment 

Common 

environment 

Maternal 

effects1) 

Paternal 

effects1) 

Individual X X  X X 

Birth nest X  X X X 

Rear nest   X   

Mother X   X  

Father X    X 
1) Parental effects include parental environmental and non-additive genetic components 

 
 
Ethics statement 
The brood size manipulations and long term foraging experiment with zebra finches, 
including blood sampling, have been approved by the animal welfare ethics committee 
of the University of Groningen (according to Dutch law), under license number 5150. 
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Results 
With our ‘animal’ model, we estimated a high additive genetic variance (VA) in telomere 
length, with a heritability of 0.999 (95% Cred. Int. = 0.87–1). Few repeated measures 
meant that we could not partition permanent environment effects, but as the chicks 
were cross-fostered these are predicted to be small. Despite our study design containing 
various degrees of relatedness (siblings, and maternal- and paternal half-siblings, Table 
S1), there was not enough power to partition parental (genetic and environmental) 
effects. Extended models including additional variance components did not converge 
due to low sample sizes and a shallow pedigree. Therefore we used a naïve ‘animal’ 
model and hence our estimate of heritability might be confounded by environmental or 
parental effects, which may have inflated our estimate. We found no sex effect and a 
trend of a negative logarithm of age effect on telomere length (Table 3). Telomere length 
generally declines with age, but our finding that age yielded only a trend in this analysis 
was not unexpected, since we used a cross-sectional design and between-individual 
variation is large while variation in age within the data set was intentionally small. 
 
 
Table 3. Mode of the posterior distribution and 95% credible intervals for the different 
parameters in the ‘animal’ model. 

 Posterior mode 95% Credible Interval 

Fixed effects:   

Sex 0.364 -0.164 – 0.705 

Log Age -0.447 -0.926 – 0.044 

Random effects:   

Animal 1.827 1.222 – 2.378 

Residual 0.003 0.000 – 0.382 

 
 

To test for robustness of our estimate, we calculated heritability with GLMM’s 
based on cross-fostered full- and half-sibling intraclass correlations. Also with this 
approach we found high heritabilities, confirming the results of the ‘animal’ model 
(Table 4, Fig. 1). The three estimates were very similar, but confidence intervals were 
large, and only the estimate based on full siblings (with the largest sample size) yielded 
a 95% C.I. that did not include zero. Based on this 95% confidence interval of the full 
sibling estimate, the minimum estimate of the heritability is 0.46, assuming no VD, while 
the maximum estimate exceeds 1. 
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Table 4. Heritability estimates based on the intraclass correlations of telomere length corrected 
for sex and age. N is the number of individuals in the analyses, with the number of natal families 
in brackets. The correlation (r), heritability (h2) and their 95% confidence intervals (95% Co.I.) 
are given. 

 N (families) r (95% Co.I.) h2 (95% Co.I.) 

Full siblings 94 (42) 0.59 (0.23 – 0.95) 1.18 (0.46 – 1.90) 

Maternal half-siblings 27 (8) 0.34 (-0.26 – 0.93) 1.35 (-1.04 – 3.74) 

Paternal half-siblings 60 (18) 0.23 (-0.07 – 0.53) 0.93 (-0.27 – 2.13) 

 

 

 

 
Figure 1. Correlations between full siblings (N = 42) (a) and half-siblings (b; closed dots: 
maternal half-siblings (N = 8); open dots: paternal half-siblings (N = 18)). Lines are linear 
regressions. To avoid pseudo replication due to shared maternal or paternal descent both 
graphs depict a random selection of sibling pairs in cases where there were more than two 
phenotyped siblings, whereas in the analyses all individuals from a family are incorporated with 
family as a random effect 
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in brackets. The correlation (r), heritability (h2) and their 95% confidence intervals (95% Co.I.) 
are given. 

 N (families) r (95% Co.I.) h2 (95% Co.I.) 

Full siblings 94 (42) 0.59 (0.23 – 0.95) 1.18 (0.46 – 1.90) 

Maternal half-siblings 27 (8) 0.34 (-0.26 – 0.93) 1.35 (-1.04 – 3.74) 

Paternal half-siblings 60 (18) 0.23 (-0.07 – 0.53) 0.93 (-0.27 – 2.13) 

 

 

 

 
Figure 1. Correlations between full siblings (N = 42) (a) and half-siblings (b; closed dots: 
maternal half-siblings (N = 8); open dots: paternal half-siblings (N = 18)). Lines are linear 
regressions. To avoid pseudo replication due to shared maternal or paternal descent both 
graphs depict a random selection of sibling pairs in cases where there were more than two 
phenotyped siblings, whereas in the analyses all individuals from a family are incorporated with 
family as a random effect 
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Table 5. Estimates for percentage of phenotypic variance explained, with 95% confidence 
intervals per variance component and estimates for the fixed effects (sex coded as 1 = female, 2 
= male, reference is female) with standard error and p-value in 4 different GLMM’s of telomere 
length.  

Model Random effects Fixed effects 

 Individual Birth nest Rear Nest Mother Father Sex Log Age (days) 

Estimate  

  (S.E.) 

p-

value 

Estimate  

  (S.E.) 

p-

value 

1 
80.1  

(53.7 - 106.4) 

        -130.0 

  (120.5) 

0.283 -448.9  

  (138.0) 

0.002 

2 
36.6  

(6.4 - 66.9) 

56.4  

(27.0 - 85.8) 

-12.8  

(-31.6 - 6.1) 

  -101.9  

  (109.8) 

0.356 -529.6  

  (149.5) 

<0.001 

3 
24.7  

(6.3 - 43.1) 

-9.0  

(-23.1 - 5.2) 

 30.2 

(4.4 - 56.0) 

35.8  

(5.2 - 66.3) 

-160.2  

  (113.0) 

0.160 -523.6  

  (159.3) 

0.002 

4 
23.4 

(6.1 - 40.8) 

    26.9  

(-0.5 - 54.4) 

30.7 

(0.3 - 61.1) 

-143.3  

  (105.8) 

0.179 -553.6  

  (143.3) 

<0.001 

Significant effects are in bold, marginally significant effects are in italics.  

 
 
 

 

 
Figure 2. Variance components of telomere length, from four GLMMs. + Depicts significant 
variance components for which the confidence interval (C.I.) does not overlap with zero and (+) 
variance components for which the C.I. just overlaps zero (< 1%). The numbers above the bars 
are the log likelihoods of each model 
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Applying GLMM’s including repeated telomere measurements enabled us to 
separate different variance components. In all models (Fig. 2, Table 5), we found an 
effect of individual. In model two, we compared effects of the pre-cross foster natal 
environment (which may include parental effects) with post cross-foster rear nest 
environment (94 out of 125 individuals were cross-fostered). We found no effect of rear 
nest identity in this or any subsequent model, indicating that pre-manipulation effects 
(both genetic and environmental) were more important in determining telomere length 
than post-manipulation effects. Also, no effect of manipulated brood size was found in 
any of our models (e.g. in model 4, Fig. 2: F1,55.75 = 0.18; p = 0.67). Therefore, brood size 
was not included in our final analyses. Birth nest includes multiple potential variance 
components, e.g. shared environment, maternal and paternal effects. When adding 
parental identity (model three), the variance explained by birth nest went down to zero, 
with mother and father identity taking over this effect, i.e. trans-generational parental 
effects were important while characteristics of that specific breeding event explained no 
additional variation. Mother and father identity contributed substantially and about 
equally to telomere length variation, as also shown by the correlational approach in the 
(half-) siblings (Fig.1). Mother and father identity together explained over two times 
more variation than individual identity, indicating that additive genetic and common 
natal environment effects were substantially more important in determining telomere 
length than other permanent events over the whole lifetime. Based on the log likelihood 
(Fig. 2) and significance of the variance components we considered model four 
biologically most parsimonious. This implied that it is likely that individual (which 
contains the additive genetic variance and a permanent environment effect), mother and 
father (which contain the additive genetic variance and a parental environment effect) 
all contributed about equally to variation in telomere length.  
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Applying GLMM’s including repeated telomere measurements enabled us to 
separate different variance components. In all models (Fig. 2, Table 5), we found an 
effect of individual. In model two, we compared effects of the pre-cross foster natal 
environment (which may include parental effects) with post cross-foster rear nest 
environment (94 out of 125 individuals were cross-fostered). We found no effect of rear 
nest identity in this or any subsequent model, indicating that pre-manipulation effects 
(both genetic and environmental) were more important in determining telomere length 
than post-manipulation effects. Also, no effect of manipulated brood size was found in 
any of our models (e.g. in model 4, Fig. 2: F1,55.75 = 0.18; p = 0.67). Therefore, brood size 
was not included in our final analyses. Birth nest includes multiple potential variance 
components, e.g. shared environment, maternal and paternal effects. When adding 
parental identity (model three), the variance explained by birth nest went down to zero, 
with mother and father identity taking over this effect, i.e. trans-generational parental 
effects were important while characteristics of that specific breeding event explained no 
additional variation. Mother and father identity contributed substantially and about 
equally to telomere length variation, as also shown by the correlational approach in the 
(half-) siblings (Fig.1). Mother and father identity together explained over two times 
more variation than individual identity, indicating that additive genetic and common 
natal environment effects were substantially more important in determining telomere 
length than other permanent events over the whole lifetime. Based on the log likelihood 
(Fig. 2) and significance of the variance components we considered model four 
biologically most parsimonious. This implied that it is likely that individual (which 
contains the additive genetic variance and a permanent environment effect), mother and 
father (which contain the additive genetic variance and a parental environment effect) 
all contributed about equally to variation in telomere length.  
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Discussion 
We estimated the heritability of terminal telomere length in zebra finches, and find it to 
approach 1, independent of the type of numerical approach (‘animal’ model or (half-) 
sibling comparison). We found no effects of rear nest identity, suggesting that possible 
environmental agents exerted their effects very early in life. Most phenotyped offspring 
were cross-fostered at a young age, but cross-fostering of chicks does not control for 
parental effects arising during laying, incubation and in the few days after hatching that 
they spent in their natal nest. Pre-natal environmental effects on telomere length can for 
example include endocrinology aspects of egg composition (Haussmann et al. 2012), and 
we cannot exclude that such effects increased the resemblance between (half-) siblings 
in our study. On the other hand, the mother primarily determines egg characteristics, 
and effects of father and mother identity on offspring telomere length were 
indistinguishable in our study (Table 5, model 4). This argues against a large effect of 
egg characteristics causing telomere length resemblance between offspring, making a 
quantitative genetic basis of the observed resemblance between relatives more likely. 
Furthermore, heritability estimates based on full siblings (1.18) and paternal half-
siblings (0.93) were of similar magnitude (albeit with large confidence intervals, Table 
4), lending further support to the tentative conclusion that telomere length resemblance 
between relatives was primarily due to genetic effects. We acknowledge however, that 
larger sample sizes and/or a deeper pedigree are required to more definitely draw this 
conclusion.  

Our study distinguishes itself from earlier reports in that we specifically 
measured terminal telomeres, while in previous studies (Table 1) interstitial and 
terminal telomeres were pooled due to the technique used to measure telomere length. 
This is of importance, because terminal telomeres are susceptible to ageing and 
predictors of survival, while interstitial telomeric repeats are as far as we know inert 
within the lifetime of an individual. It is not obvious what the effect of measurement 
technique will be on heritability estimates, because this depends on (i) the reliability of 
the measurement technique, and whether this is accounted for in the analysis, and (ii) 
contribution of the interstitial repeats versus terminal telomeres to the total variance in 
telomeric repeats between individuals. For example, interstitial repeats are infrequent 
in humans, and in this respect the measurement technique should have little effect on 
telomere length heritability estimates in humans. In avian species however the 
frequency of interstitial repeats is frequently high (Foote et al. 2013), and it remains to 
be investigated to what extent published heritability estimates (Table 1) can be 
attributed to variance in interstitial repeats versus terminal telomeres. To resolve this 
issue, additional studies in which the heritability can specifically be assigned to either 
interstitial telomeric repeats and/or terminal telomeres are required. 

Terminal telomeres shorten with age and these dynamics are at least to some 
extent under the influence of environmental effects (e.g. Boonekamp et al 2014). This 
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could have increased family resemblance in our study (Rossiter 1996), because all birds 
were housed in similar aviaries reducing environmental variation later in life, in 
particular in comparison with free-living animals. However, such homogenizing 
environmental effects in all likelihood did not have a large effect on our estimates, since 
we found no effect of rear nest, and permanent environment explained approximately a 
quarter of the variance in telomere length (Table 5). Therefore sharing the same genes 
and/or the pre cross-foster environment (including parental effects) were the strongest 
determinants of our heritability estimates. Individual differences in human telomere 
length persist over life (Benetos et al. 2013), and initial telomere lengths are determined 
in the zygote, with only a minor effect of epigenetic and/or environmental effects during 
life on resemblance of telomere length between relatives (Graakjaer et al. 2004). One 
pathway explaining the minor effect of late environment is via the telomere elongating 
enzyme telomerase, which is involved in the process of maintaining telomere length in 
particular tissues during development. Serakinci et al (2008) suggest that telomere 
dynamics in lymphocytes and mesenchymal stem cells show little random fluctuation 
and that telomerase possibly even further conserves the relative telomere lengths or 
profile between chromosome arms (Serakinci et al. 2008). It seems that specific patterns 
of telomere lengths are already determined in the embryo and telomerase is an 
important determinant during life for resemblance of telomere lengths between 
relatives.  

In humans (e.g. Broer et al 2013), kakapos (Horn et al. 2011) and king penguins 
(Reichert et al. 2014) telomere length had a stronger maternal than paternal 
inheritance. However, in sand lizards (Olsson et al. 2011) stronger paternal inheritance 
was found, although confidence intervals overlapped (Table 1). In contrast, we found no 
evidence for a difference between maternal and paternal effects in our study (Tables 4 
and 5). The non-human studies have relatively small sample sizes compared to the 
human studies and used, except for the great reed warbler study which used an ‘animal’ 
model, parent-offspring regression, which is unable to separate environmental variance 
from genetic components. The human study included both parent-offspring regression 
and twin studies, which also do not separate environmental factors. Furthermore, in 
humans a positive association with paternal age was demonstrated, whereas this was 
negative in sand lizards. Thus the results on parental effects are mixed, and in particular 
for non-human species there is a need for more studies. 
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Supplementary information 
 
Table S1. Pedigree summary, derived by the R package Pedantics (version 1.01, Morrissey and 
Wilson 2010). Depicted are numbers or proportions of: a range of relationships from parental to 
grandparental, pedigree depth, founders, mean sibship size, simple statistics of inbred and non-
inbred individuals, pairwise relationship coefficients compared to several thresholds.  

Relationship Individuals/proportion 
Records 268 
Maternities 167 
Paternities 172 
Full sibs 112 
Maternal sibs 157 
Maternal half sibs 45 
Paternal sibs 174 
Paternal half sibs 62 
Maternal grandmothers 42 
Maternal grandfathers 44 
Paternal grandmothers 69 
Paternal grandfathers 76 
Maximum pedigree depth 4 
Founders 96 
Mean maternal sibship size 2.227 
Mean paternal sibship size 2.423 
Non-zero F* 3 
F > 0.125* 0.000 
Mean pairwise relatedness 0.0116 
Pairwise relatedness >= 0.125 0.0380 
Pairwise relatedness >= 0.25 0.0255 
Pairwise relatedness >= 0.5 0.0126 

*There were 10 individuals with 1 known grandparent, 40 individuals with 2 known 
grandparents, 11 individuals with 3 known grandparents and 11 individuals with 4 known 
grandparents. 
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Abstract 
Iteroparous organisms face a trade-off between reproduction and survival but 
knowledge of whether, how and when costs of long-term increases in workload are paid 
is scant. We increased locomotion costs for a whole year by equipping male great tits 
with a backpack during breeding, removing the backpacks one year later. We applied 
three different treatments: control (without backpack), light (“empty” backpack, 0.1g) 
and heavy (“full” backpack, 0.9g, ~5% of body mass). Backpacks were administered in 
three cohorts and we monitored effects on mass of nestlings and the male, wing length, 
reproduction and survival. Added mass had a negative effect on nestling mass in both 
the starting year of the experiment and one year later, but not on production of 
fledglings or recruits. In winter and the next breeding season, males equipped with 
heavy backpacks had a higher (net) body mass and had shorter third primary feathers 
than the other two groups. Heavy backpack males were less likely to sleep in a nest box 
in winter. Nest boxes are optimal roosting sites and we interpret this finding as a 
treatment effect on success in competition over this resource. However, there was no 
effect of the manipulation on survival. Overall, we found no long-term fitness 
consequences and we discuss possible explanations and implications for the “starvation 
predation theory” of optimal body mass. However, we found short-term effects of 
carrying extra weight suggesting that behavioral studies using small devices should 
consider the effects of equipping small non-migratory passerines with devices such as 
transmitters.  
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Introduction 
In life-history theory, it is assumed that the capacity to acquire or process resources is 
limited, and therefore investment in traits is limited by trade-offs (Roff 1992). A major 
trade-off is between resources allocated towards fitness benefits in the near future (e.g. 
reproduction, foraging, and ornamentation), at the expense of benefits further in the 
future (survival and reproduction later in life). According to theory, costs in terms of 
decreased fitness (reproductive success and/or survival) should be observed when 
investment of resources towards workload (e.g. energy expenditure towards foraging or 
flight) is increased. However, results are mixed and it is not clear which costs of long-
term increased workload individuals encounter, and in which period of time. One reason 
why studies fail to find evidence for a trade-off, or even find correlations in the opposite 
direction, is that there is individual variation in phenotypic quality, with some 
individuals having more resources for both reproduction and survival than others (van 
Noordwijk & de Jong 1986; Lim et al. 2014). It is for this reason that experimental 
manipulations of investment are usually required to demonstrate trade-offs between 
current and future reproduction.  

A commonly used approach to manipulate workload in birds is by manipulating 
brood size. Although there are exceptions (e.g. Daan et al. 1996; Boonekamp et al. 2014), 
a recent meta-analysis showed that brood size manipulation studies on average did not 
find evidence for the predicted trade-off between reproduction and survival (Santos & 
Nakagawa 2012). The explanation for this finding is not yet clear, but may be related to 
the short duration of the treatment (usually excluding egg laying and incubation), or 
small behavioral responses to the treatment. An alternative way to manipulate workload 
is by handicapping individuals, increasing costs of locomotion. In birds this usually 
involves increasing costs of flying, for instance by clipping feathers or equipping them 
with an extra load to carry. Three recent studies meta-analyzed effects on life-history 
traits of attachment of small devices, e.g. radio-tags or geolocators on birds (Barron et al. 
2010; White et al. 2013; Elliott et al. 2014). Overall, there were negative effects of 
transmitters on body condition, reproduction and survival, suggesting that this may be 
an effective method to study the trade-off between current effort and future 
reproduction and survival.  

In previous studies in resident birds, workload was manipulated mainly during 
the breeding season at which time individuals already work (close to) an energy ceiling 
(Tinbergen & Verhulst 2000), in which case there is little reason to expect long-term 
manipulation effects on survival, because workload cannot be increased further. 
Therefore, in the present study, we investigated the effects of a long-term increase in 
workload. We increased workload by equipping male great tits (Parus major) with a 
backpack for a whole year, i.e. also at times that birds can be assumed to be functioning 
well below their energetic ceiling. We used three experimental groups: control without a 
backpack, light with an “empty” backpack (0.1g) and heavy with a “full” backpack (0.9g, 
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Introduction 
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which is ~5% of body mass). The empty backpack served as a procedural control for 
equipment with a backpack per se. We evaluated the effects of increased workload on 
body mass, feather length and the key fitness components: reproductive success and 
survival.  
 
Methods 
 
Study population and data collection 
We conducted this study in 2011-2014 in a population of great tits on Vlieland, an island 
in the Dutch Wadden Sea. Due to the isolated properties of the island population, 
immigration rates are low and local recruitment rates high (Verhulst & Van Eck 1996). 
Hence we could monitor reproductive success and survival accurately. 

We checked all nest boxes for breeding activity at least once a week starting in 
the beginning of April. We caught adult great tits with a spring trap in the nest box while 
feeding nestlings (8-11 days old, hatching day = day 0). We measured body mass (± 
0.1g), tarsus length (± 0.1mm) and third primary feather length (± 0.5mm) and unringed 
individuals were ringed. We estimated age of unringed individuals based on the color of 
the wing coverts (less than 25% of the individuals). After the parents were caught, we 
ringed the nestlings and they were weighed when 12-16 days old. Only first broods were 
manipulated and included in the analyses.  

During nightly checks in December and January we caught birds while roosting in 
the nest boxes and collected biometric information as in the breeding season. 
 
Manipulation 
In order to manipulate energy expenditure, we equipped male great tits with backpacks 
when they were feeding nestlings (spring 1). Backpacks were removed in the next 
breeding season (spring 2). We applied three different treatment levels: i) control 
without a backpack, ii) ‘light’ with an empty backpack as a control for possible effects of 
the harness (0.1 g) and iii) ‘heavy’ with a backpack of 0.9 g (~5% of body mass) (Fig. 1). 
The harness with which the backpacks were attached to the legs consisted of a figure-
eight loop of elastic band (see Rappole and Tipton 1991 for schematic drawing). 
Backpacks sat on the back, in front of the tail, hence did not hinder movement of the 
wings, and were hidden by plumage when birds were recaptured. The mass and size of 
the heavy backpack were intentionally comparable to a small transmitter as applied to 
birds. Thus our experiment is also a test of potential welfare effects of such transmitters 
and similar devices. 

The effect of letting birds carry extra mass will obviously be ‘dose-dependent’. 
We aimed for a manipulation that was reasonably large but well within the natural 
range of within-individual mass variation to ensure we would recapture individuals 
after one year to measure costs of the manipulation. The weight of heavy backpacks (0.9 
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g) is of the same magnitude as the within individual difference of body mass between 
spring and winter, which we estimated to be 1 g. An increase of 0.9 g of body mass was 
estimated to correlate with an increase of daily energy expenditure with 10 % in a 
previous study in female great tits (Tinbergen & Dietz 1994). Given that the backpacks 
were carried over a whole year we considered this effect sufficiently strong to anticipate 
trade-offs with fitness components. 

 

 
Figure 1. The backpacks we mounted on the birds. (a) The two types of backpacks: ‘light 
backpack’ made of rubber (upper) and 'heavy backpack’ made of lead embedded in clay (lower). 
(b) A recaptured male great tit equipped with a heavy backpack. 

 
 
In our experiment, we included only ringed males that were breeding more than 

approximately 500m from the village edge, to reduce the risk of experimental birds 
being found dead in the village (49 boxes were excluded from experimentation because 
of proximity to the village). In 2011 we included every third male of a five count in the 
experiment, alternately assigning one of the three manipulations making sure 
experimental groups were evenly divided in time and space. To increase the sample size, 

(a)

(b)
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every fifth male was also included in the control group. Main goal of this pilot year was 
to test whether the backpacks were kept on the birds for a whole year, and to assess 
whether the backpack caused skin problems. We did not notice skin problems and 
backpacks were not frequently lost (see below). We therefore expanded sample size in 
later years: in 2012 we included every ringed male and 2013 all males of known age (i.e. 
also unringed males). Males that carried a backpack in previous years (light or heavy) 
were excluded from the experiment in 2012 and 2013. Birds in the different treatment 
categories did not differ in age, mass, size, laying date, clutch size at the start of the 
experiment (Table 1). 
 
