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Evidence accumulates that telomere shortening reflects lifestyle and predicts remaining lifespan, but little is
known of telomere dynamics and their relation to survival under natural conditions. We present longitudinal
telomere data in free-living jackdaws (Corvus monedula) and test hypotheses on telomere shortening and
survival. Telomeres in erythrocytes were measured using pulsed-field gel electrophoresis. Telomere
shortening rates within individuals were twice as high as the population level slope, demonstrating that
individuals with short telomeres are less likely to survive. Further analysis showed that shortening rate
in particular predicted survival, because telomere shortening was much accelerated during a bird’s last
year in the colony. Telomere shortening was also faster early in life, even after growth was completed.
It was previously shown that the lengths of the shortest telomeres best predict cellular senescence,
suggesting that shorter telomeres should be better protected. We test the latter hypothesis and show
that, within individuals, long telomeres shorten faster than short telomeres in adults and nestlings, a
result not previously shown in vivo. Moreover, survival selection in adults was most conspicuous on
relatively long telomeres. In conclusion, our longitudinal data indicate that the shortening rate of long
telomeres may be a measure of ‘life stress’ and hence holds promise as a biomarker of remaining lifespan.
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1. INTRODUCTION

Telomeres are regions of non-coding but highly struc-
tured DNA at the end of linear eukaryotic chromosomes,
consisting of tandem repeated highly conserved DNA
sequence (5'-TTAGGG-3'),. Telomeres play an import-
ant role in the protection of chromosome integrity
(Blackburn 1991), and there are indications that telomere
length predicts remaining lifespan in humans (Cawthon
et al. 2003; Bakaysa er al. 2007; Kimura et al. 2008; but
see Aviv 2008), tree swallows Tachycineta bicolor (Hauss-
mann et al. 2005), alpine swifts Apus melba (Bize et al.
2009) and nematodes (Joeng er al. 2004). Moreover,
when comparing species, telomere shortening rate is cor-
related with maximum lifespan, in that short-lived species
lose their telomeres at a higher rate (Haussmann et al.
2003), although between species the average telomere
length is not correlated with (maximum) lifespan
(Haussmann ez al. 2003; Seluanov ez al. 2007). Telomere
shortening rate is accelerated by oxidative stress
(von Zglinicki 2002; Tchirkov & Lansdorp 2003). Since
oxidative stress is often considered a major agent of senes-
cence (Beckman & Ames 1998), this would provide a
mechanistic link explaining associations between telo-
meres and lifespan, in that shorter telomeres may indicate
that the organism experienced higher levels of oxidative
stress (Jennings er al. 2000; Monaghan & Haussmann
2006). Thus, telomere length, and perhaps telomere
shortening rate in particular, can potentially be used as
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a proxy for the ‘life stress’ experienced by individual
organisms (Epel er al. 2004, 2006; Kotrschal er al.
2007) and hence as a marker of an individual’s ‘biological
age’. However, more information is required to assess
whether telomere length and telomere shortening can
be interpreted as proxies for ‘physiological age’.
Information from natural populations in particular can
contribute to such an assessment, since the fitness conse-
quences of a trait can only be estimated under natural
circumstances where animals face the adversities that
have shaped their evolution.

Studies on telomere length in relation to age are mostly
cross-sectional, where different age classes are rep-
resented by different individuals. When individuals with
short telomeres are likely to die sooner, individuals with
longer telomeres early in life and/or lower telomere short-
ening rate will be over-represented in older age classes
(Haussmann & Mauck 2008a). Relationships between
telomere length and ageing obtained using cross-sectional
data are therefore likely to be confounded by selective
disappearance. More specifically, this would result in
estimates of telomere shortening that are lower than the
actual within-individual shortening rate. We test this
hypothesis using 3 years of telomere data from a colony
of free-living jackdaws, and thus test whether short
telomeres are associated with higher mortality rate. In
addition, we test whether telomere shortening rate is
dependent on age and predicts remaining lifespan.