Table 1. Sample size, age, biometry and reproductive parameters at manipulation (spring 1).  

Parameter Control Light Heavy 

N started  97 68 80 

Age (years) 2.0 ± 1.4 1.9 ± 1.3 1.8  ± 1.1 

Body mass (g) 17.4 ± 0.8 17.5 ± 0.8 17.7 ± 0.8 

Tarsus (mm) 19.6 ± 0.6 19.6 ± 0.5 19.8 ± 0.6 

Third primary (mm) 57.3 ± 1.6 57.5 ± 1.8 57.3 ± 1.4 

Laying date (April day) 27.6 ± 6.6 26.7 ± 5.1 27.7 ± 6.0 

Clutch size 7.8 ± 1.4 8.0 ± 1.4 7.9 ± 1.6 

Except for sample sizes (N), values are averages ± standard deviations (st. dev.). Laying dates are 
corrected for between year differences. None of the differences between groups were 
statistically significant (all P>0.1). 
 
Data selection 
In some cases backpacks were lost (1.5% of the light and 9% of the heavy backpacks), 
probably because the backpack or elastic band broke because in a few cases we 
observed the backpack to be half broken when handling the birds. Because losing a 
backpack likely was a random process, we excluded males with lost backpacks from all 
analyses except the analyses of third primary feather length and reproduction in spring 
1, assuming backpacks were lost after molt. 

If a control male received a backpack in a year after having served as control in a 
previous year (5% of the control males), we considered only the second year in the 
analyses to avoid pseudo-replication.  
 
Statistical analysis 
Manipulation effects were analyzed using mixed-effects models. We tested effects of 
covariates that potentially explained variation in the dependent variables, selecting 
covariates that had previously been shown to be important in our study system. Effects 
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of age on reproduction was most pronounced later in the breeding cycle in this 
population (Bouwhuis et al. 2010) and hence we assumed that the later stages of the 
breeding cycle were most vulnerable to the manipulations. Therefore, in spring 1 we 
used the number of recruits produced as a proxy for reproductive success. Due to lower 
sample sizes in spring 2, we used number of fledglings to estimate reproductive success. 
We used male third primary feather length, net body mass, roosting probability in 
winter and survival to test for effects of the manipulation on condition and behavior. 
Finally, we used female survival over one year in order to test for carry-over effects of 
the manipulation. We included male identity and year as random effects to account for 
multiple measurements and large year-to-year variation respectively. When analyzing 
effects on body mass and the third primary feather length, we included the pre-
manipulation values of these traits in the model to correct for between individual 
variation. We simplified the initial models using backwards deletion, and analyzing the 
model fit with Akaike information criterion (AIC) in order to determine the final model. 

These final mixed-effects models were used as background model in a model 
selection approach to investigate which of four hypotheses best fitted the data. These 
hypotheses were modeled by using the background model with different variables for 
the manipulation (Table 2). We selected models using the ΔAICc, and the model weights 
(wi, the probability that model Mi is the best model, given the data and set of candidate 
models) or using the DIC in case of the Bayesian survival analysis (see below). Variables 
entered in the background model include hatch date, hatch date2, brood size (day 8), 
nestling age, nestling mass, male or female age, season, initial third primary feather 
length and initial body mass. 
  Analyses were done in JMP 7.0 and R 3.2.1 (R Development Core Team 2008) 
using the lme4 package (v 1.1-8, Bates et al. 2012). 
 
 
Table 2. Four hypotheses and corresponding model predictors for the manipulation we used in 
the model selection approach. 

Hypothesis Explanation 
Model predictor 
manipulation 

(1) Null There were no effects of the 
manipulation 

Intercept only 

(2) Added mass Effects were proportional to mass 
added to the male 

Backpack mass as 
covariate 

(3) Backpack Effects were caused by equipment 
with a backpack itself 

2-Level factor, with / 
without backpack 

(4) Experimental group Effects were caused by a mixture of 
effects differing between the 
manipulations 

3-Level factor, one level 
for each treatment 
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Bayesian survival trajectory analysis 
Survival effects of our manipulations could persist after the year of manipulation. To 
investigate this hypothesis we modeled survival by fitting mortality distributions to our 
capture-mark-recapture (CMR) data using the Bayesian Survival Trajectory Analysis 
(BaSTA) package (v 1.9.3) in R (Colchero et al. 2012). This approach yields estimates of 
recapture rate and actuarial senescence – the slope with which mortality increases with 
age. Capture histories were coded as annual survival from March to February in the next 
year and hence included the recaptures in December in years after the manipulation. 
The overall re-sight/recapture rate was estimated at 88%. Our survival estimates reflect 
local survival and excludes possible emigration to the mainland or neighboring islands, 
which could confound the manipulation effect on actuarial senescence. However, 
immigration rates are relatively low (16% of the males, Postma and van Noordwijk 
2005), and in particular for males there is little evidence of birds leaving the island after 
having settled there to breed (Verhulst & Van Eck 1996). Furthermore, the year of birth 
was known for a large portion (91.5%) of the population, which allowed for reliable 
population estimates of mortality distribution parameters and imputation of missing 
times of birth (8.5%) (Colchero et al. 2012).  

To investigate the manipulation effect on actuarial senescence we used the 
method of Boonekamp et al. (2014; 2015), to account for the heterogeneity in the age at 
which individuals were entered into a manipulation group (age range 1-7 years). This 
method fits the two-parameter Gompertz equation to the mortality distribution, where 
parameter a represents the vulnerability to the ageing process, while parameter b 
represents the rate of increase of mortality with age (More details could be found in the 
supplementary material). The age at which birds entered manipulation was used as the 
time of birth in BaSTA and subsequent survival years thus reflected time since 
manipulation. Age at manipulation was included as proportional hazard covariate to 
control for the variation in the age at which birds entered manipulation. This coding 
makes BaSTA estimate the effect of backpack manipulation on Gompertz parameters 
from the moment of manipulation onwards, and hence parameter estimates are not 
confounded by pre-manipulation mortality variation. The confidence interval of the 
effect of age at manipulation included zero (estimate [95% C.I] = 0.0154 [-0.046, 0.073]), 
indicating that pre-manipulation mortality did not affect post-manipulation mortality. 
 
Ethical statement 
Bird catching and ringing were done with permission of the Dutch Centre for Avian 
Migration and Demography of the Netherlands Institute for Ecology in Wageningen, The 
Netherlands (permit no. 951). The experiment was approved by the Animal 
Experimental Committee of the Royal Netherlands Academy of Arts and Sciences (DEC-
KNAW, NIOO 11.03).  
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Results 
 
Effects of short-term manipulation on reproduction (spring 1)  
The manipulation started when the nestlings were 8 days old and nestlings were 
weighed at age 15 days. The added mass hypothesis (H2, following the models in Table 
2) explained the variation in nestling mass in spring 1 better than the null model (H1; 
Table 3a; ΔAICc = 2.66), and the variable ‘added mass’ was significantly correlated with 
nestling body mass in this model (Table 4a). The added mass hypothesis fitted the data 
also better than the backpack hypothesis (H3; ΔAICc = 2.20), showing that the effects of 
the light and heavy backpack treatment on nestling mass are different. Finally, the added 
mass hypothesis fitted the data better than the experimental group hypothesis (H4; 
ΔAICc = 4.16), indicating that the effect of the light backpack treatment is intermediate 
to the controls and heavy backpack treatment (Fig. 2a). Nestling survival over the 8 day 
period between adding the mass and weighing the nestlings was not affected by the 
manipulations (average survival = 0.8; data not shown).  

The probability of fledglings to survive to breed increases with nestling mass 
(Tinbergen & Boerlijst 1990; Bouwhuis et al. 2015), suggesting we could expect a 
manipulation effect on the number of recruits. However, when we tested for effects of 
the manipulation on the number of recruits from spring 1, the null model (H1) fitted the 
data best, suggesting there was no manipulation effect on the number of recruits (Table 
3b). The added mass (H2) was the next best model (ΔAICc = 1.79) but the variable 
‘added mass’ was not significant in this model (P = 0.74), in line with the model selection 
result. 
 

 
Figure 2. Body mass of 15 day old nestlings in three experimental groups in spring 1 (a) and 
spring 2 (b). Plotted values are estimated means ± s.e. from the model in table 4a and 4c. 
Numbers in the graph indicate the number of broods. 
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Numbers in the graph indicate the number of broods. 
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 Table 3. Output model selection approach.  

Dependent variable Hypothesis k AICc Δi Wi 

(a) nestling mass (spring 1) null 4 4035.2 2.66 0.15 

  added mass 5 4032.5 0.00 0.58 

  backpack 5 4034.7 2.20 0.19 

  experimental group 6 4036.7 4.16 0.07 

(b) no. recruits produced (spring 1) null 4 434.1 0.00 0.52 

  added mass 5 435.9 1.79 0.21 

  backpack 5 436.2 2.09 0.18 

  experimental group 6 437.6 3.49 0.09 

(c) nestling mass (spring 2) null 5 1120.5 3.39 0.10 

  added mass 6 1117.1 0.00 0.54 

  backpack 6 1123.8 6.70 0.02 

  experimental group 7 1118.0 0.94 0.34 

(d) no. fledglings (spring 2) null 3 222.7 0.07 0.41 

  added mass 4 222.7 0.00 0.43 

  backpack 4 225.9 3.20 0.09 

  experimental group 5 226.4 3.70 0.07 

(e) Δ male net body mass (g) null 5 250.9 3.58 0.12 

  added mass 6 247.3 0.00 0.75 

  backpack 6 256.7 9.37 0.01 

  experimental group 7 251.0 3.63 0.12 

(f) Δ male third primary feather length (mm) null 3 258.8 5.40 0.05 

  added mass 4 251.2 0.00 0.81 

  backpack 4 255.9 4.70 0.08 

  experimental group 5 254.3 5.35 0.06 

(g) male roosting probability null 2 101.3 5.94 0.03 

  added mass 3 95.3 0.00 0.56 

  backpack 3 102.3 6.94 0.02 

  experimental group 4 96.1 0.72 0.39 
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Table 3. Continued      

Dependent variable Hypothesis k AICc Δi Wi 

(h) male one year survival null 2 437.1 0.00 0.50 

  added mass 3 438.7 1.65 0.22 

  backpack 3 438.9 1.85 0.20 

  experimental group 4 440.8 3.73 0.08 

(i) female one year survival null 2 372.8 0.00 0.49 

  added mass 3 374.5 1.77 0.20 

  backpack 3 374.3 1.57 0.22 

  experimental group 4 376.3 3.55 0.08 

k is the number of parameters, AICc is the Akaike information criterion adjusted for sample size, 
Δi is the difference in AICc between the given hypothesis and the hypothesis giving the lowest 
AICc score and wi is the Akaike weight. Best fitting models are in bold. 
 
 
Effects of long-term manipulation on reproduction (spring 2) 
Male backpacks were removed after they had carried them for one year when nestlings 
were 8 days old. We estimated the manipulation effect on nestling mass when they were 
15 days old and we found that the added mass hypothesis (H2) predicted variation in 
nestling mass better than the null model (H1; Table 3c; ΔAICc = 3.39), similar to the 
findings in spring 1. The variable ‘added mass’ correlated significantly with nestling 
body mass in this model (Table 4c). The added mass hypothesis also fitted the data 
better than the backpack hypothesis (H3; ΔAICc = 6.70), but we could not exclude the 
experimental group hypothesis (H4) as next best fitting model (ΔAICc = 0.94). From this 
we can conclude that nestlings in the heavy backpack treatment are affected most by the 
manipulation, but that we can say little about the difference between the control and 
light backpack treatment (Fig. 2b). 

The effect on the number of fledglings was best explained by the added mass 
hypothesis (H2), but the null hypothesis could not be excluded (H1; Table 3d; ΔAICc = 
0.07). Moreover, we found no effect of the manipulation on fledging success, since 
variable ‘added mass’ was not significant in the model (Table 4d).    
 
Manipulation effects on parental traits 
Net body mass was approximately 1 g higher in winter compared to spring in all three 
groups (Fig. 3a). This increase is of the same magnitude as the heavy backpack 
manipulation, supporting our assumption that the manipulation was within the natural 
range of body mass range. The added mass hypothesis (H2) fitted the data best (Table 
3e); the model weight (0.75) was over six times higher than the next best models (H1 
and H4), with H3 fitting even less well (ΔAICc = 9.37). From the model selection  
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procedure we therefore conclude that heavy backpack males changed in body mass 
differently from the other two groups: by gaining muscle and/or fat mass they became 
significantly heavier following their manipulation (Table 4e). We did not measure 
muscle or fat mass and were not able to discriminate which tissue increased dominantly. 
 Great tits molt after breeding and we measured length of the third primary 
feather as an approximation of feather growth. The added mass hypothesis (H2) fitted 
variation in feather length best (Table 3f). The model weight (0.81) was over ten times 
higher than the other three models. Also here the heavy backpack males deviate from 
the other two groups: males carrying extra mass had shorter third primaries (Table 4f, 
Fig. 3b). 
 
 

 
Figure 3. Net body mass of males in three experimental groups during winter and spring 2 (a) 
and third primary feather length after molt (b). Plotted values are estimated means ± s.e. from 
the model in table 4e and 4f. Numbers in the graph indicate the number of males. 
 
 

Finding protection against the weather and predators by sleeping in a nest box is 
of importance for great tits in winter, in particular in areas such as Vlieland where 
natural cavities are in short supply. When testing for manipulation effects on the 
probability of finding males known to be alive roosting in a nest box in winter, the added 
mass hypothesis (H2) fitted the data better than the null model (H1; Table 3g; ΔAICc = 
5.94). The added mass hypothesis also fitted better than the backpack hypothesis (H3; 
ΔAICc = 6.94), thus the roosting probability differed between heavy and light backpack 
males. However, we could not exclude the experimental group hypothesis (H4; ΔAICc = 
0.72), implying that effect on light backpack males was not intermediate to the other 
two groups of males. Overall, we found a significant effect of ‘added mass’ (Table 4g) and 
males carrying heavy backpacks were less likely to roost in a nest box in winter (Fig. 4). 
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Figure 4. Male capture probabilities during roost checks. Numbers in the denominator are the 
number of birds recorded as being alive at any time point after the moment of interest. Numbers 
in the graph indicate the number of males. 

 
Table 5. Output of the model selection approach on actuarial senescence. 

Hypothesis k DIC KLDC 

null (Gompertz bathtub) 6 681 NA 

added mass 7 704 NA 

backpack 11 706 <0.51 

experimental group 16 705 <0.56 

k is the number of parameters, DIC values denote the goodness of fit (low values indicate better 
fits) after applying penalty to the number of fitted parameters (note that all models were fitted 
with the inclusion of age of manipulation, hence the additional parameter). KLDC values denote 
the significance of differences between posterior distributions of Gompertz parameters across 
manipulation groups (KLDC >95% were considered to indicate a significant difference). Best 
fitting model is in bold. 

 
We found no effects of the manipulation on survival until the next year (i.e. the 

null model, H1, fitted our data best; Table 3h). We also explored possible delayed effects 
on survival, as decreased survival probability due to the manipulation could be 
expressed later in life. The null model (H1) fitted the data best with 10 DIC difference to 
the next best fitting model, the added mass hypothesis (H2; Table 5), indicating that the 
manipulation had no significant effect on the pattern of actuarial senescence. This was 
confirmed by the outcomes of the individual models: The effect of ‘added mass’ as 
continuous covariate did not deviate from zero (no effect) and when we fitted Gompertz 
parameters per manipulation group the posterior parameter distributions were 
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indistinguishable between manipulation groups (all KLDC values < 0.56; Fig. 5). Hence, 
backpack manipulation had no effect on immediate survival until the next year, lifespan 
or the pattern of actuarial senescence. 

Great tits are facultative multiple breeders, but the proportion of second broods 
was very low (3.2%) in our study years and therefore no useful estimates of 
manipulation effects on the number of second broods could be made.  

Experiments in which one parent is handicapped generally cause an increase in 
provisioning rate in the non-manipulated parent (e.g. Tieleman et al. 2008), and we 
were therefore also interested in possible carry-over effects of the male manipulation on 
the non-manipulated females. Although 65% of the males were breeding with a new 
partner in spring 2, divorce rate, that is males breeding with another female the next 
breeding season while the previous female is still alive, was with about 6% too low to 
separate manipulation effects. About 40% of the females which were paired with an 
experimental male in spring 1, were paired with a different male assigned to another 
experimental group in spring 2. When females were paired with an experimental male in 
a year after being paired with a control in the previous year we only considered the 
manipulation of her second partner (6% of the control females). We found no 
manipulation effects on female reproductive success in spring 2 (data not shown). There 
was no effect of the manipulation on survival of the females until the next year, as the 
null hypothesis (H1) fitted the survival data best (Table 3i).  
 

 
Figure 5. Survival and actuarial senescence per manipulation group and the posterior 
distributions (shown on the left). Posterior distributions are indistinguishable indicating no 
effect of manipulation on actuarial senescence. 
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Discussion 
We manipulated workload in male great tits by equipping individuals with backpacks 
for a whole year in order to investigate the effects of prolonged increased workload on 
reproduction and survival. We found effects of carrying extra weight on offspring mass 
and male phenotypic traits and behavior, but no long-term fitness consequences. 
Nestling mass in spring 1 and 2 correlated negatively with the mass added to the male, 
but there were no discernable effects on nestling or fledgling survival. The differences in 
body mass of the nestlings in the three experimental groups are relatively small; hence it 
was perhaps not surprising that we found no survival effects in our study. Carrying extra 
mass did have an effect on the state of the males: body mass increased, length of the 
third primary feather was reduced and probability to sleep in nest boxes in winter was 
reduced. Despite these effects, we found no negative fitness effects of the manipulation 
and hence no evidence for a trade-off between workload and survival, neither in 
manipulated males nor in their un-manipulated partners. 

Males carrying extra weight were heavier in winter and spring 2, but how to 
interpret this effect is not obvious. First, the increase in body mass could be caused by 
gaining muscles, fat, or a combination of the two. Both effects are plausible, but we did 
not measure muscle size nor scored fat percentage. Second, it is not obvious whether an 
increase in mass should be interpreted as a sign that birds are in a better or poorer state. 
Variation in energy reserve levels can often be understood as different solutions to the 
starvation-predation trade-off (Houston et al. 1993; Witter & Cuthill 1993; McNamara et 
al. 1994), but these solutions can differ depending on details of the ecological and social 
setting. For example, in willow tits the socially more dominant individuals have either 
lower or higher energy reserves than sub-dominants, depending on the ecological 
setting (Verhulst & Hogstad 1996). In an earlier study on great tits on Vlieland it was 
found that adults in experimental categories with the lowest fitness prospects carried 
the largest energy reserves in winter, as inferred from their mass (Verhulst 1998). On 
the basis of this earlier result we tentatively conclude that the higher mass of 
manipulated birds in the present study indicates that birds carrying a heavier weight 
were in a poorer state.  

We found decreased lengths of the third primary feathers in birds carrying heavy 
backpacks, and we assume that this feather is representative of all primaries and hence 
that this implies that wing surface area became smaller in birds carrying heavy 
backpacks. Studies manipulating workload by clipping feathers found negative effects on 
e.g. body condition and nestling feeding frequencies (Soler et al. 2008; Tieleman et al. 
2008; Matysioková & Remeš 2011; Wegmann et al. 2015), suggesting reduced wing 
surface indeed increased the workload. This effect, together with the added mass of the 
backpack and the body mass gain will have increased the costs of flight in manipulated 
birds even further. Shorter feather length could be due to reduced feather growth during 
molt or because the feathers wear off faster in manipulated birds or a combination of 
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both. Since we did not find that the third primary feather length in spring 2 was shorter 
than in the preceding winter (Table 4f) we consider it more likely that the experimental 
effect was be due to a reduction in feather growth. Hence we conclude that increased 
workload impaired body maintenance in terms of feather growth.  

On Vlieland, natural cavities are scarce, making great tits more dependent on nest 
boxes to find protection against rain and cold weather. Nest boxes are more often used 
by dominant males than by subordinate females, and competition over boxes occurs 
(Mainwaring 2011). Sometimes we found dead birds with broken skulls in nest boxes; 
evidence of competition over roosting sites. Males carrying heavy backpacks were less 
likely to occupy a nest box to roost in than males in the other two experimental groups, 
suggesting a negative effect on the competitive ability of carrying extra mass. Likely 
males carrying heavy backpacks seek natural shelters in trees to roost, similar to 
females who also are found less frequently roosting in nest boxes in December and 
January. A decline in competitive ability can have far-reaching consequences, through 
knock-on effects on the ability to secure resources such as a roosting site, food and a 
territory which may further decrease competitive ability, and so on (Verhulst et al. 
2014). But apparently in the present study these effects were not sufficiently strong to 
result in a decrease in survival or reproduction in the next year. 
 Despite clear experimental effects on the state (body mass, feather length, ability 
to acquire a nest box to roost in) of males carrying extra mass we did not find effects on 
survival to the next year or delayed effects on survival and actuarial senescence. Also 
studies using brood size manipulations in general found no long-term consequences of 
the manipulation on survival (Santos & Nakagawa 2012). Lack of this effect is also 
described in two other great tits populations (Tinbergen & Daan 1990; Doligez et al. 
2002; Tinbergen & Sanz 2004) and in our population male survival was not affected by 
rearing a second clutch (Verhulst 1998). This suggests great tits are able to cope with 
increased workload during one breeding season, although we are aware that there may 
have been survival effects that we could not detect due to insufficient statistical power.  

It is worth noting that our results do not support the key assumption of the 
“starvation-predation trade-off theory” that higher body mass incurs a fitness cost, 
because there were no discernable long-term consequences of increased body mass on 
fitness. This indicates that the birds apparently have the means to compensate 
physiologically or behaviorally for the extra mass. Hence it appears that energy reserves 
can be increased without fitness costs when conditions are less favorable. 

Since heavy backpacks were intentionally of similar size and weight as transmitters 
or loggers used in songbirds, we can draw conclusions concerning welfare aspects of the 
use of e.g. transmitters. Our results suggest there were no long-term fitness 
consequences of the use of such devices in these residential songbirds. However, we did 
find evidence for a diminished state in male great tits carrying extra mass and effects on 
body mass of their nestlings. Furthermore, light backpack males seem to follow the 
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effects of the heavy backpack males, but being less affected by the treatment. Similarly, 
in Northern cardinals procedural controls show intermediate effects compared to 
control and experimental birds (Barron et al. 2013). Moreover, the method of 
attachment is of importance for the effect on fitness components, but there is little 
evidence that effects of devices increase with weight of the transmitter (Barron et al. 
2010). Altogether this demonstrates that equipment with small devices is a mild 
stressor, both in terms of the handling and attachment of the harness, as well as carrying 
the extra weight. This has implications for welfare aspects of studies investigating traits 
as home range use, movement patterns or social networks by making use of small 
devices in great tits (e.g. Naef-Daenzer 1994; Van Overveld et al. 2011; Snijders et al. 
2014), and probably other songbirds. 
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Supplementary information 
 
Bayesian survival trajectory analysis 
 
Methods 
Actuarial mortality has been described with a number of equations and here we 
evaluated all the options available in BaSTA: (i) the exponential distribution, which 
assumes a time independent, constant mortality rate over time, (ii) the Weibull 
distribution, which assumes that mortality rate increases as a power function of age, (iii) 
the Gompertz distribution, which assumes an exponential increase of mortality rate with 
age multiplicative on initial mortality rate and (iv) the logistic distribution in which the 
mortality pattern follows an S-shaped curve. Each of these distributions except the 
exponential distribution were fitted in a simple form, and with the additional inclusion 
of Makeham and bathtub terms (i.e. 1 + 3 x 3 = 10 models in total). The Gompertz 
bathtub model performed best (see model selection below), but note that the model 
choice had negligible consequence for the manipulation effect on actuarial senescence. 

Mortality distributions were optimized using standard Markov Chain Monte 
Carlo (MCMC) procedures. Settings were: four parallel simulations that were ran each 
with 1 000 000 iterations, 100 000 burn-in, and 2500 interval sampling, which resulted 
in appropriate parameter convergence, low serial autocorrelations (<5%), and robust 
posterior distributions (N=1440). We used the Kullback-Leibler divergence calibration 
(KLDC) (McCulloch 1989) to determine the significance of differences across posterior 
distributions of light versus heavy backpack and control groups. KLDC values are 
probabilities ranging from 0.5 (indicating identical distributions) to 1 (indicating 
completely non-overlapping distributions) and we considered a KLDC value > 0.95 to 
indicate a significant difference. 

We performed model selection based on the lowest deviance information 
criterion (DIC) (Millar 2009) akin to AIC-based model selection in non-Bayesian 
approaches. We considered a DIC difference of >5 to indicate a significant difference in 
model performance. We applied model selection in two phases: First, we evaluated 
which of the 10 mortality distributions best fitted our CMR data using a null model (i.e. a 
model without covariates accept the necessary inclusion of age of manipulation). The 
Gompertz bathtub model had the lowest DIC value (table S1) and hence was used in 
subsequent analyses. Secondly, we performed model selection to test whether backpack 
manipulation affected the pattern of actuarial mortality, similar to the model selection 
procedure of the effect of manipulation on reproductive success.  
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Results 
The Gompertz parameters of the best fitting model (i.e. the null model with bathtub 
shape) significantly deviated from zero (table S2; figure S1). This demonstrates the 
presence of significant initial mortality followed by a non-linear increase in actuarial 
mortality with age. The two slope parameters (a1 and b1) were both positive (but note 
that a1 < b1) indicating that the growth of actuarial mortality accelerated with age 
(figure S1). There was larger heterogeneity in the a1 parameter relative to b1 whereas 
a0 and b0 showed no such difference. This indicates larger early life heterogeneity in 
actuarial senescence relative to late life mortality, which could reflect the selective 
disappearance of low quality individuals leading to reduced heterogeneity (Vaupel et al. 
1979). 
 
 

 

Figure S1. The patterns of survival (and confidence limits) and actuarial senescence of tits on the 
island of Vlieland. Posterior distributions of model parameters are shown on the left. Actuarial 
senescence accelerates with age.  
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Table S1. Model selection procedure for testing which of 10 mortality distributions best fitted 
the data.  

Mortality distribution k DIC 
Exponential 2 722 
Gompertz 3 733 
Gompertz-Makeham 4 705 
Gompertz bathtub 6 681 
Weibull 3 726 
Weibull-Makeham 4 742 
Weibull bathtub 6 704 
Logistic 4 739 
Logistic-Makeham 5 705 
Logistic bathtub 7 686 

k is the number of parameters, DIC values denote the goodness of fit (low values indicate better 
fits) after applying penalty to the number of fitted parameters (note that all models were fitted 
with the inclusion of age of manipulation, hence the additional parameter). Best fitting model is 
in bold. 
 
 
Table S2. Gompertz bathtub parameters of the best fitting model (i.e. the null model; table 5).   

Gompertz 
parameters estimate confidence limits 

ser 
autocor 

a0 -2.34 -4.09 -0.04 -0.87 
a1 0.85 0.02 0.007 2.36 
b0 -2.68 -4.33 0.02 -1.24 
b1 1.04 0.49 0.004 1.66 
c 0.43 0.09 -0.01 0.72 
age 0.02 -0.04 -0.02 0.08 
Pr 0.88 0.78 -0.02 0.95 

a0 and b0 reflect baseline mortality and a1 and b1 reflect age dependent mortality. Parameter c 
was used to scale the bathtub shape. The age parameter reflects the heterogeneity in the ages at 
which birds were enrolled into backpack manipulation and Pr denotes the recapture probability. 
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Abstract 
There is growing interest for the use of telomere length and dynamics as a proxy for 
experienced stress by individuals, and/or as biomarker of individual quality. In previous 
studies telomere length was found to be positively related to survival, but associations 
with reproductive success were mixed. However, these findings are mainly from 
correlative studies. We tested for effects of workload on telomere dynamics 
experimentally, by equipping male great tits (Parus major) with a small backpack for a full 
year. This enabled us to quantify effects of increased workload on cellular ageing. In 
addition, we analysed associations between natural life-history variation and telomere 
length and telomere dynamics. Carrying 5% extra weight for a year did not significantly 
accelerate telomere attrition. This is in agreement with the finding that carrying extra 
weight did not affect survival or future reproduction, even though male state was affected 
in other ways (reported elsewhere). We found no association between reproductive 
success and telomere length using cross-sectional data. But longitudinal data showed that 
individuals with the highest reproductive success (number of recruits) lost fewest 
telomere base pairs in the subsequent year. This pattern was more pronounced in the 
higher percentiles of the telomere distribution. Individuals with longer telomeres and/or 
less shortening were more likely to survive to the next breeding season, but these patterns 
did not reach statistical significance. Our findings that the individuals that were more 
successful at reproduction lost fewer telomere base pairs indicates that telomere 
dynamics reflects individual and/or environmental quality.  
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Introduction 
Individual variation in phenotypic quality, as evidenced for example by consistent 
variation in reproductive success, is ubiquitous in natural systems. Unfortunately, 
inferring such quality differences from phenotypic traits is usually difficult, in particular 
when quality differences are largely independent of size. Telomeres, a repeated sequence 
of non-coding DNA at the ends of linear chromosomes, functioning in the protection and 
stabilization of the genome (Blackburn 1991), have recently emerged as a potential 
biomarker of phenotypic quality. This is based on the accumulation of studies in wild 
animals that find associations between telomere length and fitness components. 
Individuals with longer telomeres have higher survival chances in a range of species (e.g. 
Haussmann et al. 2005; Bize et al. 2009; Salomons et al. 2009; Olsson et al. 2011; Barrett 
et al. 2013). The relation between telomere length and reproductive success has been 
studied less and results are mixed, but the overall tendency is a positive relation between 
telomere length and reproductive success (Olsson et al. 2011; Plot et al. 2012; Le Vaillant 
et al. 2015). Also in humans a positive relation was reported between telomere length and 
reproductive success in indigenous rural communities in Guatemala (Barha et al. 2016). 
However, in common terns the opposite was found: individuals which were more 
successful in reproduction had shorter telomeres and longitudinally more successful 
individuals lost more base pairs with age (Bauch, Becker & Verhulst 2013, 2014). In 
agreement with these findings, two brood size manipulation studies found that parents 
raising enlarged broods lost more base pairs with age (Reichert et al. 2014; Sudyka et al. 
2014).  

The associations between telomere length and fitness components suggest that 
telomere studies may provide a tool (e.g. as biomarker) to study the mechanism 
underlying variation in phenotypic quality and the mechanisms mediating life-history 
trade-offs. However, most studies of the causes and consequences of telomere length 
variation and dynamics are correlational, making inference about causality difficult, if not 
impossible. The brood size manipulation studies (op cit.) are an important exception. But 
also there it is not clear what the brood size manipulation changes exactly, because caring 
parents can respond to an increase in brood demand in different ways. For example, 
parents can adjust their daily energy expenditure to increase provisioning rate, but 
alternatively, they could increase their foraging yield and provisioning without working 
harder, by for instance taking more risk during foraging with respect to predators and 
parasites. These different responses could each affect telomere dynamics, but in very 
different ways. Hence, instead of manipulating brood size we aimed to manipulate 
workload more directly by letting birds carry extra mass for a whole year to examine its 
effect on telomere shortening rate.  

In addition to the effect of carrying extra mass on telomere dynamics we 
investigated the correlation between telomere length and the key fitness components, 
reproductive success and survival. We used two approaches to quantify the association 
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between fitness components and telomeres: (i) cross-sectional, correlating telomere 
length and reproductive output or survival in the same year. (ii) Longitudinal, relating 
telomere dynamics to variation in reproductive success and survival. The longitudinal 
analysis provides information that is complementary to the cross-sectional analysis. For 
example, when short telomeres are associated with high success, this may be due to 
successful individuals losing more base pairs annually than less successful individuals 
(see e.g. Bauch et al 2013). Likewise, only a longitudinal analysis can test whether low 
survival in individuals with short telomeres can be attributed to telomere length per se or 
to telomere attrition independent of absolute length (see e.g. Boonekamp et al 2014).  
 
 

 
Figure 1. Male great tit with a prey in its beak (picture: Walter Heijnis). 

 
 
Materials and methods 
 
Study population and data collection 
We studied great tits (Fig. 1) on Vlieland, an island in the Dutch Wadden Sea, in the period 
2011-2015. Breeding activity was monitored through regular nest visits, recording 
number of eggs and young at each visit. Parents were caught with spring traps while 
feeding nestlings (8-11 days old, hatching day = day 0) and subsequently nestlings were 
ringed. In winter birds were caught while roosting in the nest boxes. Individual great tits 
were identified by a ring number and unringed individuals were ringed. The recapture 
probability was 88% in our population, hence we were able to estimate survival based on 
catches of the adults in both winter and spring. 
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To quantify the association between telomeres and reproductive success we used 
data from first broods only (3 out of 109 males had a second brood). Furthermore, we did 
not investigate associations with time of breeding and clutch size, because these traits are 
known to be under female control with no influence of the partner in our study population 
(Van Noordwijk, Van Balen & Scharloo 1981; Postma & van Noordwijk 2005). We verified 
that this also holds in the years of our study by comparing the repeatability of clutch size 
and hatch date in females and males (total population, years 2010-2014), and found both 
to be substantially higher in females (Table S1). Based on these findings we used the 
number of fledglings and recruits as measures of reproductive success.  

Blood samples were taken from the brachial vein and stored in 2% EDTA at 4-7 °C 
for up to three weeks. Subsequently, samples were snap-frozen in 40% glycerol buffer 
and stored at -80 °C. 
 
Telomere terminal restriction fragment analyses 
We quantified telomere length of male great tits using terminal restriction fragment as 
described by Atema et al. (in review, chapter 5). Briefly, DNA was extracted in agarose 
plugs and subsequently DNA in half a plug was digested with a mixture of three restriction 
enzymes, cutting DNA sequence except for telomere sequence (5’-TTAGGG-3’). The 
restricted DNA and the 32P end-labelled size standards were size separated with pulsed 
field gel electrophoreses. Subsequently gels were dried and the single-stranded 
overhangs of telomeres were hybridized with 32P-labelled oligonucleotide (5’-CCCTAA-
3’)4.  

An image of the distribution of telomere lengths was retrieved by phosphor 
imaging. Gel images were analysed using the open source software IMAGEJ v. 1.38x. We 
showed in Atema et al. (in review, chapter 5) that only Class II, but not ultra-long Class III 
telomeres shorten with age, and hence Class II telomeres are most relevant to use as a 
biomarker. Therefore we limited the analyses in the present study to Class II telomeres 
(average range 3 – 18 kb). Next to average telomere length of the telomere distribution 
we calculated the telomere length per percentile (10th – 90th) of the distribution. See 
Atema et al. (in review, chapter 5) for details. 
 
Backpack experiment 
In order to manipulate workload, we equipped male great tits with a small backpack 
during 1 year. The experiment included three treatments: i) control without a backpack, 
ii) ‘light’ with an empty backpack as a control for possible effects of the harness (0.1 g) 
and iii) ‘heavy’ with a backpack of 0.9 g (~5% of body mass). Further details can be found 
in Atema et al (2016), where we show there were no long-term fitness consequences of 
the manipulation, but there were short-term effects of the backpacks on male state. In this 
current paper we investigated the effects of the manipulation on telomere dynamics.  
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between fitness components and telomeres: (i) cross-sectional, correlating telomere 
length and reproductive output or survival in the same year. (ii) Longitudinal, relating 
telomere dynamics to variation in reproductive success and survival. The longitudinal 
analysis provides information that is complementary to the cross-sectional analysis. For 
example, when short telomeres are associated with high success, this may be due to 
successful individuals losing more base pairs annually than less successful individuals 
(see e.g. Bauch et al 2013). Likewise, only a longitudinal analysis can test whether low 
survival in individuals with short telomeres can be attributed to telomere length per se or 
to telomere attrition independent of absolute length (see e.g. Boonekamp et al 2014).  
 
 

 
Figure 1. Male great tit with a prey in its beak (picture: Walter Heijnis). 
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To quantify the association between telomeres and reproductive success we used 
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during 1 year. The experiment included three treatments: i) control without a backpack, 
ii) ‘light’ with an empty backpack as a control for possible effects of the harness (0.1 g) 
and iii) ‘heavy’ with a backpack of 0.9 g (~5% of body mass). Further details can be found 
in Atema et al (2016), where we show there were no long-term fitness consequences of 
the manipulation, but there were short-term effects of the backpacks on male state. In this 
current paper we investigated the effects of the manipulation on telomere dynamics.  
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Statistics 
Data were analysed using mixed-effects models in JMP 7.0 and we tested the specific 
hypotheses explained above. All models included random terms to correct for between 
gel variation and for individual identity when repeated measurements were included. All 
models included age as fixed effect and longitudinal models included also initial telomere 
length and the interaction of age with initial telomere length if significant as fixed effects.  

To test for effects of the backpack experiment on telomere length, we included 
added mass as a continuous variable to the model, since this approach explained variation 
caused by the treatment best (Atema et al. 2016). Here we also included the factor season 
to correct for the time of sampling (0 = spring; 1 = winter). To investigate the relation 
between telomere length and reproduction, we included number of offspring either as 
continuous variable or as binomial factor (unsuccessful, 0 offspring = 0; successful, ≥1 
offspring = 1). To quantify the relation between telomere length and survival, we included 
the binomial factor survived to the model (died = 0; survived = 1).  
 
Results 
 
Backpack experiment 
Initial telomere length did not differ between the three experimental groups (8.3 ± 0.13 
kb; F1,78.5 = 0.55, P = 0.46). We found no effect of the added mass on telomere loss during 
the treatment period (F1,66.4 = 0.049, P = 0.83, Fig. 2). However, adding the interaction 
between season and added mass to the model (Table 1a) considerably improved the 
model fit (ΔAICc = 8.03), although this term was not significant (F1,56.3 = 0.15, P = 0.70). 
We therefore investigated the effect of added mass on telomere shortening separately for 
captures in winter and spring 2. In the dataset restricted to all individuals that were 
recaptured in winter, the model estimate for added mass was negative as would be 
expected, but not significant (slope: -41.29 ± 81.51; F1,42.5 = 0.26, P = 0.62). The same was 
true for the dataset restricted to individuals that were caught on all three occasions (Table 
1b).  

The interaction between season and added mass suggested that telomere 
dynamics are not uniform across the year. The telomere shortening rate was higher in the 
winter subset of samples than in the spring subset (model estimates respectively: 55 ± 44 
bp/year and 76 ± 40 bp/year), but not significantly so (F1,57.7 = 0.16, P = 0.69). Also among 
individuals which were successfully measured on all three occasions there was no 
difference in telomere shortening rate from spring 1 to winter and winter to spring 2 
(F1,33.0 = 0.063, P = 0.80). In the winter dataset we found that birds that were recaptured 
in spring 2 had lost fewer base pairs than those that were not, but this difference did not 
reach significance (slope: -26.53 ± 31.15; F1,50.7 = 0.73, P = 0.40). This is suggestive for 
selective disappearance of individuals with the highest telomere shortening rates. 
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Table 1. Models testing experimental effect (added mass) on telomere loss while controlling for 
age and season (winter/spring). Telomere loss was modelled using follow-up telomere length as 
dependent variable while including initial telomere length as covariate. (a) Model fitted on all 
data, (b) model fitted only on individuals that were captured on all three occasions (i.e. both 
breeding seasons and the winter in between).  

 
 
 

 

 
 
Figure 2. Telomere length corrected for initial telomere length of males in 3 experimental groups 
after carrying additional mass for one year. Plotted values are estimated means ± standard error 
derived from the model in Table 1a. Numbers in the graph indicate the number of males. 
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(b) initial telomere length 0.90 (0.065) 191.78 <0.0001 

  age -4.50 (64.61) 0.0049 0.95 

  season -6.74 (33.23) 0.041 0.84 

  added mass -28.98 (133.80) 0.047 0.84 
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Table 2. Models testing for an association between telomeres and reproductive success while 
controlling for age. Models (a) and (b) are cross-sectional, with respectively number of fledglings 
and recruits as estimates of reproductive success. Models (b) - (f) are longitudinal, where 
telomere loss was modelled by having follow-up telomere length as dependent variable while 
including initial telomere length as covariate. Effects were tested for both number of offspring as 
continuous variable (c, d) and as binary factor for reproductive output (e, f). 

Model  Fixed effect Estimate (s.e.) F ratio P-value 

Cross-sectional          

(a) age -100.89 (31.85) 10.03 0.0023 

  fledglings (continuous) 3.85 (11.45) 0.11 0.74 

(b) age -97.52 (31.57) 9.54 0.0029 

  recruits (continuous) -27.07 (23.79) 1.30 0.29 

Longitudinal         

(c) initial telomere length 0.95 (0.025) 1447.18 <0.0001 

  age -48.47 (30.95) 2.45 0.12 

  age*initial TL -0.047 (0.024) 3.74 0.056 

  fledglings (continuous) 2.39 (11.32) 0.045 0.83 

(d) initial telomere length 0.95 (0.024) 1563.82 <0.0001 

  age -68.25 (30.21) 5.11 0.026 

  age*initial TL -0.057 (0.024) 5.69 0.019 

  recruits (continuous) 75.37 (27.19) 7.68 0.0068 

(e)  initial telomere length 0.95 (0.025) 1472.88 <0.0001 

  age -50.29 (30.25) 2.77 0.099 

  age*initial TL -0.047 (0.024) 3.75 0.056 

  fledglings (yes/no) 106.10 (115.75) 0.84 0.36 

(f) initial telomere length 0.95 (0.024) 1588.82 <0.0001 

  age -68.77 (30.16) 5.20 0.025 

  age*initial TL -0.062 (0.024) 6.68 0.011 

  recruits (yes/no) 173.57 (56.62) 9.40 0.0029 
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Reproduction 
Telomere length did not correlate with reproductive success in the same year in terms of 
number of fledglings or recruits (Table 2a and b). In previous studies, more successful 
individuals generally showed lower telomere attrition rates compared to less successful 
individuals. Hence, it could be expected that a correlation between reproductive success 
and telomere length becomes stronger during life, as senescence progresses. When this 
would also be the case in our study population, a stronger correlation in older individuals 
should be found. We analysed the correlation between telomere length and number of 
recruits separately for males of 1 year and older than 1 year. We did this for recruits 
because in this stage of the breeding cycle the effects of senescence were found to be 
strongest in great tits in our population (Bouwhuis et al. 2010). There was no correlation 
between telomere length and the number of recruits in either 1 year old males (slope: 
36.07 ± 180.39; F1,60.93 = 0.040, P = 0.84) or older than 1 year old males (slope: -22.64 ± 
33.13; F1,30.64 = 0.47, P = 0.50). 

In the longitudinal analyses we investigated telomere dynamics one year following 
reproduction (including winter captures). We found no association between the number 
of fledglings and subsequent telomere dynamics (Table 2c), but individuals which 
produced more recruits lost fewer base pairs in that year (Table 2d). We found the same 
effects when replacing the continuous values for number of offspring by binary terms (0 
= no offspring; 1 = offspring, Table 2e and f). Based on the model estimates, individuals 
which were unsuccessful in producing recruits lost on average 177.6 ± 36.4 bp/year, 
whereas successful individuals lost on average only 4.1 ± 39.6 bp/year (Fig. 3).  

 

 
Figure 3. The distributions of the slopes of telomere length change from spring 1 to spring 2 for 
individuals that did not produce recruits (N = 32, solid line) and individuals that did (N = 25, 
dashed line). 
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The difference in telomere dynamics between individuals producing recruits or 
not, was more pronounced in the longer telomeres of the telomere distribution (Fig. 4; 
interaction recruits x percentile: F1,1045 = 37.82, P < 0.0001).  

 

 
Figure 4. Difference in telomere length (± s.e.) between individuals that did and did not produce 
recruits across the percentiles in the telomere distribution. Negative values indicate individuals 
without recruits lost more base pairs. Plotted values are estimates for the binary term recruits 
from the mixed model of telomere length in year two, with telomere length in year one as 
covariate (Table S2). avg = average telomere length. Significant differences marked with *. 

 
Survival 
We found no difference in telomere length between individuals that survived to the next 
breeding season and individuals that did not (Table 3a). The interaction between survival 
and year of sampling was close to significance (F2,60.03 = 2.80, P = 0.069), but none of the 
years analysed separately yielded significant differences in telomere length between 
surviving and non-surviving individuals (Fig. 5, all P > 0.05).  
 To investigate the link between telomere attrition and survival we compared 
telomere dynamics in the year preceding last capture between survivors and non-
survivors to year three, taking all individuals observed any time after April first of year 
three as survivors. We restricted the dataset to samples taken in spring of year 1 and 2, 
and found that based on model estimates surviving individuals lost 32.2 ± 76.5 bp/year, 
whereas non-surviving individuals lost 137.3 ± 42.5 bp/year, but this difference did not 
reach statistical significance (Table 3b). Including the samples from winter did not change 
the conclusions (survived: P = 0.29). In common terns the differences between survivors 
and non-survivors were largest at the higher percentiles of the distribution (Bauch et al. 
2014), and we tested for a similar effect in our study. However, we found no interaction 
between survival and percentiles of the telomere distribution (F1,517.4 = 0.12, P = 0.73).    
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Table 3. Models testing for an association between telomeres and survival while controlling for 
age. (a) Cross-sectional model fitted, while controlling for year differences, (b) longitudinal model, 
where telomere loss was modelled by having follow-up telomere length as dependent variable 
and including initial telomere length as covariate.  

Model  Fixed effect Estimate (s.e.) F ratio P-value 

Cross-sectional         

(a)  age 2.91 (116.48) 0.0006 0.98 

  year   0.39 0.68 

  [2012] -137.87 (186.33)     

  [2013] 167.65 (216.32)     

  survived 172.88 (324.42) 0.28 0.60 

Longitudinal         

(b) initial telomere length 0.92 (0.040) 522.76 <0.0001 

  age -8.66 (40.05) 0.047 0.83 

  survived 105.05 (97.32) 1.17 0.29 

 

 

 
 

Figure 5. Telomere length in spring 2 per study cohort and the overall estimates for survivors and 
non-survivors to year 3 or later. Plotted values are calculated means ± standard error. Numbers 
in the graph indicate the number of males. Not survived (legend) implies that the individual was 
not seen or recaptured in the 1-3 years after spring 2. 
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Table 3. Models testing for an association between telomeres and survival while controlling for 
age. (a) Cross-sectional model fitted, while controlling for year differences, (b) longitudinal model, 
where telomere loss was modelled by having follow-up telomere length as dependent variable 
and including initial telomere length as covariate.  