The length of the shortest telomeres in a cell deter-
mines when cellular senescence commences (Hemann
et al. 2001; di Fagagna er al. 2003; Capper et al. 2007).
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On functional grounds, one can therefore expect that
defensive mechanisms against DNA damage have evolved
to act more strongly on chromosomes with short
telomeres (Karlseder et al. 2002), resulting in an
accumulation of shorter telomeres (Martens er al.
2000). We quantified telomeres in erythrocytes using
pulsed-field gel electrophoresis, which yields genome-
wide distributions of telomere lengths for each sample
(Baird 2006) and hence gives the opportunity to quantify
telomere shortening separately for subsets of these size
distributions (Haussmann & Mauck 20085). We use this
information to test the hypothesis that telomere shorten-
ing rate is lower for short telomeres within individuals.

2. METHODS

(a) Study population

We studied a colony of free-living jackdaws in Haren (The
Netherlands), a semi-urban environment (see Salomons
et al. 2008 for details). Birds were individually marked
with colour rings and a metal numbered ring. Estimates of
adult age are exact for individual birds first ringed as
fledglings or yearlings, the latter distinguishable from older
adults through brown plumage colouration. Birds of
unknown age were assigned a minimum age of 2 years.
This is likely to be a good estimate of their real age, since
telomere shortening patterns were not different between
individuals for whom the exact age was known or not. More-
over, our primary interest is within-individual telomere
shortening rate, for which it is sufficient to know the exact
age difference between sampling points. We have studied
jackdaws in this colony since 1996, and (minimum) ages of
adult birds in this study were 1-12 years.

In the years 2004—-2006, adult birds were caught in their
nest box using remote-controlled trap doors. All breeding
birds were caught twice during the nestling rearing period
(when the chicks were 5 and 20 days old, respectively), and
most birds were also caught in March, before the breeding
season. Jackdaws are highly sedentary by nature and breeding
birds generally return to the colony when still alive. Hence
the dataset comprised individuals sampled over 1-3 sub-
sequent years. Immediately after capture, a small blood
sample (approx. 60 wl) was taken using puncture of the bra-
chial vein. This sample was stored in 2 per cent EDTA buffer
at a temperature of 4—7°C, before it was snap-frozen within
two weeks in a 40 per cent glycerol solution for permanent
storage at —80°C. In total, 48 adults were sampled up to
six times, and in total we measured telomere length of 131
samples on 15 gels. In 3 years (2005-2007), we also col-
lected blood samples of 74 individual nestlings (from 29
nests) at both 5 and 30 days after hatching. Telomere
length of these samples was assessed using nine gels. Since
we were mainly interested in within-individual shortening
rates, the different samples of each nestling would always
be on the same gel. All animals were handled in strict accord-
ance with good animal practice, and all animal work was
conducted under license from the Animal Experiments
Committee of the University of Groningen (#D4071).

(b) Telomere length analysis

We used erythrocytes as the source of DNA, which was
extracted from the nuclei of 5 pl isolated erythrocyte cells
using the CHEF Genomic DNA Plug kit (Bio-Rad,
Hercules, CA, USA). Cells in the agarose plug were digested
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Figure 1. Picture of representative pulsed-field gel showing
the molecular size ladder and the first seven lanes with
smears representing telomeres of individual samples.