Model  Fixed effect Estimate (s.e.) F ratio P-value 
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  year   0.39 0.68 
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  [2013] 167.65 (216.32)     

  survived 172.88 (324.42) 0.28 0.60 

Longitudinal         

(b) initial telomere length 0.92 (0.040) 522.76 <0.0001 

  age -8.66 (40.05) 0.047 0.83 

  survived 105.05 (97.32) 1.17 0.29 
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in the graph indicate the number of males. Not survived (legend) implies that the individual was 
not seen or recaptured in the 1-3 years after spring 2. 
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Discussion 
Carrying 5% additional mass during one year seems a severe challenge, but we found no 
effect of the manipulation on telomere dynamics. This was surprising, because our earlier 
analysis of the experiment on other traits revealed that males responded to the 
manipulation by changing their mass, and males with heavy backpacks appeared less 
successful in competition over roosting sites (Atema et al 2016). On the other hand, it is 
in agreement with our finding that these effects did not translate into long-term 
consequences for reproduction or survival (Atema et al. 2016). Apparently great tits have 
a way to avoid or compensate for costs of the additional mass. We are aware of one other 
comparable handicap experiment in Adélie penguins, that also found no effect on 
telomere attrition (Beaulieu et al. 2011). Our backpack treatment was comparable to the 
weight of transmitters used in great tits. Altogether we showed that equivalent devices to 
the backpacks can be used in small songbirds without long-term consequences on fitness 
or telomere shortening and presumably ageing. 
 Previous cross-sectional comparisons of the association between telomere length 
and reproductive success have yielded mixed results (Pauliny et al. 2006; Olsson et al. 
2011; Plot et al. 2012; Bauch et al. 2013; Le Vaillant et al. 2015). In our study neither the 
number of fledglings nor the number of recruits was correlated with telomere length. 
However, a longitudinal comparison revealed that successful males (with recruits) lost 
fewer base pairs compared to unsuccessful individuals. Similar findings were reported in 
humans (Barha et al. 2016). In king penguins a non-significant positive correlation 
between fledgling production and telomere dynamics was found (Le Vaillant et al. 2015). 
The positive relationship in great tits could be due to the male being of better quality 
and/or having a better territory. Alternatively, more successful males may have been 
mated with females that provided more parental care, resulting into the high reproductive 
success and leaving the male with more resources for somatic maintenance.  

Contrary to what we observed in great tits, in common terns the individuals with 
higher reproductive output lost most telomere base pairs (Bauch et al. 2013, 2014). These 
contrasting findings suggest species differences in whether the most successful 
individuals in a population are those that are able to work hard at the expense of cellular 
ageing, or whether the most successful individuals are those that find themselves in a 
setting where they do not have to work hard and still be successful. For the contrast 
between great tits and common terns this interpretation is supported by information on 
the association between reproductive success and corticosterone, a metabolic hormone 
that increases with stress. In great tits, the individuals with high baseline corticosterone 
achieved the lowest reproductive success (Ouyang et al. 2013), while in common terns 
the individuals with high baseline corticosterone achieved the highest success (Bauch et 
al. in review). An ecological explanation of this contrast may be that great tits are 
territorial, and hence each pair has their own resource pool, while common terns are 
colonial, and have a shared resource pool. Thus the social organisation as it determines 
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resource access may determine whether successful individuals lose more or fewer base 
pairs than less successful individuals. But more (longitudinal) studies are required to test 
this hypothesis and the underlying assumptions.   
 When analysing the association between reproductive success and telomere 
dynamics in more detail, by dividing the telomere distribution in percentiles, it appeared 
that the positive correlation between recruit production and telomere shortening was 
strongest in the longer telomeres within individuals. A similar pattern was found in 
common terns (Bauch et al. 2014), which is to our best knowledge the only other species 
in which this was investigated. This finding is in agreement with our expectation, because 
the longest telomeres also shorten at the highest rate in great tits and other species 
(Kimura et al. 2007; Salomons et al. 2009; Bauch et al. 2014; Atema et al. in review, 
chapter 5), and it confirms our interpretation that the longer telomeres within individuals 
are more sensitive to environmental conditions and hence more informative read-out 
parameters of experienced life-stress.  

The non-significant correlation between reproductive success and telomere length 
in the cross-sectional dataset, while finding a significant effect in the longitudinal dataset, 
are superficially inconsistent with each other. If reproductive output is a set characteristic 
of an individual that correlates with individual quality, a cumulative effect on telomere 
length could be expected. A similar hypothesis was proposed in common terns, in which 
individuals show consistent individual differences in reproductive success (Bauch et al. 
2014). In this species also cross-sectional analyses yielded significant relations between 
reproduction and telomeres. However, great tits have low survival rates and hence their 
lifespan may be too short to detect such cumulative effects. Moreover, individual variation 
in reproductive output may be less consistent in which case the accumulation of effects 
would be more difficult to detect. 

Individuals that were most likely to survive to the next year had longer telomeres 
and also lost fewer telomere base pairs, in line with findings in other species, but none of 
these correlations reached significance in our study. Our population of great tits on 
Vlieland is a relatively closed island system, and once males settle in the population as 
breeding birds they are not known to leave the island (Verhulst & van Eck 1996). 
Therefore selective emigration is unlikely to have biased our findings. Moreover, our 
sample size was relatively large, leading us to conclude that the correlation between 
survival and telomeres in great tits is apparently weak when compared to other species.  

Summarizing, we showed that carrying additional mass was a mild stressor and 
did not affect telomere shortening. Other correlations between telomeres and life-history 
traits were also weak, with the exception of the finding that individuals that were more 
successful at reproduction lost fewer base pairs. This indicates that telomere attrition 
rather than telomere length could be interpreted as a proxy for individual and/or 
environmental quality. Variation in telomere attrition does result in variation in telomere 
length, but how conspicuous such variation than is will depend on the variation in initial 
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telomere length. Thus observed associations between telomere length and fitness 
components may in fact be due to variation in telomere attrition rather than in telomere 
length.  
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Table S1. Individual variation (random effect) as a measure for repeatability in clutch size and 
hatch date estimated for both females and males (years 2010-2014). 95% C.I. is the 95% 
confidence interval from the model. We could confirm the previous findings that clutch size and 
hatch date are under female control. 

Model Individual variation (%) 95% C.I. 

Clutch size 
 

  

females 38    26 - 51 

males 4.7 -6.3 - 15 

Hatch date 
 

  

females 31   20 - 43 

males -5.8  -15 - 2.9 
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Table S2. Models testing for an association between telomere lengths across percentiles of the 
telomere distribution and reproductive success (recruits y/n) while controlling for age. All models 
used the longitudinal dataset. In model (a) the interaction between recruits and telomere length 
across the percentiles was tested. In the subsequent models the association between recruits and 
telomere length was tested per percentile subset of telomere lengths. 

Model Fixed effect Estimate (s.e.) F ratio P-value 

Longitudinal         

(a) initial telomere length 0.97 (0.0055) 31149.76 0 

  age -36.01 (25.35) 2.02 0.16 

  age*initial TL -0.0078 (0.0030) 6.59 0.010 

  recruits (binary) -71.60 (27.03) 7.01 0.0095 

  percentile 1.53 (0.59) 6.87 0.0089 

  recruits*percentile -1.92 (0.29) 43.28 <0.0001 

Percentiles         

10th initial TL 10th perc. 0.97 (0.034) 817.11 <0.0001 

  age -32.53 (24.43) 1.78 0.19 

  age*initial TL 10th perc. -0.018 (0.032) 0.31 0.58 

  recruits (binary) -23.46 (24.98) 0.88 0.35 

20th initial TL 20th perc. 0.98 (0.028) 1191.55 <0.0001 

  age -30.61 (18.31) 2.79 0.097 

  age*initial TL 20th perc. -0.0085 (0.027) 0.095 0.76 

  recruits (binary) -26.41 (20.77) 1.62 0.21 

30th initial TL 30th perc. 0.96 (0.023) 1682.71 <0.0001 

  age -28.52 (16.02) 3.17 0.078 

  age*initial TL 30th perc. -0.028 (0.024) 1.35 0.25 

  recruits (binary) -30.66 (17.92) 2.93 0.091 

40th initial TL 40th perc. 0.95 (0.022) 1894.43 <0.0001 

  age -33.66 (17.58) 3.67 0.058 

  age*initial TL 40th perc. -0.059 (0.024) 6.21 0.014 

  recruits (binary) -48.36 (18.97) 6.50 0.013 
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Table S2. Continued    

Model Fixed effect Estimate (s.e.) F ratio P-value 

50th initial TL 50th perc. 0.95 (0.022) 1832.24 <0.0001 

  age -52.71 (23.64) 4.97 0.028 

  age*initial TL 50th perc. -0.077 (0.024) 10.27 0.0018 

  recruits (binary) 

 

-75.26 (24.19) 

 

9.68 

 

0.0025 

 

60th initial TL 60th perc. 0.95 (0.023) 1689.11 <0.0001 

  age -76.25 (32.90) 5.37 0.022 

  age*initial TL 60th perc. -0.076 (0.024) 10.13 0.0019 

  recruits (binary) -101.59 (32.19) 9.96 0.0022 

70th initial TL 70th perc. 0.94 (0.024) 1565.72 <0.0001 

  age -101.30 (44.16) 5.26 0.024 

  age*initial TL 70th perc. -0.066 (0.024) 7.61 0.0069 

  recruits (binary) -128.88 (41.94) 9.44 0.0028 

80th initial TL 80th perc. 0.95(0.024) 1508.41 <0.0001 

  age -110.84 (57.05) 3.77 0.055 

  age*initial TL 80th perc. -0.049 (0.024) 4.00 0.048 

  recruits (binary) -151.42 (53.18) 8.11 0.0054 

90th initial TL 90th perc. 0.96 (0.023) 1767.43 <0.0001 

  age -89.82 (68.57) 1.72 0.19 

  age*initial TL 90th perc. -0.034 (0.023) 2.09 0.15 

  recruits (binary) -163.25 (64.71) 6.36 0.013 

 

  



6

Chapter 6 
 
 

124 
 

Table S2. Models testing for an association between telomere lengths across percentiles of the 
telomere distribution and reproductive success (recruits y/n) while controlling for age. All models 
used the longitudinal dataset. In model (a) the interaction between recruits and telomere length 
across the percentiles was tested. In the subsequent models the association between recruits and 
telomere length was tested per percentile subset of telomere lengths. 

Model Fixed effect Estimate (s.e.) F ratio P-value 

Longitudinal         

(a) initial telomere length 0.97 (0.0055) 31149.76 0 

  age -36.01 (25.35) 2.02 0.16 

  age*initial TL -0.0078 (0.0030) 6.59 0.010 

  recruits (binary) -71.60 (27.03) 7.01 0.0095 

  percentile 1.53 (0.59) 6.87 0.0089 

  recruits*percentile -1.92 (0.29) 43.28 <0.0001 

Percentiles         

10th initial TL 10th perc. 0.97 (0.034) 817.11 <0.0001 

  age -32.53 (24.43) 1.78 0.19 

  age*initial TL 10th perc. -0.018 (0.032) 0.31 0.58 

  recruits (binary) -23.46 (24.98) 0.88 0.35 

20th initial TL 20th perc. 0.98 (0.028) 1191.55 <0.0001 

  age -30.61 (18.31) 2.79 0.097 

  age*initial TL 20th perc. -0.0085 (0.027) 0.095 0.76 

  recruits (binary) -26.41 (20.77) 1.62 0.21 

30th initial TL 30th perc. 0.96 (0.023) 1682.71 <0.0001 

  age -28.52 (16.02) 3.17 0.078 

  age*initial TL 30th perc. -0.028 (0.024) 1.35 0.25 

  recruits (binary) -30.66 (17.92) 2.93 0.091 

40th initial TL 40th perc. 0.95 (0.022) 1894.43 <0.0001 

  age -33.66 (17.58) 3.67 0.058 

  age*initial TL 40th perc. -0.059 (0.024) 6.21 0.014 

  recruits (binary) -48.36 (18.97) 6.50 0.013 

     

     

     

     

Telomeres and life-history 
 
 
 

125 
 

Table S2. Continued    

Model Fixed effect Estimate (s.e.) F ratio P-value 

50th initial TL 50th perc. 0.95 (0.022) 1832.24 <0.0001 

  age -52.71 (23.64) 4.97 0.028 

  age*initial TL 50th perc. -0.077 (0.024) 10.27 0.0018 

  recruits (binary) 

 

-75.26 (24.19) 

 

9.68 

 

0.0025 

 

60th initial TL 60th perc. 0.95 (0.023) 1689.11 <0.0001 

  age -76.25 (32.90) 5.37 0.022 

  age*initial TL 60th perc. -0.076 (0.024) 10.13 0.0019 

  recruits (binary) -101.59 (32.19) 9.96 0.0022 

70th initial TL 70th perc. 0.94 (0.024) 1565.72 <0.0001 

  age -101.30 (44.16) 5.26 0.024 

  age*initial TL 70th perc. -0.066 (0.024) 7.61 0.0069 

  recruits (binary) -128.88 (41.94) 9.44 0.0028 

80th initial TL 80th perc. 0.95(0.024) 1508.41 <0.0001 

  age -110.84 (57.05) 3.77 0.055 

  age*initial TL 80th perc. -0.049 (0.024) 4.00 0.048 

  recruits (binary) -151.42 (53.18) 8.11 0.0054 

90th initial TL 90th perc. 0.96 (0.023) 1767.43 <0.0001 

  age -89.82 (68.57) 1.72 0.19 

  age*initial TL 90th perc. -0.034 (0.023) 2.09 0.15 

  recruits (binary) -163.25 (64.71) 6.36 0.013 

 

  



6 

Chapter 6 
 
 

126 
 

  

 

 

 

 

 

 

References  



Chapter 6 
 
 

126 
 

  

 

 

 

 

 

 

References  



R 

References 
 
 

128 
 

Al-Attas OS, Al-Daghri NM, Alokail MS et al. (2012) Circulating leukocyte telomere length 
is highly heritable among families of Arab descent. BMC medical genetics, 13, 38. 

Andrew T, Aviv A, Falchi M et al. (2006) Mapping genetic loci that determine leukocyte 
telomere length in a large sample of unselected female sibling pairs. American journal 
of human genetics, 78, 480–6. 

Angelier F, Vleck CM, Holberton RL, Marra PP (2013) Telomere length, non-breeding 
habitat and return rate in male American redstarts. Functional Ecology, 27, 342–350. 

Asghar M, Bensch S, Tarka M, Hansson B, Hasselquist D (2015a) Maternal and genetic 
factors determine early life telomere length. proceedings of the royal society B 
biological sciences, 282, 20142263. 

Asghar M, Hasselquist D, Zehtindjiev P, Westerdahl H, Bensch S (2015b) Hidden costs of 
infection: Chronic malaria accelerates telomere degradation and senescence in wild 
birds. Science, 347, 436–436. 

Atema E, Mulder E, Dugdale HL et al. (2015) Heritability of telomere length in the Zebra 
Finch. Journal of Ornithology, 156, 1113–1123. 

Atema E, van Noordwijk AJ, Boonekamp JJ, Verhulst S (2016) Costs of long-term carrying 
of extra mass in a songbird. Behavioral Ecology, 27, 1087–1096. 

Atema E, van Oers K, Verhulst S (2013) GAPDH as a Control Gene to Estimate Genome 
Copy Number in Great Tits, with Cross-Amplification in Blue Tits. Ardea, 101, 49–54. 

Aubert G, Hills M, Lansdorp PM (2012) Telomere length measurement-caveats and a 
critical assessment of the available technologies and tools. Mutation research, 730, 
59–67. 

Aviv A, Chen W, Gardner JP et al. (2009) Leukocyte telomere dynamics: Longitudinal 
findings among young adults in the Bogalusa Heart Study. American Journal of 
Epidemiology, 169, 323–329. 

Aviv A, Hunt SC, Lin J et al. (2011) Impartial comparative analysis of measurement of 
leukocyte telomere length/DNA content by Southern blots and qPCR. Nucleic Acids 
Research, 39, e134. 

Azzalin CM, Mucciolo E, Bertoni L, Giulotto E (1997) Fluorescence in situ hybridization 
with a synthetic (T2AG3)n polynucleotide detects several intrachromosomal 
telomere-like repeats on human chromosomes. Cytogenetics and cell genetics, 78, 
112–115. 

 

Baird DM, Rowson J, Wynford-Thomas D, Kipling D (2003) Extensive allelic variation and 
ultrashort telomeres in senescent human cells. Nature genetics, 33, 203–207. 

Barha CK, Hanna CW, Salvante KG et al. (2016) Number of children and telomere length 
in women: A prospective, longitudinal evaluation. PLoS ONE, 11, 1–12. 

Barrett ELB, Boner W, Mulder E et al. (2012) Absolute standards as a useful addition to 
the avian quantitative PCR telomere assay. Journal of Avian Biology, 43, 571–576. 

References 
 
 
 

129 
 

Barrett ELB, Burke TA, Hammers M, Komdeur J, Richardson DS (2013) Telomere length 
and dynamics predict mortality in a wild longitudinal study. Molecular Ecology, 22, 
249–59. 

Barron DG, Brawn JD, Weatherhead PJ (2010) Meta-analysis of transmitter effects on 
avian behaviour and ecology. Methods in Ecology and Evolution, 1, 180–187. 

Barron DG, Weatherhead PJ, Brawn JD (2013) A test of radio-transmitter effects on 
parental investment and productivity in the Northern Cardinal. The Condor, 115, 
669–676. 

Bates D, Mächler M, Bolker BM, Walker SC (2015) Fitting linear mixed-effects models 
using lme4. Journal of Statistical Software. 

Bauch C, Becker PH, Verhulst S (2013) Telomere length reflects phenotypic quality and 
costs of reproduction in a long-lived seabird. Proceedings of the Royal Society B: 
Biological Sciences, 280, 20122540. 

Bauch C, Becker PH, Verhulst S (2014) Within the genome, long telomeres are more 
informative than short telomeres with respect to fitness components in a long-lived 
seabird. Molecular Ecology, 23, 300–310. 

Beaulieu M, Reichert S, Le Maho Y, Ancel A, Criscuolo F (2011) Oxidative status and 
telomere length in a long-lived bird facing a costly reproductive event. Functional 
Ecology, 25, 577–585. 

Becker PJJ, Reichert S, Zahn S et al. (2015) Mother-offspring and nest-mate resemblance 
but no heritability in early-life telomere length in white-throated dippers. 
Proceedings of the Royal Society B: Biological Sciences, 282, 20142924. 

Beirne C, Delahay R, Hares M, Young A (2014) Age-Related Declines and Disease-
Associated Variation in Immune Cell Telomere Length in a Wild Mammal. PLoS ONE, 
9, e108964. 

Benetos A, Kark JD, Susser E et al. (2013) Tracking and fixed ranking of leukocyte telomere 
length across the adult life course. Aging Cell, 12, 615–621. 

Bischoff C, Graakjaer J, Petersen HC et al. (2005) The heritability of telomere length among 
the elderly and oldest-old. Twin research and human genetics : the official journal of 
the International Society for Twin Studies, 8, 433–9. 

Biscotti MA, Olmo E, Heslop-Harrison JS (2015) Repetitive DNA in eukaryotic genomes. 
Chromosome Research, 23, 415–420. 

Bize P, Criscuolo F, Metcalfe NB, Nasir L, Monaghan P (2009) Telomere dynamics rather 
than age predict life expectancy in the wild. Proceedings of the royal society B 
biological sciences, 276, 1679–83. 

Blackburn EH (1991a) Structure and function of telomeres. Nature, 350, 569–573. 
Blackburn EH (1991b) Telomeres. Trends in Biochemical Sciences, 16, 378–381. 
Blackburn EH (2005) Telomeres and telomerase: Their mechanisms of action and the 

effects of altering their functions. FEBS Letters, 579, 859–862. 
  



R

References 
 
 

128 
 

Al-Attas OS, Al-Daghri NM, Alokail MS et al. (2012) Circulating leukocyte telomere length 
is highly heritable among families of Arab descent. BMC medical genetics, 13, 38. 

Andrew T, Aviv A, Falchi M et al. (2006) Mapping genetic loci that determine leukocyte 
telomere length in a large sample of unselected female sibling pairs. American journal 
of human genetics, 78, 480–6. 

Angelier F, Vleck CM, Holberton RL, Marra PP (2013) Telomere length, non-breeding 
habitat and return rate in male American redstarts. Functional Ecology, 27, 342–350. 

Asghar M, Bensch S, Tarka M, Hansson B, Hasselquist D (2015a) Maternal and genetic 
factors determine early life telomere length. proceedings of the royal society B 
biological sciences, 282, 20142263. 

Asghar M, Hasselquist D, Zehtindjiev P, Westerdahl H, Bensch S (2015b) Hidden costs of 
infection: Chronic malaria accelerates telomere degradation and senescence in wild 
birds. Science, 347, 436–436. 

Atema E, Mulder E, Dugdale HL et al. (2015) Heritability of telomere length in the Zebra 
Finch. Journal of Ornithology, 156, 1113–1123. 

Atema E, van Noordwijk AJ, Boonekamp JJ, Verhulst S (2016) Costs of long-term carrying 
of extra mass in a songbird. Behavioral Ecology, 27, 1087–1096. 

Atema E, van Oers K, Verhulst S (2013) GAPDH as a Control Gene to Estimate Genome 
Copy Number in Great Tits, with Cross-Amplification in Blue Tits. Ardea, 101, 49–54. 

Aubert G, Hills M, Lansdorp PM (2012) Telomere length measurement-caveats and a 
critical assessment of the available technologies and tools. Mutation research, 730, 
59–67. 

Aviv A, Chen W, Gardner JP et al. (2009) Leukocyte telomere dynamics: Longitudinal 
findings among young adults in the Bogalusa Heart Study. American Journal of 
Epidemiology, 169, 323–329. 

Aviv A, Hunt SC, Lin J et al. (2011) Impartial comparative analysis of measurement of 
leukocyte telomere length/DNA content by Southern blots and qPCR. Nucleic Acids 
Research, 39, e134. 

Azzalin CM, Mucciolo E, Bertoni L, Giulotto E (1997) Fluorescence in situ hybridization 
with a synthetic (T2AG3)n polynucleotide detects several intrachromosomal 
telomere-like repeats on human chromosomes. Cytogenetics and cell genetics, 78, 
112–115. 

 

Baird DM, Rowson J, Wynford-Thomas D, Kipling D (2003) Extensive allelic variation and 
ultrashort telomeres in senescent human cells. Nature genetics, 33, 203–207. 

Barha CK, Hanna CW, Salvante KG et al. (2016) Number of children and telomere length 
in women: A prospective, longitudinal evaluation. PLoS ONE, 11, 1–12. 

Barrett ELB, Boner W, Mulder E et al. (2012) Absolute standards as a useful addition to 
the avian quantitative PCR telomere assay. Journal of Avian Biology, 43, 571–576. 

References 
 
 
 

129 
 

Barrett ELB, Burke TA, Hammers M, Komdeur J, Richardson DS (2013) Telomere length 
and dynamics predict mortality in a wild longitudinal study. Molecular Ecology, 22, 
249–59. 

Barron DG, Brawn JD, Weatherhead PJ (2010) Meta-analysis of transmitter effects on 
avian behaviour and ecology. Methods in Ecology and Evolution, 1, 180–187. 

Barron DG, Weatherhead PJ, Brawn JD (2013) A test of radio-transmitter effects on 
parental investment and productivity in the Northern Cardinal. The Condor, 115, 
669–676. 

Bates D, Mächler M, Bolker BM, Walker SC (2015) Fitting linear mixed-effects models 
using lme4. Journal of Statistical Software. 