overnight with Proteinase K at 50°C. The genomic DNA
within half of this plug was digested simultaneously with
HindIIT (60 U), Hinfl (30 U) and Mspl (60 U) for ~18h
in NEB2 buffer (New England Biolabs, Inc, Beverly, MA,
USA). Approximately 5 wg of digested DNA from each
sample was separated by pulsed-field gel electrophoresis
through a 0.8 per cent pulsed-field certified agarose gel
(Bio-Rad) at 14°C for 24h (3 V/cm, initial switch time
0.5 s, final switch time 7.0s). Gels were dried using a gel
dryer (Bio-Rad, model 538) without heating and hybridized
overnight with a 2?P-endlabelled oligo (5'-CCCTAA-3'),
that binds to the 3’ overhang of telomeres, thereby avoiding
the problem of interstitial telomeres that are prevalent in
birds (Class I telomeres; see Delany ez al. 2000 for a descrip-
tion of different telomere classes). The radioactive signal of
the marker was detected by a phosphor screen (MS, Perki-
nElmer) and analysed using a phosphor imager (Cyclone™
Storage Phosphor System, PerkinElmer). For size cali-
bration, we used a >2P-labelled size ladder (NEB DNA
ladder 1 kb; figure 1).

Telomere length varies between chromosomes (Lansdorp
et al. 1996; Martens et al. 1998; Baird ez al. 2003) and, owing
to stochastic events, also between the haematopoietic stem
cells that generate the erythrocytes. Hence, the data obtained
for each sample are a telomere length distribution (a smear;
see figure 1) rather than one value (a sharp band). We



Telomere shortening and survival H. M. Salomons er al.

3159

determined the size distribution of telomeres through densi-
tometry (Haussmann & Mauck 2008b) using the open-
source software IMAGE] v. 1.38x. We subtracted lane-specific
background values based on the lowest signal on the part of
the distribution representing the short telomeres, and this
point was also taken as the lower boundary of the measure-
ment window over which telomere length was calculated.
Determining the upper boundary is more difficult because
on the upper side of the distribution the background noise
was usually higher and more variable than at the lower end
of the distribution. To determine the upper boundary, we
used the following formula to first determine threshold back-
ground intensity (Y) at the upper side of the distribution

Y=0.1x (Ip - Imin) + Inmin

where, for each specific lane, I, is the peak intensity and
I, the minimum intensity at the side of the distribution
representing long telomeres. The upper boundary of the
measurement window was taken to be the molecular size at
which the signal was first below Y.

Telomere distributions are usually characterized using the
average telomere length only, but, as explained above, telo-
mere shortening rate may not be the same for chromosomes
with short and long telomeres. We therefore characterized
telomere distributions not only by the mean, but also by
the mode (running average of three neighbouring pixels)
and further quantified every 10th percentile for each
sample, and examined telomere shortening separately for
each estimate.

Repeatability of telomere length of subsequent samples of
the same individual measured within gels was high (for
average telomere length: r= 0.90, s.e. = 0.06, F; 35 = 27.6,
p < 0.001), while the between-gels coefficient of variation
of a standard sample run on all gels was 7.5 per cent.

(¢) Statistics

We analysed our data using mixed models, including gel,
individual and sample (nested within individual) as random
effects. Statistical significance of variables, using the REML
estimates, was assessed from the z-ratio. Models were also
compared using the Akaike Information Criterion (AIC;
Akaike 1981).

Telomere shortening estimates from cross-sectional analyses
are a weighted mean of within-individual and between-
individuals effects when individuals are sampled repeatedly.
We were mainly interested in the telomere shortening rate
within individuals. Therefore, the age variable in the model
was replaced by two variables, average age (calculated over
all samples of an individual) and delta age (the deviation
from individual average age for each sample), such that, for
each sample, age = average age + delta age. Replacing age
with these two terms in the model yields separate estimates
for the between-individual effect (average age) and
within-individual effect (delta age). Moreover, when the
within-individual slope is significantly steeper than the
between-individuals slope, this is evidence that individuals
with short telomeres disappear from the sample population
at a higher rate (Snijders & Bosker 1999). Telomere shortening
in relation to survival was further analysed using a variable
called ‘returned’, which was coded as follows: all samples
collected in a year were coded 1 when that individual returned
to breed the next year and coded 0 when that individual did not
return the next year. This approach was used instead of
capture—recapture methods, as the essence of our analyses is
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Figure 2. Cross-sectional estimates of (a) age-related telo-
mere shortening rate follow a log-linear function with a
decrease in shortening rate with age. Longitudinal analysis
of the same data results in estimates of (b) 309 bp per
In(year) between individuals and (¢) 664 bp per In(year)
within individuals. The slope within individuals was signifi-
cantly steeper than the slope between individuals—for
comparison, the between-individuals slope was added to
the within-individual graph (dashed line).