Bauch C, Becker PH, Verhulst S (2013) Telomere length reflects phenotypic quality and 
costs of reproduction in a long-lived seabird. Proceedings of the Royal Society B: 
Biological Sciences, 280, 20122540. 

Bauch C, Becker PH, Verhulst S (2014) Within the genome, long telomeres are more 
informative than short telomeres with respect to fitness components in a long-lived 
seabird. Molecular Ecology, 23, 300–310. 

Beaulieu M, Reichert S, Le Maho Y, Ancel A, Criscuolo F (2011) Oxidative status and 
telomere length in a long-lived bird facing a costly reproductive event. Functional 
Ecology, 25, 577–585. 

Becker PJJ, Reichert S, Zahn S et al. (2015) Mother-offspring and nest-mate resemblance 
but no heritability in early-life telomere length in white-throated dippers. 
Proceedings of the Royal Society B: Biological Sciences, 282, 20142924. 

Beirne C, Delahay R, Hares M, Young A (2014) Age-Related Declines and Disease-
Associated Variation in Immune Cell Telomere Length in a Wild Mammal. PLoS ONE, 
9, e108964. 

Benetos A, Kark JD, Susser E et al. (2013) Tracking and fixed ranking of leukocyte telomere 
length across the adult life course. Aging Cell, 12, 615–621. 

Bischoff C, Graakjaer J, Petersen HC et al. (2005) The heritability of telomere length among 
the elderly and oldest-old. Twin research and human genetics : the official journal of 
the International Society for Twin Studies, 8, 433–9. 

Biscotti MA, Olmo E, Heslop-Harrison JS (2015) Repetitive DNA in eukaryotic genomes. 
Chromosome Research, 23, 415–420. 

Bize P, Criscuolo F, Metcalfe NB, Nasir L, Monaghan P (2009) Telomere dynamics rather 
than age predict life expectancy in the wild. Proceedings of the royal society B 
biological sciences, 276, 1679–83. 

Blackburn EH (1991a) Structure and function of telomeres. Nature, 350, 569–573. 
Blackburn EH (1991b) Telomeres. Trends in Biochemical Sciences, 16, 378–381. 
Blackburn EH (2005) Telomeres and telomerase: Their mechanisms of action and the 

effects of altering their functions. FEBS Letters, 579, 859–862. 
  



R 

References 
 
 

130 
 

Blackburn EH, Epel ES, Lin J (2015) Human telomere biology: A contributory and 
interactive factor in aging, disease risks, and protection. Science, 350, 1193–1198. 

Blackburn EH, Greider CW, Henderson E et al. (1989) Recognition and elongation of 
telomeres by telomerase. Genome, 31, 553–560. 

Boonekamp JJ, Mulder GA, Salomons MH, Dijkstra C, Verhulst S (2014a) Nestling telomere 
shortening, but not telomere length, reflects developmental stress and predicts 
survival in wild birds. Proceedings of the Royal Society B: Biological Sciences, 281, 
20133287. 

Boonekamp JJ, Salomons M, Bouwhuis S, Dijkstra C, Verhulst S (2014b) Reproductive 
effort accelerates actuarial senescence in wild birds: An experimental study. Ecology 
Letters, 17, 599–605. 

Boonekamp JJ, Simons MJP, Hemerik L, Verhulst S (2013) Telomere length behaves as 
biomarker of somatic redundancy rather than biological age. Aging Cell, 12, 330–332. 

Bouwhuis S, Van Noordwijk AJ, Sheldon BC, Verhulst S, Visser ME (2010) Similar patterns 
of age-specific reproduction in an island and mainland population of great tits Parus 
major. Journal of Avian Biology, 41, 615–620. 

Bouwhuis S, Sheldon BC, Verhulst S, Charmantier A (2009) Great tits growing old: 
selective disappearance and the partitioning of senescence to stages within the 
breeding cycle. Proceedings of the Royal Society B: Biological Sciences, 276, 2769–
2777. 

Bouwhuis S, Vedder O, Garroway CJ, Sheldon BC (2015) Ecological causes of multilevel 
covariance between size and first-year survival in a wild bird population. Journal of 
Animal Ecology, 84, 208–2018. 

Broer L, Codd V, Nyholt DR et al. (2013) Meta-analysis of telomere length in 19 713 
subjects reveals high heritability, stronger maternal inheritance and a paternal age 
effect. European journal of human genetics, 21, 1163–1168. 

Burt DW (2002) Origin and evolution of avian microchromosomes. Cytogenetics and 
Genome Research, 96, 97–112. 

Bustin SA, Benes V, Garson JA et al. (2009) The MIQE guidelines:Minimum Information for 
publication of quantitative real-time PCR experiments. Clinical Chemistry, 55, 611–
622. 

 

Caprioli M, Romano M, Romano A et al. (2013) Nestling telomere length does not predict 
longevity, but covaries with adult body size in wild barn swallows. Biology letters, 9, 
20130340. 

Cawthon RM (2002) Telomere measurement by quantitative PCR. Nucleic acids research, 
30, e47. 

Cherif H, Tarry JL, Ozanne SE, Hales CN (2003) Ageing and telomeres: a study into organ- 
and gender-specific telomere shortening. Nucleic Acids Research, 31, 1576–83. 

References 
 
 
 

131 
 

Colchero F, Jones OR, Rebke M (2012) BaSTA: an R package for Bayesian estimation of 
age-specific survival from incomplete mark-recapture/recovery data with 
covariates. Methods in Ecology and Evolution, 3, 466–470. 

Criscuolo F, Bize P, Nasir L et al. (2009) Real-time quantitative PCR assay for 
measurement of avian telomeres. Journal of Avian Biology, 40, 342–347. 

Cunningham JM, Johnson RA, Litzelman K et al. (2013) Telomere length varies by DNA 
extraction method: Implications for epidemiologic research. Cancer Epidemiology 
Biomarkers and Prevention, 22, 2047–2054. 

 

Daan S, Deerenberg C, Dijkstra C (1996) Increased daily work precipitates natural death 
in the Kestrel. Journal of Animal Ecology, 65, 539–544. 

Dantzer B, Fletcher QE (2015) Telomeres shorten more slowly in slow-aging wild animals 
than in fast-aging ones. Experimental Gerontology, 71, 38–47. 

De Coster G, Verhulst S, Koetsier E et al. (2011) Effects of early developmental conditions 
on innate immunity are only evident under favourable adult conditions in zebra 
finches. Naturwissenschaften, 98, 1049–1056. 

De Lange T (2005) Shelterin: The protein complex that shapes and safeguards human 
telomeres. Genes and Development, 19, 2100–2110. 

De Lange T, Shiue L, Myers RM et al. (1990) Structure and variability of human 
chromosome ends. Molecular and Cellular Biology, 10, 518–527. 

Delany ME, Krupkin  a B, Miller MM (2000) Organization of telomere sequences in birds: 
evidence for arrays of extreme length and for in vivo shortening. Cytogenetics and 
Cell Genetics, 90, 139–145. 

De Meyer T, Eisenberg DTA (2014) Possible technical and biological explanations for the 
“parental telomere length inheritance discrepancy” enigma. European journal of 
human genetics, 23, 3–7. 

Doligez B, Clobert J, Pettifor RA et al. (2002) Costs of reproduction: Assessing responses 
to brood size manipulation on life-history and behavioural traits using multi-state 
capture-recapture models. Journal of Applied Statistics, 29, 407–423. 

 

Eisenberg DTA (2011) An evolutionary review of human telomere biology: The thrifty 
telomere hypothesis and notes on potential adaptive paternal effects. American 
Journal of Human Biology, 23, 149–167. 

Eisenberg DTA (2013) Inconsistent inheritance of telomere length (TL): is offspring TL 
more strongly correlated with maternal or paternal TL? European Journal of Human 
Genetics, 22, 8–9. 

Eisenberg DTA, Kuzawa CW, Hayes MG (2015) Improving qPCR telomere length assays: 
Controlling for well position effects increases statistical power. American Journal of 



R

References 
 
 

130 
 

Blackburn EH, Epel ES, Lin J (2015) Human telomere biology: A contributory and 
interactive factor in aging, disease risks, and protection. Science, 350, 1193–1198. 

Blackburn EH, Greider CW, Henderson E et al. (1989) Recognition and elongation of 
telomeres by telomerase. Genome, 31, 553–560. 

Boonekamp JJ, Mulder GA, Salomons MH, Dijkstra C, Verhulst S (2014a) Nestling telomere 
shortening, but not telomere length, reflects developmental stress and predicts 
survival in wild birds. Proceedings of the Royal Society B: Biological Sciences, 281, 
20133287. 

Boonekamp JJ, Salomons M, Bouwhuis S, Dijkstra C, Verhulst S (2014b) Reproductive 
effort accelerates actuarial senescence in wild birds: An experimental study. Ecology 
Letters, 17, 599–605. 

Boonekamp JJ, Simons MJP, Hemerik L, Verhulst S (2013) Telomere length behaves as 
biomarker of somatic redundancy rather than biological age. Aging Cell, 12, 330–332. 

Bouwhuis S, Van Noordwijk AJ, Sheldon BC, Verhulst S, Visser ME (2010) Similar patterns 
of age-specific reproduction in an island and mainland population of great tits Parus 
major. Journal of Avian Biology, 41, 615–620. 

Bouwhuis S, Sheldon BC, Verhulst S, Charmantier A (2009) Great tits growing old: 
selective disappearance and the partitioning of senescence to stages within the 
breeding cycle. Proceedings of the Royal Society B: Biological Sciences, 276, 2769–
2777. 

Bouwhuis S, Vedder O, Garroway CJ, Sheldon BC (2015) Ecological causes of multilevel 
covariance between size and first-year survival in a wild bird population. Journal of 
Animal Ecology, 84, 208–2018. 

Broer L, Codd V, Nyholt DR et al. (2013) Meta-analysis of telomere length in 19 713 
subjects reveals high heritability, stronger maternal inheritance and a paternal age 
effect. European journal of human genetics, 21, 1163–1168. 

Burt DW (2002) Origin and evolution of avian microchromosomes. Cytogenetics and 
Genome Research, 96, 97–112. 

Bustin SA, Benes V, Garson JA et al. (2009) The MIQE guidelines:Minimum Information for 
publication of quantitative real-time PCR experiments. Clinical Chemistry, 55, 611–
622. 

 

Caprioli M, Romano M, Romano A et al. (2013) Nestling telomere length does not predict 
longevity, but covaries with adult body size in wild barn swallows. Biology letters, 9, 
20130340. 

Cawthon RM (2002) Telomere measurement by quantitative PCR. Nucleic acids research, 
30, e47. 

Cherif H, Tarry JL, Ozanne SE, Hales CN (2003) Ageing and telomeres: a study into organ- 
and gender-specific telomere shortening. Nucleic Acids Research, 31, 1576–83. 

References 
 
 
 

131 
 

Colchero F, Jones OR, Rebke M (2012) BaSTA: an R package for Bayesian estimation of 
age-specific survival from incomplete mark-recapture/recovery data with 
covariates. Methods in Ecology and Evolution, 3, 466–470. 

Criscuolo F, Bize P, Nasir L et al. (2009) Real-time quantitative PCR assay for 
measurement of avian telomeres. Journal of Avian Biology, 40, 342–347. 

Cunningham JM, Johnson RA, Litzelman K et al. (2013) Telomere length varies by DNA 
extraction method: Implications for epidemiologic research. Cancer Epidemiology 
Biomarkers and Prevention, 22, 2047–2054. 

 

Daan S, Deerenberg C, Dijkstra C (1996) Increased daily work precipitates natural death 
in the Kestrel. Journal of Animal Ecology, 65, 539–544. 

Dantzer B, Fletcher QE (2015) Telomeres shorten more slowly in slow-aging wild animals 
than in fast-aging ones. Experimental Gerontology, 71, 38–47. 

De Coster G, Verhulst S, Koetsier E et al. (2011) Effects of early developmental conditions 
on innate immunity are only evident under favourable adult conditions in zebra 
finches. Naturwissenschaften, 98, 1049–1056. 

De Lange T (2005) Shelterin: The protein complex that shapes and safeguards human 
telomeres. Genes and Development, 19, 2100–2110. 

De Lange T, Shiue L, Myers RM et al. (1990) Structure and variability of human 
chromosome ends. Molecular and Cellular Biology, 10, 518–527. 

Delany ME, Krupkin  a B, Miller MM (2000) Organization of telomere sequences in birds: 
evidence for arrays of extreme length and for in vivo shortening. Cytogenetics and 
Cell Genetics, 90, 139–145. 

De Meyer T, Eisenberg DTA (2014) Possible technical and biological explanations for the 
“parental telomere length inheritance discrepancy” enigma. European journal of 
human genetics, 23, 3–7. 

Doligez B, Clobert J, Pettifor RA et al. (2002) Costs of reproduction: Assessing responses 
to brood size manipulation on life-history and behavioural traits using multi-state 
capture-recapture models. Journal of Applied Statistics, 29, 407–423. 

 

Eisenberg DTA (2011) An evolutionary review of human telomere biology: The thrifty 
telomere hypothesis and notes on potential adaptive paternal effects. American 
Journal of Human Biology, 23, 149–167. 

Eisenberg DTA (2013) Inconsistent inheritance of telomere length (TL): is offspring TL 
more strongly correlated with maternal or paternal TL? European Journal of Human 
Genetics, 22, 8–9. 

Eisenberg DTA, Kuzawa CW, Hayes MG (2015) Improving qPCR telomere length assays: 
Controlling for well position effects increases statistical power. American Journal of 



R 

References 
 
 

132 
 

Human Biology, 27, 570–575. 
Ellegren H (2013) The Evolutionary Genomics of Birds. Annual Review of Ecology, 

Evolution, and Systematics, 44, 239–259. 
Elliott KH, Le Vaillant M, Kato A et al. (2014) Age-related variation in energy expenditure 

in a long-lived bird within the envelope of an energy ceiling. Journal of Animal 
Ecology, 83, 136–146. 

Epel ES, Blackburn EH, Lin J et al. (2004) Accelerated telomere shortening in response to 
life stress. Proceedings of the National Academy of Sciences of the United States of 
America, 101, 17312–17315. 

 
Fairlie J, Holland R, Pilkington JG et al. (2015) Lifelong leukocyte telomere dynamics and 

survival in a free-living mammal. Aging Cell, 15, 140–148. 
Falconer DS, Mackay TFC (1996) Introduction to Quantitative Geneticse. Harlow, Essex, UK. 
Foote CG, Gault E a., Nasir L, Monaghan P (2010) Telomere dynamics in relation to early 

growth conditions in the wild in the lesser black-backed gull. Journal of Zoology, 283, 
203–209. 

Foote CG, Vleck D, Vleck CM (2013) Extent and variability of interstitial telomeric 
sequences and their effects on estimates of telomere length. Molecular Ecology 
Resources, 13, 417–428. 

Forstmeier W, Segelbacher G, Mueller JC, Kempenaers B (2007) Genetic variation and 
differentiation in captive and wild zebra finches (Taeniopygia guttata). Molecular 
ecology, 16, 4039–50. 

Freitas-Simoes T-M, Ros E, Sala-Vila A (2015) Nutrients, foods, dietary patterns and 
telomere length: update of epidemiological studies and randomized trials. 
Metabolism, 65, 406–415. 

 

Gallup JM, Ackermann MR (2008) The “PREXCEL-Q Method” for qPCR. International 
Journal of Biomedical Science, 4, 273–293. 

Gardner M, Bann D, Wiley L et al. (2014) Gender and telomere length: Systematic review 
and meta-analysis. Experimental Gerontology, 51, 15–27. 

Geiger S, Le Vaillant M, Lebard T et al. (2012) Catching-up but telomere loss: Half-opening 
the black box of growth and ageing trade-off in wild king penguin chicks. Molecular 
Ecology, 21, 1500–1510. 

Gilley D, Herbert BS, Huda N, Tanaka H, Reed T (2008) Factors impacting human telomere 
homeostasis and age-related disease. Mechanisms of Ageing and Development, 129, 
27–34. 

Graakjaer J, Pascoe L, Der-Sarkissian H et al. (2004) The relative lengths of individual 
telomeres are defined in the zygote and strictly maintained during life. Aging cell, 3, 

References 
 
 
 

133 
 

97–102. 
Grasman J, Salomons HM, Verhulst S (2011) Stochastic modeling of length-dependent 

telomere shortening in Corvus monedula. Journal of theoretical biology, 282, 1–6. 
Griffith JD, Comeau L, Rosenfield S et al. (1999) Mammalian telomeres end in a large 

duplex loop. Cell, 97, 503–514. 
Groenen MAM, Cheng HH, Bumstead N et al. (2000) A consensus linkage map of the 

chicken genome. Genome Research, 10, 137–147. 
 

Hadfield J (2010) MCMC methods for multi-response generalized linear mixed models: 
the MCMCglmm R package. Journal of statistical software, 33, 1–22. 

Hamilton WD (1966) The moulding of senescence by natural selection. Journal of 
Theoretical Biology, 12, 12–45. 

Harley CB, Futcher AB, Greider CW (1990) Telomeres shorten during ageing of human 
fibroblasts. Nature, 345, 458–460. 

Hastie ND, Allshire RC (1989) Human telomeres: fusion and interstitial sites. Trends in 
Genetics, 5, 326–330. 

Hau M, Greives TJ, Haussmann MF et al. (2015) Repeated stressor increase the rate of 
biological ageing. Frontiers in Zoology, 12, 4. 

Haussmann MF, Heidinger BJ (2015) Telomere dynamics may link stress exposure and 
ageing across generations. Biology Letters, 11, 20150396. 

Haussmann MF, Longenecker AS, Marchetto NM, Juliano SA, Bowden RM (2012) 
Embryonic exposure to corticosterone modifies the juvenile stress response, 
oxidative stress and telomere length. Proceedings of the Royal Society B: Biological 
Sciences, 279, 1447–1456. 

Haussmann MF, Mauck RA (2008) Technical Advances: New strategies for telomere-
based age estimation. Molecular Ecology Resources, 8, 264–74. 

Haussmann MF, Vleck CM (2002) Telomere length provides a new technique for aging 
animals. Oecologia, 130, 325–328. 

Haussmann MF, Winkler DW, O’Reilly KM et al. (2003) Telomeres shorten more slowly in 
long-lived birds and mammals than in short-lived ones. Proceedings of the Royal 
Society B: Biological Sciences, 270, 1387–1392. 

Haussmann MF, Winkler DW, Vleck CM (2005) Longer telomeres associated with higher 
survival in birds. Biology Letters, 1, 212–4. 

Heidinger BJ, Blount JD, Boner W et al. (2012) Telomere length in early life predicts 
lifespan. Proceedings of the National Academy of Sciences of the United States of 
America, 109, 1743–1748. 

Hjelmborg JB, Dalgård C, Mangino M et al. (2015a) Paternal age and telomere length in 
twins: The germ stem cell selection paradigm. Aging Cell, 14, 701–703. 

Hjelmborg JB, Dalgard C, Moller S et al. (2015b) The heritability of leucocyte telomere 



R

References 
 
 

132 
 

Human Biology, 27, 570–575. 
Ellegren H (2013) The Evolutionary Genomics of Birds. Annual Review of Ecology, 

Evolution, and Systematics, 44, 239–259. 
Elliott KH, Le Vaillant M, Kato A et al. (2014) Age-related variation in energy expenditure 

in a long-lived bird within the envelope of an energy ceiling. Journal of Animal 
Ecology, 83, 136–146. 

Epel ES, Blackburn EH, Lin J et al. (2004) Accelerated telomere shortening in response to 
life stress. Proceedings of the National Academy of Sciences of the United States of 
America, 101, 17312–17315. 

 
Fairlie J, Holland R, Pilkington JG et al. (2015) Lifelong leukocyte telomere dynamics and 

survival in a free-living mammal. Aging Cell, 15, 140–148. 
Falconer DS, Mackay TFC (1996) Introduction to Quantitative Geneticse. Harlow, Essex, UK. 
Foote CG, Gault E a., Nasir L, Monaghan P (2010) Telomere dynamics in relation to early 

growth conditions in the wild in the lesser black-backed gull. Journal of Zoology, 283, 
203–209. 

Foote CG, Vleck D, Vleck CM (2013) Extent and variability of interstitial telomeric 
sequences and their effects on estimates of telomere length. Molecular Ecology 
Resources, 13, 417–428. 

Forstmeier W, Segelbacher G, Mueller JC, Kempenaers B (2007) Genetic variation and 
differentiation in captive and wild zebra finches (Taeniopygia guttata). Molecular 
ecology, 16, 4039–50. 

Freitas-Simoes T-M, Ros E, Sala-Vila A (2015) Nutrients, foods, dietary patterns and 
telomere length: update of epidemiological studies and randomized trials. 
Metabolism, 65, 406–415. 

 

Gallup JM, Ackermann MR (2008) The “PREXCEL-Q Method” for qPCR. International 
Journal of Biomedical Science, 4, 273–293. 

Gardner M, Bann D, Wiley L et al. (2014) Gender and telomere length: Systematic review 
and meta-analysis. Experimental Gerontology, 51, 15–27. 

Geiger S, Le Vaillant M, Lebard T et al. (2012) Catching-up but telomere loss: Half-opening 
the black box of growth and ageing trade-off in wild king penguin chicks. Molecular 
Ecology, 21, 1500–1510. 

Gilley D, Herbert BS, Huda N, Tanaka H, Reed T (2008) Factors impacting human telomere 
homeostasis and age-related disease. Mechanisms of Ageing and Development, 129, 
27–34. 

Graakjaer J, Pascoe L, Der-Sarkissian H et al. (2004) The relative lengths of individual 
telomeres are defined in the zygote and strictly maintained during life. Aging cell, 3, 

References 
 
 
 

133 
 

97–102. 
Grasman J, Salomons HM, Verhulst S (2011) Stochastic modeling of length-dependent 

telomere shortening in Corvus monedula. Journal of theoretical biology, 282, 1–6. 
Griffith JD, Comeau L, Rosenfield S et al. (1999) Mammalian telomeres end in a large 

duplex loop. Cell, 97, 503–514. 
Groenen MAM, Cheng HH, Bumstead N et al. (2000) A consensus linkage map of the 

chicken genome. Genome Research, 10, 137–147. 
 

Hadfield J (2010) MCMC methods for multi-response generalized linear mixed models: 
the MCMCglmm R package. Journal of statistical software, 33, 1–22. 

Hamilton WD (1966) The moulding of senescence by natural selection. Journal of 
Theoretical Biology, 12, 12–45. 

Harley CB, Futcher AB, Greider CW (1990) Telomeres shorten during ageing of human 
fibroblasts. Nature, 345, 458–460. 

Hastie ND, Allshire RC (1989) Human telomeres: fusion and interstitial sites. Trends in 
Genetics, 5, 326–330. 

Hau M, Greives TJ, Haussmann MF et al. (2015) Repeated stressor increase the rate of 
biological ageing. Frontiers in Zoology, 12, 4. 

Haussmann MF, Heidinger BJ (2015) Telomere dynamics may link stress exposure and 
ageing across generations. Biology Letters, 11, 20150396. 

Haussmann MF, Longenecker AS, Marchetto NM, Juliano SA, Bowden RM (2012) 
Embryonic exposure to corticosterone modifies the juvenile stress response, 
oxidative stress and telomere length. Proceedings of the Royal Society B: Biological 
Sciences, 279, 1447–1456. 

Haussmann MF, Mauck RA (2008) Technical Advances: New strategies for telomere-
based age estimation. Molecular Ecology Resources, 8, 264–74. 