that we test for an association between survival and a trait
(telomere length) that changes over time within
individuals. This feature is unavailable in a capture—recapture
approach.

3. RESULTS AND DISCUSSION

Average telomere length declined with age, but at a decel-
erating rate (figure 2a). To linearize the model, we used
the natural logarithm of age, which yielded the highest
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Table 1. (a) Cross-sectional and (b, ¢) longitudinal analyses of age-dependent telomere

shortening (sample sizes are 116

samples from 46 individuals for (@) and (b) and 44 samples from 22 individuals for (c)).

average telomere length estimate (standard error) d.f. t-ratio p-value
(a) cross-sectional
constant 5520.8 (91.9) 46.2 60.1 <0.001
In(age) —336.3 (46.1) 91.7 -7.3 <0.001
rejected terms
sex (female) —65.5 (73.5) 39.5 -0.9 0.4
sex * In(age) 3.1 (79.1) 48.8 0.04 0.97
(b) longitudinal
constant 5484.8 (94.4) 44.2 58.1 <0.001
average (In(age)) [between] —309.4 (47.0) 81.7 —6.6 <0.001
delta In(age) [within] —664.0 (162.2) 81.5 —4.1 <0.001
rejected terms
sex (female) —65.3 (72.3) 39.4 -0.9 0.4
sex x delta In(age) 12.6 (314.0) 78.2 0.04 0.97
average (In(age)) * delta In(age) 55.9 (267.3) 120.8 0.2 0.8
(¢) longitudinal (using only birds of known age)
constant 5625.4 (109.3) 19.6 51.5 <0.001
average (In(age)) [between] —367.2 (58.5) 21.5 -6.3 <0.001
delta In(age) [within] —554.2 (299.1) 56.1 -1.9 0.07