Haussmann MF, Vleck CM (2002) Telomere length provides a new technique for aging 
animals. Oecologia, 130, 325–328. 

Haussmann MF, Winkler DW, O’Reilly KM et al. (2003) Telomeres shorten more slowly in 
long-lived birds and mammals than in short-lived ones. Proceedings of the Royal 
Society B: Biological Sciences, 270, 1387–1392. 

Haussmann MF, Winkler DW, Vleck CM (2005) Longer telomeres associated with higher 
survival in birds. Biology Letters, 1, 212–4. 

Heidinger BJ, Blount JD, Boner W et al. (2012) Telomere length in early life predicts 
lifespan. Proceedings of the National Academy of Sciences of the United States of 
America, 109, 1743–1748. 

Hjelmborg JB, Dalgård C, Mangino M et al. (2015a) Paternal age and telomere length in 
twins: The germ stem cell selection paradigm. Aging Cell, 14, 701–703. 

Hjelmborg JB, Dalgard C, Moller S et al. (2015b) The heritability of leucocyte telomere 



R 

References 
 
 

134 
 

length dynamics. Journal of Medical Genetics, 52, 297–302. 
Horn T, Robertson BC, Will M et al. (2011) Inheritance of telomere length in a bird. PloS 

one, 6, e17199. 
Houle D (1992) Comparing evolvability and variability of quantitative traits. Genetics, 

130, 195–204. 
Houston AI, McNamara JM, Hutchinson JMC (1993) General results concerning the trade-

off between gaining energy and avoiding predation. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 341, 375–397. 

 
Jeanclos E, Schork NJ, Kyvik KO et al. (2000) Telomere length inversely correlates with 

pulse pressure and is highly familial. Hypertension, 36, 195–200. 
Joeng KS, Song EJ, Lee K-J, Lee J (2004) Long lifespan in worms with long telomeric DNA. 

Nature genetics, 36, 607–11. 
 

Kilburn AE, Shea MJ, Sargent RG, Wilson JH (2001) Insertion of a telomere repeat 
sequence into a mammalian gene causes chromosome instability. Molecular and 
cellular biology, 21, 126–135. 

Kimura M, Aviv A (2011) Measurement of telomere DNA content by dot blot analysis. 
Nucleic acids research, 39, e84. 

Kimura M, Barbieri M, Gardner JP et al. (2007) Leukocytes of exceptionally old persons 
display ultra-short telomeres. American Journal of Physiology- Regulatory, Integrative 
and Comparative Physiology, 293, R2210–2217. 

Kimura M, Hjelmborg JVB, Gardner JP et al. (2008) Telomere length and mortality: A study 
of leukocytes in elderly danish twins. American Journal of Epidemiology, 167, 799–
806. 

Kipling D, Cooke HJ (1990) Hypervariable ultra-long telomeres in mice. Nature, 347, 400–
402. 

Kirkwood TB, Holliday R (1979) The evolution of ageing and longevity. Proceedings of the 
Royal Society B: Biological Sciences, 205, 531–546. 

Kirkwood T, Rose M (1991) Evolution of Senescence: Late Survival Sacrificed for 
Reproduction. Philosophical transactions of the royal society: Biological sciences, 332, 
15–24. 

Koetsier E, Verhulst S (2011) A simple technique to manipulate foraging costs in seed-
eating birds. The Journal of experimental biology, 214, 1225–1229. 

Kotrschal A, Ilmonen P, Penn DJ (2007) Stress impacts telomere dynamics. Biology letters, 
3, 128–30. 

Kruuk LEB (2004) Estimating genetic parameters in natural populations using the 
“animal model”. Philosophical transactions of the Royal Society of London. Series B, 

References 
 
 
 

135 
 

Biological sciences, 359, 873–90. 
Kruuk LEB, Hadfield JD (2007) How to separate genetic and environmental causes of 

similarity between relatives. Journal of evolutionary biology, 20, 1890–903. 
 

Lansdorp PM, Verwoerd NP, van de Rijke FM et al. (1996) Heterogeneity in telomere 
length of human chromosomes. Human Molecular Genetics, 5, 685–691. 

Lemaître J-F, Berger V, Bonenfant C et al. (2015) Early-late life trade-offs and the evolution 
of ageing in the wild. Proceedings of the Royal Society B: Biological Sciences, 282, 
20150209. 

Le Vaillant M, Viblanc VA, Saraux C et al. (2015) Telomere length reflects individual 
quality in free-living adult king penguins. Polar Biology, 2059–2067. 

Lim JN, Senior AM, Nakagawa S (2014) Heterogeneity in individual quality and 
reproductive trade-offs within species. Evolution, 68, 2306–2318. 

Lin KW, Yan J (2008) Endings in the middle: current knowledge of interstitial telomeric 
sequences. Mutation research, 658, 95–110. 

Lorenzini A, Johnson FB, Oliver A et al. (2009) Significant correlation of species longevity 
with DNA double strand break recognition but not with telomere length. Mechanisms 
of Ageing and Development, 130, 784–792. 

 

Mainwaring MC (2011) The use of nestboxes by roosting birds during the non-breeding 
season: a review of the costs and benefits. Ardea, 99, 167–176. 

Matysioková B, Remeš V (2011) Responses to increased costs of activity during 
incubation in a songbird with female-only incubation: Does feather colour signal 
coping ability? Journal of Ornithology, 152, 337–346. 

McNamara JM, Houston AI, Lima SL (1994) Foraging routines of small birds in winter: A 
theoretical investigation. Journal of Avian Biology, 25, 287–302. 

Medawar PB (1952) An Unsolved Problem of Biology. H.K. Lewis, London. 
Meyne J, Ratliff RL, Moyzis RK (1989) Conservation of the human telomere sequence 

(TTAGGG)n among vertebrates. Proceedings of the National Academy of Sciences of 
the United States of America, 86, 7049–7053. 

Millar RB (2009) Comparison of hierarchical bayesian models for overdispersed count 
data using DIC and bayes’ factors. Biometrics, 65, 962–969. 

Monaghan P (2014) Organismal stress, telomeres and life histories. The Journal of 
Experimental Biology, 217, 57–66. 

Monaghan P, Haussmann MF (2006) Do telomere dynamics link lifestyle and lifespan? 
Trends in Ecology & Evolution, 21, 47–53. 

Mundstock E, Zatti H, Louzada FM et al. (2015) Effects of physical activity in telomere 
length: Systematic review and meta-analysis. Ageing Research Reviews, 22, 72–80. 



R

References 
 
 

134 
 

length dynamics. Journal of Medical Genetics, 52, 297–302. 
Horn T, Robertson BC, Will M et al. (2011) Inheritance of telomere length in a bird. PloS 

one, 6, e17199. 
Houle D (1992) Comparing evolvability and variability of quantitative traits. Genetics, 

130, 195–204. 
Houston AI, McNamara JM, Hutchinson JMC (1993) General results concerning the trade-

off between gaining energy and avoiding predation. Philosophical Transactions of the 
Royal Society B: Biological Sciences, 341, 375–397. 

 
Jeanclos E, Schork NJ, Kyvik KO et al. (2000) Telomere length inversely correlates with 

pulse pressure and is highly familial. Hypertension, 36, 195–200. 
Joeng KS, Song EJ, Lee K-J, Lee J (2004) Long lifespan in worms with long telomeric DNA. 

Nature genetics, 36, 607–11. 
 

Kilburn AE, Shea MJ, Sargent RG, Wilson JH (2001) Insertion of a telomere repeat 
sequence into a mammalian gene causes chromosome instability. Molecular and 
cellular biology, 21, 126–135. 

Kimura M, Aviv A (2011) Measurement of telomere DNA content by dot blot analysis. 
Nucleic acids research, 39, e84. 

Kimura M, Barbieri M, Gardner JP et al. (2007) Leukocytes of exceptionally old persons 
display ultra-short telomeres. American Journal of Physiology- Regulatory, Integrative 
and Comparative Physiology, 293, R2210–2217. 

Kimura M, Hjelmborg JVB, Gardner JP et al. (2008) Telomere length and mortality: A study 
of leukocytes in elderly danish twins. American Journal of Epidemiology, 167, 799–
806. 

Kipling D, Cooke HJ (1990) Hypervariable ultra-long telomeres in mice. Nature, 347, 400–
402. 

Kirkwood TB, Holliday R (1979) The evolution of ageing and longevity. Proceedings of the 
Royal Society B: Biological Sciences, 205, 531–546. 

Kirkwood T, Rose M (1991) Evolution of Senescence: Late Survival Sacrificed for 
Reproduction. Philosophical transactions of the royal society: Biological sciences, 332, 
15–24. 

Koetsier E, Verhulst S (2011) A simple technique to manipulate foraging costs in seed-
eating birds. The Journal of experimental biology, 214, 1225–1229. 

Kotrschal A, Ilmonen P, Penn DJ (2007) Stress impacts telomere dynamics. Biology letters, 
3, 128–30. 

Kruuk LEB (2004) Estimating genetic parameters in natural populations using the 
“animal model”. Philosophical transactions of the Royal Society of London. Series B, 

References 
 
 
 

135 
 

Biological sciences, 359, 873–90. 
Kruuk LEB, Hadfield JD (2007) How to separate genetic and environmental causes of 

similarity between relatives. Journal of evolutionary biology, 20, 1890–903. 
 

Lansdorp PM, Verwoerd NP, van de Rijke FM et al. (1996) Heterogeneity in telomere 
length of human chromosomes. Human Molecular Genetics, 5, 685–691. 

Lemaître J-F, Berger V, Bonenfant C et al. (2015) Early-late life trade-offs and the evolution 
of ageing in the wild. Proceedings of the Royal Society B: Biological Sciences, 282, 
20150209. 

Le Vaillant M, Viblanc VA, Saraux C et al. (2015) Telomere length reflects individual 
quality in free-living adult king penguins. Polar Biology, 2059–2067. 

Lim JN, Senior AM, Nakagawa S (2014) Heterogeneity in individual quality and 
reproductive trade-offs within species. Evolution, 68, 2306–2318. 

Lin KW, Yan J (2008) Endings in the middle: current knowledge of interstitial telomeric 
sequences. Mutation research, 658, 95–110. 

Lorenzini A, Johnson FB, Oliver A et al. (2009) Significant correlation of species longevity 
with DNA double strand break recognition but not with telomere length. Mechanisms 
of Ageing and Development, 130, 784–792. 

 

Mainwaring MC (2011) The use of nestboxes by roosting birds during the non-breeding 
season: a review of the costs and benefits. Ardea, 99, 167–176. 

Matysioková B, Remeš V (2011) Responses to increased costs of activity during 
incubation in a songbird with female-only incubation: Does feather colour signal 
coping ability? Journal of Ornithology, 152, 337–346. 

McNamara JM, Houston AI, Lima SL (1994) Foraging routines of small birds in winter: A 
theoretical investigation. Journal of Avian Biology, 25, 287–302. 

Medawar PB (1952) An Unsolved Problem of Biology. H.K. Lewis, London. 
Meyne J, Ratliff RL, Moyzis RK (1989) Conservation of the human telomere sequence 

(TTAGGG)n among vertebrates. Proceedings of the National Academy of Sciences of 
the United States of America, 86, 7049–7053. 

Millar RB (2009) Comparison of hierarchical bayesian models for overdispersed count 
data using DIC and bayes’ factors. Biometrics, 65, 962–969. 

Monaghan P (2014) Organismal stress, telomeres and life histories. The Journal of 
Experimental Biology, 217, 57–66. 

Monaghan P, Haussmann MF (2006) Do telomere dynamics link lifestyle and lifespan? 
Trends in Ecology & Evolution, 21, 47–53. 

Mundstock E, Zatti H, Louzada FM et al. (2015) Effects of physical activity in telomere 
length: Systematic review and meta-analysis. Ageing Research Reviews, 22, 72–80. 



R 

References 
 
 

136 
 

 

Naef-Daenzer B (1994) Radiotracking of great and blue tits - new tools to assess 
territoriality, home-range use and resource distribution. Ardea, 82, 335–347. 

Nakagawa S, Gemmell NJ, Burke T (2004) Measuring vertebrate telomeres: applications 
and limitations. Molecular Ecology, 13, 2523–2533. 

Nanda I, Benisch P, Fetting D, Haaf T, Schmid M (2011) Synteny conservation of chicken 
macrochromosomes 1-10 in different avian lineages revealed by cross-species 
chromosome painting. Cytogenetic and Genome Research, 132, 165–181. 

Nanda I, Schrama D, Feichtinger W et al. (2002) Distribution of telomeric (TTAGGG)n 
sequences in avian chromosomes. Chromosoma, 111, 215–227. 

Nawrot TS, Staessen JA, Gardner JP, Aviv A (2004) Telomere length and possible link to X 
chromosome. Lancet, 363, 507–10. 

Njajou OT, Cawthon RM, Damcott CM et al. (2007) Telomere length is paternally inherited 
and is associated with parental lifespan. Proceedings of the National Academy of 
Sciences of the United States of America, 104, 12135–9. 

Nordfjäll K, Svenson U, Norrback K-F, Adolfsson R, Roos G (2010) Large-scale parent-child 
comparison confirms a strong paternal influence on telomere length. European 
journal of human genetics : EJHG, 18, 385–9. 

Nussey DH, Baird D, Barrett E et al. (2014) Measuring telomere length and telomere 
dynamics in evolutionary biology and ecology. Methods in Ecology and Evolution, 5, 
299–310. 

Nussey DH, Froy H, Lemaitre JF, Gaillard JM, Austad SN (2013) Senescence in natural 
populations of animals: widespread evidence and its implications for bio-
gerontology. Ageing Research Reviews, 12, 214–225. 

 

O’Callaghan N, Dhillon V, Thomas P, Fenech M (2008) A quantitative real-time PCR 
method for absolute telomere length. BioTechniques, 44, 807–809. 

Olovnikov AM (1973) A theory of marginotomy: The incomplete copying of template 
margin in enzymic synthesis of polynucleotides and biological significance of the 
phenomenon. Journal of theoretical biology, 41, 181–190. 

Olsson M, Pauliny A, Wapstra E et al. (2011a) Sexual differences in telomere selection in 
the wild. Molecular Ecology, 20, 2085–2099. 

Olsson M, Pauliny A, Wapstra E et al. (2011b) Sex differences in sand lizard telomere 
inheritance: paternal epigenetic effects increases telomere heritability and offspring 
survival. PloS one, 6, e17473. 

Ouyang JQ, Sharp P, Quetting M, Hau M (2013) Endocrine phenotype, reproductive 
success and survival in the great tit, Parus major. Journal of Evolutionary Biology, 26, 
1988–1998. 

 

References 
 
 
 

137 
 

Pauliny A, Larsson K, Blomqvist D (2012) Telomere dynamics in a long-lived bird, the 
barnacle goose. BMC evolutionary biology, 12, 257. 

Pauliny A, Wagner RH, Augustin J, Szép T, Blomqvist D (2006) Age-independent telomere 
length predicts fitness in two bird species. Molecular ecology, 15, 1681–1687. 

Pfaffl MW (2001) A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Research, 29, e45. 

Plot V, Criscuolo F, Zahn S, Georges JY (2012) Telomeres, age and reproduction in a long-
lived reptile. PLoS ONE, 7, e40855. 

Postma E (2014) Four decades of estimating heritabilities in wild vertebrate populations: 
improved methods, more data, better estimates? In: Quantitative genetics in the wild 
(eds Charmantier A, Garant D, Kruuk LEB), pp. 16–33. Oxford University Press, 
Oxford. 

Postma E, van Noordwijk AJ (2005) Gene flow maintains a large genetic difference in 
clutch size at a small spatial scale. Nature, 433, 65–68. 

Postma E, Den Tex R-J, Van Noordwijk AJ, Mateman  a. C (2009) Neutral markers mirror 
small-scale quantitative genetic differentiation in an avian island population. 
Biological Journal of the Linnean Society, 97, 867–875. 

 

Rappole JH, Tipton AR (1991) New harness design for attachment of radio transmitters 
to small passerines. Journal of Field Ornithology, 62, 335–337. 

Raschenberger J, Lamina C, Haun M et al. (2016) Influence of DNA extraction methods on 
relative telomere length measurements and its impact on epidemiological studies. 
Scientific Reports, 6, 25398. 

R Development Core Team (2008) R: A language and environment for statistical 
computing. 

Reichert S, Criscuolo F, Zahn S et al. (2014a) Immediate and delayed effects of growth 
conditions on ageing parameters in nestling zebra finches. Journal of Experimental 
Biology, 218, 491–499. 

Reichert S, Rojas ER, Zahn S et al. (2014b) Maternal telomere length inheritance in the 
king penguin. Heredity, 114, 10–16. 

Reichert S, Stier A, Zahn S et al. (2014c) Increased reproductive effort leads to persistent 
eroded telomeres. Frontiers in Ecology and Evolution, 2, 1–11. 

Rivero MT, Mosquera A, Goyanes V, Slijepcevic P, Fernández JL (2004) Differences in 
repair profiles of interstitial telomeric sites between normal and DNA double-strand 
break repair deficient Chinese hamster cells. Experimental Cell Research, 295, 161–
172. 

Rodrigue KL, May BP, Famula TR, Delany ME (2005) Meiotic instability of chicken ultra-
long telomeres and mapping of a 2.8 megabase array to the W-sex chromosome. 



R

References 
 
 

136 
 

 

Naef-Daenzer B (1994) Radiotracking of great and blue tits - new tools to assess 
territoriality, home-range use and resource distribution. Ardea, 82, 335–347. 

Nakagawa S, Gemmell NJ, Burke T (2004) Measuring vertebrate telomeres: applications 
and limitations. Molecular Ecology, 13, 2523–2533. 

Nanda I, Benisch P, Fetting D, Haaf T, Schmid M (2011) Synteny conservation of chicken 
macrochromosomes 1-10 in different avian lineages revealed by cross-species 
chromosome painting. Cytogenetic and Genome Research, 132, 165–181. 

Nanda I, Schrama D, Feichtinger W et al. (2002) Distribution of telomeric (TTAGGG)n 
sequences in avian chromosomes. Chromosoma, 111, 215–227. 

Nawrot TS, Staessen JA, Gardner JP, Aviv A (2004) Telomere length and possible link to X 
chromosome. Lancet, 363, 507–10. 

Njajou OT, Cawthon RM, Damcott CM et al. (2007) Telomere length is paternally inherited 
and is associated with parental lifespan. Proceedings of the National Academy of 
Sciences of the United States of America, 104, 12135–9. 

Nordfjäll K, Svenson U, Norrback K-F, Adolfsson R, Roos G (2010) Large-scale parent-child 
comparison confirms a strong paternal influence on telomere length. European 
journal of human genetics : EJHG, 18, 385–9. 

Nussey DH, Baird D, Barrett E et al. (2014) Measuring telomere length and telomere 
dynamics in evolutionary biology and ecology. Methods in Ecology and Evolution, 5, 
299–310. 

Nussey DH, Froy H, Lemaitre JF, Gaillard JM, Austad SN (2013) Senescence in natural 
populations of animals: widespread evidence and its implications for bio-
gerontology. Ageing Research Reviews, 12, 214–225. 

 

O’Callaghan N, Dhillon V, Thomas P, Fenech M (2008) A quantitative real-time PCR 
method for absolute telomere length. BioTechniques, 44, 807–809. 

Olovnikov AM (1973) A theory of marginotomy: The incomplete copying of template 
margin in enzymic synthesis of polynucleotides and biological significance of the 
phenomenon. Journal of theoretical biology, 41, 181–190. 

Olsson M, Pauliny A, Wapstra E et al. (2011a) Sexual differences in telomere selection in 
the wild. Molecular Ecology, 20, 2085–2099. 

Olsson M, Pauliny A, Wapstra E et al. (2011b) Sex differences in sand lizard telomere 
inheritance: paternal epigenetic effects increases telomere heritability and offspring 
survival. PloS one, 6, e17473. 

Ouyang JQ, Sharp P, Quetting M, Hau M (2013) Endocrine phenotype, reproductive 
success and survival in the great tit, Parus major. Journal of Evolutionary Biology, 26, 
1988–1998. 

 

References 
 
 
 

137 
 

Pauliny A, Larsson K, Blomqvist D (2012) Telomere dynamics in a long-lived bird, the 
barnacle goose. BMC evolutionary biology, 12, 257. 

Pauliny A, Wagner RH, Augustin J, Szép T, Blomqvist D (2006) Age-independent telomere 
length predicts fitness in two bird species. Molecular ecology, 15, 1681–1687. 

Pfaffl MW (2001) A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Research, 29, e45. 

Plot V, Criscuolo F, Zahn S, Georges JY (2012) Telomeres, age and reproduction in a long-
lived reptile. PLoS ONE, 7, e40855. 

Postma E (2014) Four decades of estimating heritabilities in wild vertebrate populations: 
improved methods, more data, better estimates? In: Quantitative genetics in the wild 
(eds Charmantier A, Garant D, Kruuk LEB), pp. 16–33. Oxford University Press, 
Oxford. 

Postma E, van Noordwijk AJ (2005) Gene flow maintains a large genetic difference in 
clutch size at a small spatial scale. Nature, 433, 65–68. 

Postma E, Den Tex R-J, Van Noordwijk AJ, Mateman  a. C (2009) Neutral markers mirror 
small-scale quantitative genetic differentiation in an avian island population. 
Biological Journal of the Linnean Society, 97, 867–875. 

 

Rappole JH, Tipton AR (1991) New harness design for attachment of radio transmitters 
to small passerines. Journal of Field Ornithology, 62, 335–337. 

Raschenberger J, Lamina C, Haun M et al. (2016) Influence of DNA extraction methods on 
relative telomere length measurements and its impact on epidemiological studies. 
Scientific Reports, 6, 25398. 

R Development Core Team (2008) R: A language and environment for statistical 
computing. 

Reichert S, Criscuolo F, Zahn S et al. (2014a) Immediate and delayed effects of growth 
conditions on ageing parameters in nestling zebra finches. Journal of Experimental 
Biology, 218, 491–499. 

Reichert S, Rojas ER, Zahn S et al. (2014b) Maternal telomere length inheritance in the 
king penguin. Heredity, 114, 10–16. 

Reichert S, Stier A, Zahn S et al. (2014c) Increased reproductive effort leads to persistent 
eroded telomeres. Frontiers in Ecology and Evolution, 2, 1–11. 

Rivero MT, Mosquera A, Goyanes V, Slijepcevic P, Fernández JL (2004) Differences in 
repair profiles of interstitial telomeric sites between normal and DNA double-strand 
break repair deficient Chinese hamster cells. Experimental Cell Research, 295, 161–
172. 

Rodrigue KL, May BP, Famula TR, Delany ME (2005) Meiotic instability of chicken ultra-
long telomeres and mapping of a 2.8 megabase array to the W-sex chromosome. 



R 

References 
 
 

138 
 

Chromosome Research, 13, 581–591. 
Roff DA (1992) The Evolution of Life Histories. Theory and analysis. Chapman and Hall, New 

York. 
Rossiter M (1996) Incidence and consequences of inherited environmental effects. Annual 

Review of Ecology and Systematics, 27, 451–476. 
Rozen S, Skaletsky H (2002) Primer3 on the WWW for general users and for biologist 

programmers. (S Krawetz, S Misener, Eds,). Humana Press, Totowa, NJ. 
Ruijter JM, Ramakers C, Hoogaars WMH et al. (2009) Amplification efficiency: linking 

baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Research, 37, 
e45. 