fit (AIC =2708.2) when compared with untrans-
formed age (AIC =2723.1) and root-transformed age
(AIC = 2713.5). Sample sizes for adult data were 131
samples from a total of 48 individuals (see §2 for details).
In a cross-sectional analysis, telomere length shortened at
a rate of 336 bp/In(year) (table 1, cross-sectional analy-
sis). On a linear scale, this corresponds to approximately
233, approximately 61 and approximately 33 bp/year for
individuals of ages 1, 5 and 10 years old, respectively.
Telomere length and telomere shortening rate did not
differ between the sexes, which contrasts with the results
obtained in humans (Benetos er al. 2001; Terry et al.
2008). Nonlinear telomere shortening with higher rates
at young ages was previously reported for birds by Pauliny
et al. (2006), but unfortunately they analysed their gels
with TELOMETRIC (Grant ez al. 2001), a computer pro-
gram which is now known to use an incorrect algorithm
that yields strongly biased results (our observations, and
see Haussmann & Mauck 2008b). Faster telomere short-
ening early in life is nevertheless a pattern that is generally
observed in birds (Hall ez al. 2004), humans (Frenck
1998; Rufer er al. 1999; Zeichner ez al. 1999; Sidorov
et al. 2004; Aubert & Lansdorp 2008) and other mam-
mals (Brummendorf ez al. 2002; Baerlocher ez al. 2007).
In species such as humans, this could be related to
higher cell division rate during the prolonged growth
period. However, jackdaws are fully grown at the age of
approximately one month, ruling out this hypothesis.
Thus, perhaps also in humans, the higher telomere short-
ening rate early in life is not only because of growth per se
but also because of another aspect of being at a younger
age such as higher energy turnover (Roberts & Rosenberg
2006; Moe et al. 2009) or increased turnover of haemato-
poietic stem cells as found in baboons and cats
(Brummendorf ez al. 2002; Baerlocher ez al. 2007). Alter-
natively, high telomere shortening rate may be a property
of long telomere length as the higher amount of guanine
makes them particularly vulnerable to oxidative damage
(Henle et al. 1999; Oikawa er al. 2001), which could
generate the same pattern.
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We partitioned the age variable (in this case the natural
log of age) into two terms: average age, to estimate the
between-individuals effect (figure 2b); and delta age, to
estimate the within-individual effect (figure 2¢; see §2
for details). Telomere shortening rate within individuals
was significantly higher at 664 bp/In(year) than the
decline between (young and old) individuals (1,930 = 2.1,
p=0.04), which was 309 bp/In(year). These results
did not differ between subsets of data from individuals
for which the exact age was known (nz = 22) nor for
which only an estimate of minimum was available (n =
26; tests of interaction between factor exact/minimum
and age differences between (#;33,= —0.88, p=0.4)
and within individuals (21,740 = 0.12, p = 0.9); see also
table 1, longitudinal analysis, for tests of the age effect
restricted to individuals for whom the exact age was
known). The significant difference in slopes between
and within individuals is evidence for selective disappear-
ance of individuals with shorter telomere length (van de
Pol & Verhulst 2006). The finding that individuals with
long telomeres are more likely to return the next year is
in agreement with several studies of humans (Cawthon
et al. 2003; Bakaysa er al. 2007; Kimura ez al. 2008) and
two other studies of free-living animals in which this
was investigated (Haussmann er al. 2005; Bize er al.
2009). Note, however, that there are also several studies
that do not find such a pattern (Martin-Ruiz ez al.
2005; Bischoff ez al. 2006; Harris er al. 2006), and this
issue therefore clearly deserves more study. Note further
that in our study telomeres appear to maintain almost
constant length later in life when viewed cross-sectionally
(figure 2a), but this is apparently caused by selective dis-
appearance of individuals with short telomeres since in
the longitudinal analysis there is no evidence that the
rate of within-individual telomere shortening depends
on (In-)age (table 1, longitudinal analysis).

Oxidative stress accelerates telomere shortening, at
least i vitro (von Zglinicki et al. 2000; Aviv 2002; von
Zglinicki 2002), and evidence accumulates that this also
happens m vivo (Cattan er al. 2008; Ilmonen et al.
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2008). Since oxidative stress is considered a potentially
important agent of senescence, it has been hypothesized
that this process may cause the association between telo-
mere length and survival (Haussmann et al. 2005; Vleck
et al. 2007). Under this hypothesis, telomere shortening
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should perhaps be a better predictor of survival than
absolute telomere length. We therefore tested the inter-
action between delta age and a new variable (‘returned’)
that indicated whether or not a bird returned to breed
the next year. The rate of telomere shortening between
years was five times steeper for the individuals that did
not return the next year (figure 3; interaction delta age
*returned: 1;g33= —2.5, p=0.01; added with main
effect to the model in table 1, longitudinal analysis).
Thus, telomere shortening is accelerated in the last year
before an individual disappears from the colony and pre-
sumably dies, suggesting a rapid disintegration of body
integrity near the end of life. It is worth noting that this
effect is in agreement with data from alpine swifts (Bize
et al. 2009) and cross-sectional observations in humans
that telomere loss accelerates at high age (Lansdorp
2004), although a direct association between life expect-
ancy and telomere shortening rate has, to our knowledge,
not yet been demonstrated in humans.

It is the length of shortest telomeres that triggers cellu-
lar senescence (Hemann ez al. 2001; Capper et al. 2007)
and one could hypothesize therefore that short telomeres
could be better protected and hence shorten at a lower
rate. We therefore repeated the analyses in table 1 (longi-
tudinal) for the other characterizations of the telomere
distribution we derived, i.e. the different percentiles of
the telomere distribution that each measurement yields.
Telomere shortening rate increased with percentile, with
the longest telomeres shortening at twice the rate of the
shortest telomeres (figure 4; table 2). This is not a
regression to the mean effect, since subsequent samples
and percentile estimates are statistically independent.
Furthermore, the difference between the within- and
between-individuals estimates of telomere shortening
increased with percentile. Significance level of selective
disappearance also increased with percentile, being sig-
nificant from the 65th percentile onwards and reaching
p < 0.01 at the 90th percentile. This indicates that selec-
tive disappearance of individuals with short telomeres is
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Figure 4. (a) The slope (+s.e.) of the relation with age
for different estimates of telomere length in adults. The
difference between within-individual (black circles) and
between-individual (white circles) estimates of telomere
shortening in adults shows an accelerated increase. (b) Telo-
mere shortening in the 25 days prior to fledging was much
higher compared with adults for all measures used.

most conspicuous on longer telomeres. To our knowl-
edge, there is only one other comparable test: in a
human twin study (Kimura ez al. 2008), mean telomere
length below the 25th and 50th percentiles did not predict
mortality better than mean telomere length, but higher
percentiles (where we find a clear effect) were not
compared.

Average telomere length in nestlings decreased by
261 bp between ages 5 and 30 days (n=74; paired
t-test: = —11.5, d.f. =73, p<0.001), and telomere
loss was independent of telomere length at day 5. The
latter conclusion follows from the finding that the slope
of the correlation between telomere lengths at days 5 and
30 was not significantly different from unity (figure 5;
b=1.08, s.e. = 0.05). Telomere length increased in a few
nestlings. However, as the activity of telomerase, an
enzyme capable of elongating telomeres (Greider & Black-
burn 1985), is downregulated in most post-natal somatic
tissue (Forsyth er al. 2002; Haussmann er al. 2007), we
attribute this to measurement error. Telomere shortening
rate in nestlings over the 25-day measurement period
(age 5—-30 days) was approximately 16 times higher than
shortening rates in 1-year-old individuals, and approxi-
mately 62 and approximately 115 times higher than in
adults at the ages of 5 and 10 years, respectively.

Similar to adults, telomere shortening rate within
individual nestlings was higher for longer telomeres
(figure 4b). Thus, in nestlings, there is an interesting con-
trast: when comparing between individuals, the telomere
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Table 2. Comparison between estimates of age-related telomere shortening derived from cross-sectional and longitudinal
analysis, for different parameters characterizing the telomere size distribution (sample size is 116 samples from 46

individuals).

estimate of telomere In(age) (standard

within individuals: delta (In(age))

between individuals: average (In(age))

length error) (standard error) (standard error)
average —336.3 (46.1) —664.0 (162.2) —309.4 (47.0)
mode —357.6 (68.5) —942.4 (304.1) —328.2 (69.6)
10th percentile —301.2 (50.6) —486.5 (220.4) —290.1 (51.8)
30th percentile —309.7 (45.0) —588.9 (178.4) —290.6 (45.7)
50th percentile —332.8 (43.9) —591.5 (145.2) —308.5 (45.1)
70th percentile —369.3 (49.8) —671.6 (155.6) —337.4 (51.4)
90th percentile —382.2 (66.9) —1031.2 (254.1) —340.5 (67.7)

shortening rate was independent of telomere length
(figure 5), while within individuals the longer telomeres
shortened at a higher rate (figure 4). For the adults, the
different estimates are more in agreement, since telomere
length declined faster early in life (when telomeres are
longer) compared with late in life (figure 2a). One poss-
ible explanation for the difference between nestlings and
adults could be that in adults the haematopoietic stem
cells disappear from the bone marrow when their telo-
meres become too short, whereas this process is unlikely
to occur in nestlings owing to the young age (up to 30
days post-hatching) of the majority of stem cells.