 

Salomons HM, Mulder GA, van de Zande L et al. (2009) Telomere shortening and survival 
in free-living corvids. Proceedings of the Royal Society B: Biological Sciences, 276, 
3157–3165. 

Santos ESA, Nakagawa S (2012) The costs of parental care: A meta-analysis of the trade-
off between parental effort and survival in birds. Journal of Evolutionary Biology, 25, 
1911–1917. 

Santure AW, De Cauwer I, Robinson MR et al. (2013) Genomic dissection of variation in 
clutch size and egg mass in a wild great tit (Parus major) population. Molecular 
Ecology, 22, 3949–3962. 

Serakinci N, Graakjaer J, Kolvraa S (2008) Telomere stability and telomerase in 
mesenchymal stem cells. Biochimie, 90, 33–40. 

Shay JW, Wright WE (2011) Role of telomeres and telomerase in cancer. Seminars in 
Cancer Biology, 21, 349–353. 

Simons MJP (2015) Questioning causal involvement of telomeres in aging. Ageing research 
reviews, 24, 191–196. 

Simons MJP, Stulp G, Nakagawa S (2014) A statistical approach to distinguish telomere 
elongation from error in longitudinal datasets. Biogerontology, 15, 99–103. 

Sirover MA (2011) On the functional diversity of glyceraldehyde-3-phosphate 
dehydrogenase: biochemical mechanisms and regulatory control. Biochimica et 
biophysica acta, 1810, 741–51. 

Slagboom PE, Droog S, Boomsma DI (1994) Genetic determination of telomere size in 
humans: a twin study of three age groups. American journal of human genetics, 55, 
876–82. 

Smith J, Bruley CK, Paton IR et al. (2000) Differences in gene density on chicken 
macrochromosomes and microchromosomes. Animal Genetics, 31, 96–103. 

Snijders L, van Rooij EP, Burt JM et al. (2014) Social networking in territorial great tits: 
slow explorers have the least central social network positions. Animal Behaviour, 98, 
95–102. 

References 
 
 
 

139 
 

Soler JJ, Navarro C, Contreras TP, Avilés JM, Cuervo JJ (2008) Sexually selected egg 
coloration in spotless starlings. The American naturalist, 171, 183–194. 

Stansel RM, De Lange T, Griffith JD (2001) T-loop assembly in vitro involves binding of 
TRF2 near the 3′ telomeric overhang. EMBO Journal, 20, 5532–5540. 

Stewart S a, Ben-Porath I, Carey VJ et al. (2003) Erosion of the telomeric single-strand 
overhang at replicative senescence. Nature genetics, 33, 492–496. 

Stier A, Delestrade A, Bize P et al. (2015) Investigating how telomere dynamics, growth 
and life history covary along an elevation gradient in two passerine species. Journal 
of Avian Biology, 47, n/a–n/a. 

Stürzenbaum SR, Kille P (2001) Control genes in quantitative molecular biological 
techniques: The variability of invariance. Comparative Biochemistry and Physiology - 
B Biochemistry and Molecular Biology, 130, 281–289. 

Sudyka J, Arct  a., Drobniak S et al. (2014) Experimentally increased reproductive effort 
alters telomere length in the blue tit ( Cyanistes caeruleus ). Journal of Evolutionary 
Biology, 27, 2258–2264. 

 

Tieleman BI, Dijkstra TH, Klasing KC, Visser GH, Williams JB (2008) Effects of 
experimentally increased costs of activity during reproduction on parental 
investment and self-maintenance in tropical house wrens. Behavioral Ecology, 19, 
949–959. 

Tinbergen JM, Boerlijst MC (1990) Nestling weight and survival in individual great tits 
(Parus major). Journal of Animal Ecology, 59, 1113–1127. 

Tinbergen JM, Daan S (1990) Family planning in the Great Tit (Parus Major): optimal 
clutch size as integration of parent and offspring fitness. Behaviour, 114, 161–190. 

Tinbergen JM, Dietz MW (1994) Parental energy expenditure during brood rearing in the 
Great Tit (Parus major) in relation to body mass, temperature, food availability and 
clutch size. Functional Ecology, 8, 563–572. 

Tinbergen JM, Sanz JJ (2004) Strong evidence for selection for larger brood size in a great 
tit population. Behavioral Ecology, 15, 525–533. 

Tinbergen JM, Verhulst S (2000) A fixed energetic ceiling to parental effort in the great 
tit? Journal of Animal Ecology, 69, 323–334. 

Tolios A, Teupser D, Holdt LM (2015) Preanalytical Conditions and DNA Isolation Methods 
Affect Telomere Length Quantification in Whole Blood. Plos One, 10, e0143889. 

 

Ujvari B, Madsen T (2009) Short telomeres in hatchling snakes: Erythrocyte telomere 
dynamics and longevity in tropical pythons. PLoS ONE, 4, 2–6. 

 

  



R

References 
 
 

138 
 

Chromosome Research, 13, 581–591. 
Roff DA (1992) The Evolution of Life Histories. Theory and analysis. Chapman and Hall, New 

York. 
Rossiter M (1996) Incidence and consequences of inherited environmental effects. Annual 

Review of Ecology and Systematics, 27, 451–476. 
Rozen S, Skaletsky H (2002) Primer3 on the WWW for general users and for biologist 

programmers. (S Krawetz, S Misener, Eds,). Humana Press, Totowa, NJ. 
Ruijter JM, Ramakers C, Hoogaars WMH et al. (2009) Amplification efficiency: linking 

baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Research, 37, 
e45. 

 

Salomons HM, Mulder GA, van de Zande L et al. (2009) Telomere shortening and survival 
in free-living corvids. Proceedings of the Royal Society B: Biological Sciences, 276, 
3157–3165. 

Santos ESA, Nakagawa S (2012) The costs of parental care: A meta-analysis of the trade-
off between parental effort and survival in birds. Journal of Evolutionary Biology, 25, 
1911–1917. 

Santure AW, De Cauwer I, Robinson MR et al. (2013) Genomic dissection of variation in 
clutch size and egg mass in a wild great tit (Parus major) population. Molecular 
Ecology, 22, 3949–3962. 

Serakinci N, Graakjaer J, Kolvraa S (2008) Telomere stability and telomerase in 
mesenchymal stem cells. Biochimie, 90, 33–40. 

Shay JW, Wright WE (2011) Role of telomeres and telomerase in cancer. Seminars in 
Cancer Biology, 21, 349–353. 

Simons MJP (2015) Questioning causal involvement of telomeres in aging. Ageing research 
reviews, 24, 191–196. 

Simons MJP, Stulp G, Nakagawa S (2014) A statistical approach to distinguish telomere 
elongation from error in longitudinal datasets. Biogerontology, 15, 99–103. 

Sirover MA (2011) On the functional diversity of glyceraldehyde-3-phosphate 
dehydrogenase: biochemical mechanisms and regulatory control. Biochimica et 
biophysica acta, 1810, 741–51. 

Slagboom PE, Droog S, Boomsma DI (1994) Genetic determination of telomere size in 
humans: a twin study of three age groups. American journal of human genetics, 55, 
876–82. 

Smith J, Bruley CK, Paton IR et al. (2000) Differences in gene density on chicken 
macrochromosomes and microchromosomes. Animal Genetics, 31, 96–103. 

Snijders L, van Rooij EP, Burt JM et al. (2014) Social networking in territorial great tits: 
slow explorers have the least central social network positions. Animal Behaviour, 98, 
95–102. 

References 
 
 
 

139 
 

Soler JJ, Navarro C, Contreras TP, Avilés JM, Cuervo JJ (2008) Sexually selected egg 
coloration in spotless starlings. The American naturalist, 171, 183–194. 

Stansel RM, De Lange T, Griffith JD (2001) T-loop assembly in vitro involves binding of 
TRF2 near the 3′ telomeric overhang. EMBO Journal, 20, 5532–5540. 

Stewart S a, Ben-Porath I, Carey VJ et al. (2003) Erosion of the telomeric single-strand 
overhang at replicative senescence. Nature genetics, 33, 492–496. 

Stier A, Delestrade A, Bize P et al. (2015) Investigating how telomere dynamics, growth 
and life history covary along an elevation gradient in two passerine species. Journal 
of Avian Biology, 47, n/a–n/a. 

Stürzenbaum SR, Kille P (2001) Control genes in quantitative molecular biological 
techniques: The variability of invariance. Comparative Biochemistry and Physiology - 
B Biochemistry and Molecular Biology, 130, 281–289. 

Sudyka J, Arct  a., Drobniak S et al. (2014) Experimentally increased reproductive effort 
alters telomere length in the blue tit ( Cyanistes caeruleus ). Journal of Evolutionary 
Biology, 27, 2258–2264. 

 

Tieleman BI, Dijkstra TH, Klasing KC, Visser GH, Williams JB (2008) Effects of 
experimentally increased costs of activity during reproduction on parental 
investment and self-maintenance in tropical house wrens. Behavioral Ecology, 19, 
949–959. 

Tinbergen JM, Boerlijst MC (1990) Nestling weight and survival in individual great tits 
(Parus major). Journal of Animal Ecology, 59, 1113–1127. 

Tinbergen JM, Daan S (1990) Family planning in the Great Tit (Parus Major): optimal 
clutch size as integration of parent and offspring fitness. Behaviour, 114, 161–190. 

Tinbergen JM, Dietz MW (1994) Parental energy expenditure during brood rearing in the 
Great Tit (Parus major) in relation to body mass, temperature, food availability and 
clutch size. Functional Ecology, 8, 563–572. 

Tinbergen JM, Sanz JJ (2004) Strong evidence for selection for larger brood size in a great 
tit population. Behavioral Ecology, 15, 525–533. 

Tinbergen JM, Verhulst S (2000) A fixed energetic ceiling to parental effort in the great 
tit? Journal of Animal Ecology, 69, 323–334. 

Tolios A, Teupser D, Holdt LM (2015) Preanalytical Conditions and DNA Isolation Methods 
Affect Telomere Length Quantification in Whole Blood. Plos One, 10, e0143889. 

 

Ujvari B, Madsen T (2009) Short telomeres in hatchling snakes: Erythrocyte telomere 
dynamics and longevity in tropical pythons. PLoS ONE, 4, 2–6. 

 

  



R 

References 
 
 

140 
 

Van Bers NEM, van Oers K, Kerstens HHD et al. (2010) Genome-wide SNP detection in 
the great tit Parus major using high throughput sequencing. Molecular ecology, 19, 
89–99. 

Van Bers NEM, Santure AW, Van Oers K et al. (2012) The design and cross-population 
application of a genome-wide SNP chip for the great tit Parus major. Molecular 
ecology resources, 12, 753–70. 

Van de Pol M, Verhulst S (2006) Age-dependent traits: a new statistical model to separate 
within- and between-individual effects. The American naturalist, 167, 766–773. 

Van Noordwijk AJ, Van Balen JH, Scharloo W (1981) Genetic and environmental variation 
in clutch size of the Great tit Parus major. Netherlands Journal of Zoology, 31, 342–
372. 

Van Noordwijk AJ, De Jong G (1986) Acquisition and allocation of resources: their 
influence on variation in life history tactics. The American Naturalist, 128, 137–142. 

van Oers K, Santure AW, De Cauwer I et al. (2014) Replicated high-density genetic maps 
of two great tit populations reveal fine-scale genomic departures from sex-equal 
recombination rates. Heredity, 112, 307–316. 

Van Overveld T, Adriaensen F, Matthysen E (2011) Postfledging family space use in great 
tits in relation to environmental and parental characteristics. Behavioral Ecology, 22, 
899–907. 

Van Tienderen PH, Van Noordwijk AJ (1988) Dispersal, kinship and inbreeding in an 
island population of the great tit. Journal of Evolutionary Biology, 1, 117–137. 

Vasa-Nicotera M, Brouilette S, Mangino M et al. (2005) Mapping of a major locus that 
determines telomere length in humans. American journal of human genetics, 76, 147–
51. 

Vaupel JW, Manton KG, Stallard E (1979) Impact of heterogeneity in individual frailty on 
the dynamics of mortality. Demography, 16, 439–454. 

Verhulst S (1998) Multiple breeding in the Great Tit, II. The costs of rearing a second 
clutch. Functional Ecology, 12, 132–140. 

Verhulst S, Aviv A, Benetos A, Berenson GS, Kark JD (2013) Do leukocyte telomere length 
dynamics depend on baseline telomere length? An analysis that corrects for 
“regression to the mean.” European Journal of Epidemiology, 28, 859–866. 

Verhulst S, Van Eck HM (1996) Gene flow and immigration rate in an island population of 
great tits. Journal of Evolutionary Biology, 9, 771–782. 

Verhulst S, Geerdink M, Salomons HM, Boonekamp JJ (2014) Social life histories: jackdaw 
dominance increases with age , terminally declines and shortens lifespan. 
Proceedings of the Royal Society B: Biological Sciences, 281. 

Verhulst S, Hogstad O (1996) Social dominance and energy reserves in flocks of willow 
tits. Journal of avian biology, 27, 203–208. 

  

References 
 
 
 

141 
 

Visscher PM, Hill WG, Wray NR (2008) Heritability in the genomics era--concepts and 
misconceptions. Nature reviews. Genetics, 9, 255–66. 

Voillemot M, Hine K, Zahn S et al. (2012) Effects of brood size manipulation and common 
origin on phenotype and telomere length in nestling collared flycatchers. BMC 
ecology, 12, 17. 

Von Zglinicki T (2002) Oxidative stress shortens telomeres. Trends in biochemical 
sciences, 27, 339–344. 

Von Zglinicki T, Saretzki G, Döcke W, Lotze C (1995) Mild hyperoxia shortens telomeres 
and inhibits proliferation of fibroblasts: a model for senescence? Experimental cell 
research, 220, 186–193. 

 

Watson H, Bolton M, Monaghan P (2015) Variation in early-life telomere dynamics in a 
long-lived bird: links to environmental conditions and survival. Journal of 
Experimental Biology, 218, 668–674. 

Wegmann M, Voegeli B, Richner H (2015) Oxidative status and reproductive effort of great 
tits in a handicapping experiment. Behavioral Ecology, 00, 1–8. 

White CR, Cassey P, Schimpf NG et al. (2013) Implantation reduces the negative effects of 
bio-logging devices on birds. The Journal of Experimental Biology, 216, 537–542. 

Williams GC (1957) Pleiotropy, Natural Selection, and the Evolution of Senescence. 
Evolution, 11, 398–411. 

Wise JL, Crout RJ, Mcneil DW et al. (2009) Human telomere length correlates to the size of 
the associated chromosome arm. PLoS ONE, 4. 

Witter MS, Cuthill IC (1993) The ecological costs of avian fat storage. Philosophical 
transactions of the Royal Society of London. Series B, Biological sciences, 340, 73–92. 

Wright WE, Piatyszek MA, Rainey WE, Byrd W, Shay JW (1996) Telomerase activity in 
human germline and embryonic tissues and cells. Developmental Genetics, 18, 173–
179. 

 

Yang D, Xiong Y, Kim H et al. (2011) Human telomeric proteins occupy selective 
interstitial sites. Cell research, 21, 1013–1027. 

 

Zhdanova NS, Minina JM, Karamysheva T V, Rubtsov NB, Londono-Vallejo JA (2010) The 
structure of long telomeres in chromosomes of the Iberian shrew. Russian Journal of 
Genetics, 46, 1084–1086. 

Zijlmans JM, Martens UM, Poon SS et al. (1997) Telomeres in the mouse have large inter-
chromosomal variations in the number of T2AG3 repeats. Proceedings of the National 
Academy of Sciences of the United States of America, 94, 7423–7428. 

  



R

References 
 
 

140 
 

Van Bers NEM, van Oers K, Kerstens HHD et al. (2010) Genome-wide SNP detection in 
the great tit Parus major using high throughput sequencing. Molecular ecology, 19, 
89–99. 

Van Bers NEM, Santure AW, Van Oers K et al. (2012) The design and cross-population 
application of a genome-wide SNP chip for the great tit Parus major. Molecular 
ecology resources, 12, 753–70. 

Van de Pol M, Verhulst S (2006) Age-dependent traits: a new statistical model to separate 
within- and between-individual effects. The American naturalist, 167, 766–773. 

Van Noordwijk AJ, Van Balen JH, Scharloo W (1981) Genetic and environmental variation 
in clutch size of the Great tit Parus major. Netherlands Journal of Zoology, 31, 342–
372. 

Van Noordwijk AJ, De Jong G (1986) Acquisition and allocation of resources: their 
influence on variation in life history tactics. The American Naturalist, 128, 137–142. 

van Oers K, Santure AW, De Cauwer I et al. (2014) Replicated high-density genetic maps 
of two great tit populations reveal fine-scale genomic departures from sex-equal 
recombination rates. Heredity, 112, 307–316. 

Van Overveld T, Adriaensen F, Matthysen E (2011) Postfledging family space use in great 
tits in relation to environmental and parental characteristics. Behavioral Ecology, 22, 
899–907. 

Van Tienderen PH, Van Noordwijk AJ (1988) Dispersal, kinship and inbreeding in an 
island population of the great tit. Journal of Evolutionary Biology, 1, 117–137. 

Vasa-Nicotera M, Brouilette S, Mangino M et al. (2005) Mapping of a major locus that 
determines telomere length in humans. American journal of human genetics, 76, 147–
51. 

Vaupel JW, Manton KG, Stallard E (1979) Impact of heterogeneity in individual frailty on 
the dynamics of mortality. Demography, 16, 439–454. 

Verhulst S (1998) Multiple breeding in the Great Tit, II. The costs of rearing a second 
clutch. Functional Ecology, 12, 132–140. 

Verhulst S, Aviv A, Benetos A, Berenson GS, Kark JD (2013) Do leukocyte telomere length 
dynamics depend on baseline telomere length? An analysis that corrects for 
“regression to the mean.” European Journal of Epidemiology, 28, 859–866. 

Verhulst S, Van Eck HM (1996) Gene flow and immigration rate in an island population of 
great tits. Journal of Evolutionary Biology, 9, 771–782. 

Verhulst S, Geerdink M, Salomons HM, Boonekamp JJ (2014) Social life histories: jackdaw 
dominance increases with age , terminally declines and shortens lifespan. 
Proceedings of the Royal Society B: Biological Sciences, 281. 

Verhulst S, Hogstad O (1996) Social dominance and energy reserves in flocks of willow 
tits. Journal of avian biology, 27, 203–208. 

  

References 
 
 
 

141 
 

Visscher PM, Hill WG, Wray NR (2008) Heritability in the genomics era--concepts and 
misconceptions. Nature reviews. Genetics, 9, 255–66. 

Voillemot M, Hine K, Zahn S et al. (2012) Effects of brood size manipulation and common 
origin on phenotype and telomere length in nestling collared flycatchers. BMC 
ecology, 12, 17. 

Von Zglinicki T (2002) Oxidative stress shortens telomeres. Trends in biochemical 
sciences, 27, 339–344. 

Von Zglinicki T, Saretzki G, Döcke W, Lotze C (1995) Mild hyperoxia shortens telomeres 
and inhibits proliferation of fibroblasts: a model for senescence? Experimental cell 
research, 220, 186–193. 

 

Watson H, Bolton M, Monaghan P (2015) Variation in early-life telomere dynamics in a 
long-lived bird: links to environmental conditions and survival. Journal of 
Experimental Biology, 218, 668–674. 

Wegmann M, Voegeli B, Richner H (2015) Oxidative status and reproductive effort of great 
tits in a handicapping experiment. Behavioral Ecology, 00, 1–8. 

White CR, Cassey P, Schimpf NG et al. (2013) Implantation reduces the negative effects of 
bio-logging devices on birds. The Journal of Experimental Biology, 216, 537–542. 

Williams GC (1957) Pleiotropy, Natural Selection, and the Evolution of Senescence. 
Evolution, 11, 398–411. 

Wise JL, Crout RJ, Mcneil DW et al. (2009) Human telomere length correlates to the size of 
the associated chromosome arm. PLoS ONE, 4. 

Witter MS, Cuthill IC (1993) The ecological costs of avian fat storage. Philosophical 
transactions of the Royal Society of London. Series B, Biological sciences, 340, 73–92. 

Wright WE, Piatyszek MA, Rainey WE, Byrd W, Shay JW (1996) Telomerase activity in 
human germline and embryonic tissues and cells. Developmental Genetics, 18, 173–
179. 

 

Yang D, Xiong Y, Kim H et al. (2011) Human telomeric proteins occupy selective 
interstitial sites. Cell research, 21, 1013–1027. 

 

Zhdanova NS, Minina JM, Karamysheva T V, Rubtsov NB, Londono-Vallejo JA (2010) The 
structure of long telomeres in chromosomes of the Iberian shrew. Russian Journal of 
Genetics, 46, 1084–1086. 

Zijlmans JM, Martens UM, Poon SS et al. (1997) Telomeres in the mouse have large inter-
chromosomal variations in the number of T2AG3 repeats. Proceedings of the National 
Academy of Sciences of the United States of America, 94, 7423–7428. 

  



R 

References 
 
 

142 
 

 
 

 
 
 
 
 
 
 

Samenvatting 
  



References 
 
 

142 
 

 
 

 
 
 
 
 
 
 

Samenvatting 
  



S

Samenvatting 
 
 

144 
 

Nederlandse samenvatting 
 
Veroudering 
Hoewel er veel inzicht is verkregen in het verouderingsproces door onderzoek in het 
laboratorium, is er nog weinig bekend over de start en snelheid van het 
verouderingsproces in vrij levende dieren. Lange tijd dacht men zelfs dat dieren in het 
wild niet zouden overleven tot een bejaarde leeftijd. Tegen de verwachtingen in werd wel 
degelijk veroudering in vrij levende dieren gevonden. Hoe snel dit verouderingsproces 
verloopt, verschilt tussen individuen. Het is aannemelijk dat deze verschillen worden 
veroorzaakt doordat individuen variëren in kwaliteit.  
 Er zijn verscheidene theorieën die voorspellen hoe veroudering tot stand kan 
komen. Voor de disposable soma theorie is bewijs gevonden in een breed scala aan 
diersoorten. Deze theorie gaat uit van een gelimiteerde hoeveelheid voedsel/energie die 
door een organisme besteedt kan worden. Daarom moeten er keuzes gemaakt worden 
waar deze energie in geïnvesteerd wordt. Investering in reproductie zal dan bijvoorbeeld 
ten koste kunnen gaan van het onderhoud van het lichaam, en daarmee veroudering 
versnellen. Het is echter mogelijk dat individuen die van goede kwaliteit zijn in meerdere 
eigenschappen kunnen investeren, zonder dat dit ten koste gaat van een van die 
eigenschappen en eventueel resulteert in veroudering. Op basis van de disposable soma 
theorie kunnen we moleculaire markers die veranderen met leeftijd gebruiken om 
variatie in de start en snelheid van veroudering tussen individuen beter te begrijpen. 
 
Telomeren 
Een relatief nieuwe moleculaire marker om variatie in kwaliteit in kaart te brengen is 
telomeer lengte. Telomeren zijn een stukje DNA aan de uiteinden van chromosomen. Het 
is een universele structuur, een herhaling van de sequentie 5’-TTAGGG-3’, die terug te 
vinden is in alle gewervelde dieren. Telomeren hebben een beschermende functie voor 
het overige DNA.  

Er kunnen drie verschillende Klassen telomeren worden onderscheiden. Ten 
eerste komt de telomeer sequentie voor midden in het genoom, dit zijn Klasse I telomeren 
die waarschijnlijk niet verkorten (lengte van 0.5 – 8 kb). Aan het einde van de 
chromosomen komen de andere twee typen telomeren voor, die onderscheiden worden 
door een verschil in lengte. Klasse II telomeren, 8 – 40 kb, hebben een functie in de 
stabilisatie en bescherming van chromosomen. Dit zijn de telomeren die in vele soorten 
aantoonbaar verkorten met toenemende leeftijd, ook in koolmezen. Daarnaast wordt bij 
mensen deze verkorting versneld door processen die ook de levensverwachting omlaag 
brengen, zoals stress. Ten slotte bevinden zich Klasse III, of ultra-lange telomeren (tot 2.0 
Mb), aan het einde van de chromosomen. Vooral bepaalde vogelsoorten, zo ook 
koolmezen, hebben een groot aantal ultra-lange telomeren. Over de functie van deze 
telomeren is tot dusver enkel gespeculeerd en verkorting is nog nooit aangetoond. Ons 
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onderzoek in koolmezen laat zien dat Klasse III telomeren niet verkorten en dat hun 
aanwezigheid zelfs de verkorting van de Klasse II telomeren maskeert.  
 
Kwantificeren van telomeerlengte 
De telomeerlengte verschilt tussen chromosoomarmen, omdat de verkortingssnelheid 
varieert, maar ook omdat er verschillende Klassen telomeren op de diverse chromosomen 
gevonden worden. Daarom kan er binnen een bloedmonster van een individu een 
verdeling van telomeerlengten worden gevonden. Er zijn verschillende methoden om 
telomeerlengte te kwantificeren. Afhankelijk van de gebruikte techniek varieert het 
resultaat van een gemiddelde telomeerlengte per bloedmonster tot de geschatte 
telomeerlengte per chromosoomarm. Er is in de ecologie weinig beschreven over de 
geschiktheid van de verschillende methoden en uitkomsten voor specifieke vragen en 
diersoorten.  

Voor dit proefschrift ben ik begonnen met het ontwikkelen en optimaliseren van 
de juiste methode om telomeerlengte te meten in koolmezen. Een snelle methode om dit 
te meten is quantitative PCR (qPCR). Het cruciale onderdeel van deze methode is het 
vinden van een relevant stukje DNA wat kan dienen als controle gen. Met dit controle gen 
kan namelijk gecorrigeerd worden voor de hoeveelheid DNA waarmee een analyse reactie 
gestart wordt. Bij nadere inspectie van de telomeer verdeling bleek de qPCR echter een 
ongeschikte methode te zijn voor telomeermetingen in koolmezen, omdat ze veel ultra-
lange telomeren hebben die de gemiddelde telomeerlengte te veel beïnvloeden.  

Daarom zijn we overgegaan naar een andere techniek, die als voordeel heeft dat de 
telomeerverdeling van een bloedmonster gekwantificeerd kan worden: Telomeer 
Restrictie Fragment (TRF) analyse. Met deze techniek worden de telomeren aan het einde 
van chromosoomarmen (Klasse II en III) voorzien van een radioactief label en de 
verschillende telomeerfragmenten op basis van lengte van elkaar gescheiden. Naast de 
gemiddelde telomeerlengte kan door deze scheiding ook een berekening worden gemaakt 
voor de verschillende sets van telomeren in de verdeling. Uit eerdere studies in mensen, 
kauwen en visdiefjes blijkt namelijk dat de langste telomeren uit de verdeling het snelste 
verkorten. Ditzelfde gebeurt ook in de Klasse II telomeren van koolmezen. Aangezien 
Klasse III telomeren niet verkorten, en de dynamiek van Klasse II telomeren met leeftijd 
in koolmezen hetzelfde is als telomeerdynamica in andere soorten, lijken Klasse II 
telomeren het meest geschikt te zijn als biomarker voor veroudering en stress. 
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Variatie in telomeer lengte tussen individuen 
Wanneer de telomeerlengten van verschillende individuen met dezelfde leeftijd 
vergeleken worden, is er vaak veel spreiding in lengte. Dit kan deels verklaard worden 
door variatie in de genetische achtergrond tussen individuen. De erfelijkheid van 
telomeerlengte die gemiddeld in de literatuur gevonden wordt is 0.7. In een populatie 
zebravinken die in volières leeft hebben wij een erg hoge erfelijkheid van 1 gevonden. 
Naast de erfelijke component zijn er in de literatuur ook aanwijzingen dat telomeerlengte 
bepaald wordt door omstandigheden vroeg in het leven en maternale- en/of paternale 
effecten. In onze dataset konden we dit niet aantonen door de gelimiteerde 
steekproefgrootte.  
 
Telomeren en levensgeschiedenis 
Bij de koolmees gebruiken we de Klasse II telomeren als maat voor veroudering. In de 
literatuur wordt duidelijk een positief verband gevonden tussen telomeerlengte en 
overleving. De relatie tussen telomeren en voortplanting is minder eenduidig; er worden 
zowel positieve als negatieve verbanden gevonden. In koolmezen vonden we geen bewijs 
voor een relatie tussen telomeren en overleving. Wat betreft voortplanting vonden we 
wel een verband met telomeren: de koolmezen die het meest succesvol zijn in 
voortplanting, konden hun telomeren beter in stand houden. Dit wijst erop dat 
succesvolle koolmezen van betere kwaliteit zijn. Dit effect is nog niet eerder 
waargenomen en vervolgonderzoek naar de oorzaken kan fundamenteel inzicht in 
veroudering opleveren. 

Ten slotte hebben we een aantal mannetjes harder laten werken door ze 
gedurende een jaar uit te rusten met een rugzakje ter grootte van een zender. Op deze 
manier konden we tegelijkertijd effecten van harder werken voor veroudering en 
eventuele nadelige gevolgen van het gebruik van zenders in kaart brengen. We vonden 
geen lange-termijn effecten van de rugzakken op telomeerverkorting, succes in 
voortplanting of overleving. Er waren echter wel korte-termijn effecten op de mannetjes 
met een zware rugzak: ze waren iets zwaarder geworden, misschien door extra spieren, 
en hadden een kleinere kans om een nestkast te bemachtigen in de winter en hun jongen 
waren een beetje lichter. Dit betekent dat er kleine veranderingen zijn geweest in hun 
gedrag om bijvoorbeeld voedsel te zoeken. Steeds vaker worden vogels uitgerust met 
meetapparatuur zoals zenders, en uit onze resultaten blijkt dat apparatuur ter grootte van 
zenders gebruikt kan worden bij koolmezen zonder nadelige gevolgen op de lange 
termijn. 
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Fryske gearfetting 
 
Ferâlderje 
Hoewol der folle ynsjoch fergearre is yn it proses fan ferâlderje troch ûndersiik yn it 
laboratoarium, is der noch net folle bekend oer it begjin en de gong fan ferâlderjen by yn 
it wyld libbene bisten. Lange tiid tocht men sels dat bisten yn it wyld net in heche leeftiid 
krije kinne. Yn tsjinstelling ta de ferwachtings waard der wol deeglik ferâlderjen yn frij 
libbene bisten fûn. Hoe fluch dit proses fan ferâlderje ferrint, ferskilt tusken yndividuen. 
It is wierskynlik dat dy ferskillen foarkomme omdat yndividuen ôfwikselje yn kwaliteit. 
 Der binne ferskate teoryen dy´t foarsizze hoe’t ferâlderje ûntstien kin. Foar de 
disposable soma theory is bewiis fûn yn in breed oanbod fan bistensoarten. Dizze theory 
giet út fan in beheinde poarsje energy dy’t bestege wurde kin troch in organisme. Dêrom 
moat der kar makke wurde wer’t de energy yn ynvestearre wurd. Ynvestearje yn 
fuortplanting sil dan byfoarbyld ten koste gean kinne fan it ûnderhâld fan it lea, en dermei 
ferâlderje flugger gean. It is lykwols mooglik dat yndividuen dy’t fan goede kwaliteit binne 
yn mear as ien eigenskip ynvestearje kinne, sûnder dat dit ten koste giet fan ien fan dy 
eigenskippen en resultearret yn ferâlderje. Op grûn fan de disposable soma theory kinne 
we molekulêre markers dy’t feroarje mei âldens brûke, om fariaasje yn it begjin en de 
gong fan ferâlderje tusken yndividuen better te begripe. 
  
Telomearen 
In relatyf nije molekulêre marker om fariaasje yn kwaliteit te identifisearje is 
telomearlingte. Telomearen binne in stik fan it DNA oan de einen fan gromosomen. It is in 
universele struktuer, in herhelling fan de sekwinsje 5’-TTAGGG-3’, dy’t te finen is yn alle 
wringebisten. Telomearen hawwe in beskermjende funksje foar de rêst fan it DNA. 
 Der binne trije ferskillende Klassen fan telomearen. Yn it foarste plak wurd de 
telomear folchoarder fûn yn it midden fan in gromosoom, dit binne Klasse I telomearen 
dy’t wierskynlik net ferkoartsje (lingte fan 0.5 – 8 kb). Oan it ein fan de gromosomen 
komme de oare twa types foar, dy’t har ûnderskieden ha troch in ferskil yn lingte. Klasse 
II telomearen, 8 – 40 kb, hawwe in funksje yn de stabilisaasje en beskerming fan 
gromosomen. Dat binne de telomearen dy’t oanwiisber ferkoartsje my tanimmende 
âldens, ek yn de blokmies. Boppedat wurdt by minsken dit ferkoartsje fersneld troch 
prosessen dy’t ek de libbensferwachting del bringe, lykas stress. Ta beslút binne der 
Klasse III, of ultra-lange telomearen (oant 2.0 Mb), oan it ein fan de gromosomen. 
Benammen beskate fûgelsoarten, sa ek de blokmies, hawwe in grut tal fan ultra-lange 
telomearen. Oer de funksje fan dizze telomearen is oant no ta inkeld spekulearre en 
ferkoarting is nea oantoand. Us ûndersyk yn blokmiesen docht bliken dat Klasse III 
telomearen net ferkwoartsje, en dat har oanwêzigens sels de ferkoarting fan de Klasse II 
telomearen maskearje. 
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Kwantifisearje fan telomearlingte  
De telomearlingte ferskilt tusken gromosoom earmen, omdat de ferkoartingsgong 
fariearret, mar ek omdat der ferskillende Klassen telomearen op de ferskate gromosomen 
wurde fûn. Dêrom kin der yn in bloedsteal fan in yndividu in ferdieling fan 
telomearlingten wurde fûn. Der binne ferskate metoaden om telomearlingte te 
kwantifisearjen. Ofhinklik fan de technyk dy’t brûkt wurdt, fariearret it resultaat fan in 
middellingte it bloedsteal oan de skatte telomearlingte per gromosoom. Der is net folle 
beskreaun yn de ekology oer de geskiktheid fan de ferskate methoaden en útkomsten foar 
spesifike fragen en bistensoarten. 

Foar dit proefskrift bin ik begûn mei it ûntwikkeljen en optimalisearjen fan de 
krekte methoade om telomearlingte te mjitten fan blokmiesen. In flugge manier om dit te 
mjitten is quantitative PCR (qPCR). It beskiedende diel fan dizze metoade is it finen fan in 
relevant stik DNA dat tsjinje kin as in kontrôlle gen. Mei dit kontrôlle gen kin nammentlik 
korrizjearre wurde foar de hoemannichte DNA wêr’t in analyze reaksje mei is begûn. By 
nijere ynspeksje fan de telomearferdieling die it bliken dat de qPCR in ûngeskikte 
methoade is foar telomearmjittingen yn blokmiesen, want se hawwe in soad ultra-lange 
telomearen dy't tefolle de middellingte beynfloedzje. 

Dêrom binne wy oergien nei in oare technyk, dy’t as foardiel hat dat de 
telomearferdieling yn in bloedmûnster kwantifisearre wurde kin: Telomear Restriksje 
Fragmint (TRF) analyze. Mei dizze technyk wurde de telomearen oan it ein fan de 
gromosoom earmen (Klasse II en III) foarsjoen fan in radio-aktyf label en de ferskate 
telomearfragminten op grûn fan lingte fan elkoar skieden. Neist de middellingte kin troch 
dizze skieding ek in berekkening makke wurde foar de ferskillende sets fan telomearen 
yn de ferdieling.  

Foarige ûndersiken by minsken, kaen en wytstirnsen wizen út dat de langste 
telomearen út de ferdieling it fluchste koarter wurde. Itselde bart yn de Klasse II 
telomearen fan blokmiesen. Om’t Klasse III telomearen net koarter wurde, en de dynamyk 
fan Klasse II telomearen mei âldens yn blokmiesen itselde is as telomeardynamika yn oare 
soarten, lykje Klasse II telomearen it meast geskikt te wêzen as biomarker foar ferâlderje 
en stress. 

 
Fariaasje yn telomearlingte tusken yndividuen 
Wannear't de telomearlingte fan ferskillende yndividuen fan deselde âldens ferlike wurd, 
is der faak in soad fariaasje yn lingte. Dat kin foar in diel ferklearre wurde troch fariaasjes 
yn de genetyske eftergrûn tusken yndividuen. De erflikens fan telomearlingte dy’t yn 
trochsnee fûn wurdt yn de literatuer is 0.7. Yn in populaasje sebrafinken dy’t libje yn 
finzenskip hawwe wy in tige hege heritability fan 1 fûn. Neist de erflike komponint is der 
yn de literatuer ek bewiis beskikber dat telomearlingte wurdt bepaald troch 
omstannichheden betiid yn it libben en effekten fan de memme- en/of heitekant. Yn uze 
dataset koene wy dit net bewize troch de beheinde stekproefgrutte. 
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Telomearen en libbensskiednis 
By de blokmies brûke wy de Klasse II telomearen as mjitte fan ferâlderjen. Yn de literatuer 
wurdt dúdlik in posityf ferbân fûn tusken telomearlingte en oerlibjen. De relaasje tusken 
telomearen en fuortplanting is minder dúdlik; der binne sawol positive as negative 
ferbânnen fûn. Yn blokmiesen fûnen wy gjin bewiis foar in relaasje tusken telomearen en 
oerlibjen. Oangeande fuortplanting hawwe wy wol in ferbân mei telomearen fûn: de 
blokmiesen dy't it meast súksesfol binne yn fuortplanting, koene har telomearen better 
yn stân hâlde. Dat wiist derop dat súksesfolle blokmiesen fan bettere kwaliteit binne. Dit 
effekt is nea earder waarnommen en fierder ûndersyk nei de oarsaken kin fûneminteel 
ynsjoch yn ferâlderje opleverje. 

Ta beslút hawwe wy in oantal mantsjes hurder wurkje litten troch har foar ien jier 
út te rissen mei in rêchsek de grutte fan in stjoerder. Op dizze wize koene wy tagelyk de 
effekten fan hurder wurkjen foar ferâlderjen en alle neidielige gefolgen fan it brûken fan 
stjoerders yn kaart bringe. Wy hawwe gjin lange-termyn effekten fan rêchsekjes fûn op 
telomearferkoarting, reproduktyf súkses of oerlibjen. Lykwols, der wienen koarte-termyn 
effekten by de mantsjes mei in swiere rêchsek: se wiene wat swierder wurden, miskien 
troch ekstra spieren. Boppedat hiene se minder kâns om in nêstkast te bemachtigje yn de 
winter en har jongen wiene in bytsje lichter. Dit betsjut dat der lytse feroarings west 
hawwe yn har gedrach om bygelyks iten te finen. Hieltyd mear wurde fûgels foarsjoen fan 
mjitapparatuur lykas stjoerders.Een ús resultaten litte sjen dat apparatuer mei de grutte 
fan stjoerders brûkt wurde kin by blokmiesen sûnder neidieliche gefolgen op de lange 
termyn.  
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En dan is het na vijf jaren hard werken ineens allemaal af. Er ligt een boekje, ongelooflijk! 
Dit project was ontzettend divers en ik heb erg veel geleerd. Zowel als persoons als 
wetenschapper ben ik enorm gegroeid. Zonder de steun en hulp van vele mensen om mij 
heen had dit proefschrift hier niet gelegen. Om te beginnen een algemeen dankjewel voor 
iedereen die mij op wat voor manier dan ook geholpen heeft! Een aantal mensen wil ik 
graag in het bijzonder bedanken. 
  
 Allereerst natuurlijk mijn begeleiders. Simon, ik heb jou leren kennen tijdens mijn 
studie en werd meteen gegrepen door het type onderzoek dat je doet. Na een interessant 
masters onderzoek was het een makkelijke keuze om mijn PhD ook bij jou te doen. De 
vraag was nog even wat mijn studiesoort zou worden, maar nadat de zebra vinken en 
kauwen afgevallen waren bleek het heel logisch: koolmezen op Vlieland, dezelfde 
populatie als waar jij ook je PhD hebt gedaan (helaas is het je niet gelukt om langs te 
komen tijdens het veldseizoen i.v.m. kauwen veldwerk). Je directe en pragmatische 
aanpak is soms confronterend, maar vooral ook stimulerend en erg waardevol. Ik betrap 
mezelf er regelmatig op dat ik ook in termen van efficiëntie ben gaan denken. Behalve 
voor werk gerelateerde problemen stond je deur ook altijd open om persoonlijke zaken 
te kunnen bespreken. Bedankt dat ik de afgelopen jaren deel uit mocht maken van je 
groep.  
 Arie, ik heb jou voor het eerst op Vlieland ontmoet tijdens mijn eerste, 
oriënterende veldseizoen. Je kennis over koolmezen is onuitputtelijk. En ook van andere 
zaken lijk je alles te weten; het maakt niet uit waar een gesprek over gaat, je weet altijd 
veel te vertellen. Jij hebt mij de praktische kant omtrent het koolmees onderzoek 
bijgebracht. Ik heb met heel veel plezier met de unieke koolmezenpopulatie op Vlieland 
gewerkt. Terug op de afdeling heb je me gestimuleerd niet direct in het diepe te springen 
met bijvoorbeeld analyses, maar te beginnen bij de basis. Je nuchtere aanpak heeft mijn 
werk genuanceerd en meer to the point gemaakt. 
 
 Jan en Elsje, zonder jullie had ik nooit al mijn data kunnen verzamelen. Dankzij 
jullie voelde naar Vlieland gaan altijd een beetje als thuiskomen. Ik heb ontzettend 
genoten van ons samenwerken, meekijken bij de bijen, de gezellige avonden, pizza eten 
op de bridge avond, logeer partijen, de winderige wandeling met de boswachter en 
etentjes in het dorp. Jullie gastvrijheid, kijk op de natuur en duurzame levensstijl is erg 
inspirerend. En hoe mooi passend is het dat Elsje mijn omslag heeft ontworpen. Ik ben er 
erg blij mee! 
 
 Ik ben blij met de steun van mijn paranimfen tijdens het laatste, maar heel 
belangrijke, stukje van mijn PhD. Marieke, met mijn beste vriendinnetje aan mijn zijde 
komt alles goed. Jij hebt aan een half woord van mij genoeg, en met jou kan ik alles 
bespreken. Mijn verhuizing naar Wageningen was even schrikken, en ik ben blij dat we 
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nog steeds regelmatig contact hebben. Wijnavonden, saunadagen en ik-ben-even-niet-zo-
gezellig momenten zullen altijd blijven! Ik vind het leuk dat je als niet-bioloog ook vol 
enthousiasme hebt meegeholpen tijdens veldwerk en ik fijn met je kon discussiëren over 
mijn resultaten of brainstormen over rugzakjes designs. 
 Ellis, vanaf de start van mijn PhD hebben wij nauw samengewerkt in het lab. 
Tijdens het labwerk kletst het gemakkelijk en jij bent snel meer geworden dan een collega. 
Regelmatig ben ik je kantoor in gestormd om de meest uiteenlopende zaken met je te 
delen. Ook bedankt voor het opvangen en invriezen van al die koolmees monsters en je 
hulp met het labwerk. Jouw kunde is zeer waardevol geweest voor het verloop van mijn 
project. Ook jij bent langs geweest op Vlieland om te helpen met veldwerk. Dit was best 
spannend met slecht zicht over smalle paadjes langs vijvers fietsen tijdens de 
avondcontrole. 
 
 Omdat jullie hetzelfde kantoor als Ellis deelden, moesten ook Roelie en Bonnie 
vaak mijn verhalen aanhoren. Bedankt voor jullie luisterende oor! Ik heb genoten van de 
theepauzes, etentjes en uitjes. Roelie, ook bedankt voor je hulp met de rugzakjes in elkaar 
knutselen. 
 
 Many people helped during the fieldwork periods, and the work could not have 
been done without you! Students and other volunteers that came over to help, bringing 
also “gezelligheid” to the island. I like to thank Aaron, Marjolaine, Chris and Jie, who did a 
project with me and helped with the data collection. Aaron, ontzettend leuk dat je nog een 
aantal keren daarna langs bent gekomen om te helpen, en dat je nu zelf een tof PhD project 
op een eiland hebt! 
 
 Kees, Christa and Hannah, it was a pleasure to work together with you and your 
expertise was very valuable and resulted in nice papers. 
 
 I am grateful that I was surrounded with enthusiastic and inspiring colleagues the 
past years. Being part of the animals at work group was a great pleasure! I enjoyed the 
many scientific- and non-work discussions and social outings a lot. I like to thank 
especially my “writers’ office” mates, Jelle, Michael and Christina, for your feedback while 
finishing my thesis. I had much fun sharing an office with you, interchanging work with 
laughter.   

Thank you to the former Behavioural Biology group and the new BPE group of the 
RuG for all your feedback during discussion or presentations. 

Thanks to everybody from the Animal Ecology group of the NIOO. You gave me 
another perspective on my topic. I like to thank Lucia and Maaike for being my partners 
in crime during the last phase of my PhD. I enjoyed your company, having dinner at Droef 
or staying over at Maaike’s place. Thanks to you moving to Wageningen was a lot easier. 
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 Vicki, we met each other while I was finishing my PhD, and you were just finished. 
It was great to have your support in this final stage. And a great pleasure to have your help 
during my “bonus” field season. Also thank you for improving my English. Now we are 
partners in crime during our next career steps, and I am happy I can share this with you.  
 
 Het belangrijkste was misschien wel de onvoorwaardelijke steun van mijn familie. 
Lieve heit en mem, jullie hebben mij altijd de vrijheid gegeven om mijn hart te volgen. 
Hoewel jullie twijfels hebben gehad bij sommige van mijn keuzes, hebben jullie mij nooit 
laten vallen. En wat heb ik genoten van jullie bezoek op Vlieland, zodat ik jullie kon laten 
zien waar ik zo gelukkig van word. Heit, bedankt foar it neisjen fan de gearfetting. En jim 
beiden tige tank foar jim leafde en de frijheid dy’t jim my hawwen jûn.  
 Hilke en Gerdi, bij jullie is niets te gek. Ik ben blij dat ik altijd op jullie kan rekenen. 
Hilke, met jou op pad gaan betekend altijd gekkigheid, en dit was erg fijn als afleiding. Het 
is leuk om te zien dat Benthe ook interesse heeft in de natuur. En wie weet slaat Youri zijn 
obsessie voor auto’s ook nog wel eens om…  
 
 Tot slot de belangrijkste persoon in mijn leven, lieve Walter. We hadden Marokko 
nodig om elkaar te ontmoeten, hoewel Wageningen ook had kunnen volstaan. En nu 
hebben we een heerlijk leven samen in dit groene stadje. Bedankt voor je steun door dik 
en dun, zowel praktisch als moreel! 
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