4. CONCLUSIONS

Cross-sectional analyses yield biased estimates of within-
individual effects when the focal trait, in this case
telomere shortening, is subject to selective disappearance.
However, the effects of within and between individuals
can be disentangled using longitudinal data (Snijders &
Bosker 1999). This is useful because the biological
interpretation of these two effects is different. The
within-individual estimate is relevant when one is inter-
ested in estimating the telomere loss of individuals,
which is clearly the most biologically interesting estimate.
The interest in the between-individuals estimate lies
primarily in the comparison with the within-individual
estimate, as this allows a test of an association between
telomere length and selective disappearance from the
sample population. Using this approach, we showed that
individuals with short telomeres are more likely to disap-
pear from the population and, more specifically, that
telomere shortening rate is substantially higher during
the last year preceding disappearance from the colony.
When telomere shortening rate reflects oxidative stress,
this suggests that oxidative stress is higher in the last
year of life, because of a higher rate of free radical pro-
duction, lower antioxidant capacity or a combination of
the two. Telomerase activity could also play a role,
although, as mentioned above, earlier studies have
shown telomerase activity to decline strongly with age
very early in life, and to be negligible in adult birds that
are not very old. Studies are currently under way to inves-
tigate these hypotheses.

We do not take our findings as evidence that there is a
direct (causal) effect of telomere length on survival,
because it seems at least as likely that its predictive
value derives from the link between telomere shortening
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and oxidative stress or other (DNA) damage-generating
mechanisms. This does not, however, detract much of
its value, since also in this case telomere length can be
used as a biomarker of ageing (von Zglinicki & Martin-
Ruiz 2005) and there are few, if any, alternative options
available if one aims to predict survival probabilities of
individuals. Telomere shortening serves that purpose
regardless of the underlying mechanism.

Within individuals, longer telomeres shortened at a
higher rate in both adults and nestlings (figure 4),
and, to the best of our knowledge, this is the first
demonstration of within-individual size-dependent
telomere shortening in vivo. The general finding that
telomere shortening rate is highest at younger ages
suggests that the same occurs berween individuals, with
individuals with longer telomeres losing base pairs at
a higher rate. Note, however, that the observed higher
shortening rates in individuals with longer telomeres
can also be attributed to other differences between
younger and older individuals, such as a decline in meta-
bolic rate (Moe et al. 2009). Furthermore, we found no
indication for telomere length-dependent shortening rate
when comparing between individual nestlings. Several
recent studies did conclude that longer telomeres have
higher shortening rates between individuals also
(Aviv et al. 2009; Bize et al. 2009; Nordfjall er al
2009). Unfortunately, all three studies tested this
hypothesis in a way that is known to create a bias in
the reported direction called regression to the mean,
which can be strong enough to explain the reported
correlations.

We can only speculate regarding the mechanisms gen-
erating size-dependent telomere shortening, but in
addition to the allocation of defensive mechanisms as
suggested by Hemann ez al. (2001), it seems possible
that longer telomeres are intrinsically more vulnerable
simply because they form a larger target (op den Buijs
et al. 2004). Using other techniques such as T/C-FISH,
it is now possible to study telomere shortening for differ-
ent chromosomes (Perner ez al. 2003; Mayer et al. 2006),
which would enable a test of the hypothesis that it is the
telomere length or shortening rate at specific chromo-
somes that best predicts mortality. Our finding that
selective disappearance with respect to telomere length
was most conspicuous for long telomeres (figure 4a)
suggests that it is likely that telomere shortening of some
chromosomes will be more suitable to predict mortality
than others.
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Figure 5. Nestling telomere length at ages 5 and 30
days plotted against each other. Line indicates equal values
(y = x) and hence when telomeres have shortened between
ages 5 and 30 days the data points fall below this line.
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