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Nestling telomere shortening, but not
telomere length, reflects developmental
stress and predicts survival in wild birds

Jelle J. Boonekamp, G. A. Mulder, H. Martijn Salomons, Cor Dijkstra
and Simon Verhulst

Department of Behavioural Biology, University of Groningen, PO Box 11103, Groningen 9700CC, The Netherlands

Developmental stressors often have long-term fitness consequences, but linking
offspring traits to fitness prospects has remained a challenge. Telomere length
predicts mortality in adult birds, and may provide a link between develop-
mental conditions and fitness prospects. Here, we examine the effects of
manipulated brood size on growth, telomere dynamics and post-fledging sur-
vival in free-living jackdaws. Nestlings in enlarged broods achieved lower mass
and lost 21% more telomere repeats relative to nestlings in reduced broods,
showing that developmental stress accelerates telomere shortening. Adult telo-
mere length was positively correlated with their telomere length as nestling
(r = 0.83). Thus, an advantage of long telomeres in nestlings is carried through
to adulthood. Nestling telomere shortening predicted post-fledging survival
and recruitment independent of manipulation and fledgling mass. This effect
was strong, with a threefold difference in recruitment probability over the tel-
omere shortening range. By contrast, absolute telomere length was neither
affected by brood size manipulation nor related to survival. We conclude
that telomere loss, but not absolute telomere length, links developmental con-
ditions to subsequent survival and suggest that telomere shortening may
provide a key to unravelling the physiological causes of developmental effects
on fitness.

1. Introduction

Poor nutritional conditions during development impair subsequent fitness pro-
spects in many species [1], including humans [2]. Stress research usually takes
place in the laboratory, but fitness can only be measured in the wild, where
some level of developmental stress is likely to be the rule rather than the excep-
tion. Little is known about the physiological mechanisms mediating effects
of developmental conditions on fitness prospects and life histories. Here, we
investigate whether telomere dynamics link developmental conditions to
subsequent fitness prospects in free-living jackdaws, Corvus monedula.
Telomeres are DNA—protein complexes that protect the chromosome ends
from fusing, but, when in shortened state, induce apoptosis or replicative senes-
cence ([3] and references therein). In the absence of telomerase, telomeres
shorten with each cell division due to incomplete end-replication [4], erosion
of the single-strand overhang [5] and oxidative damage [6]. Accordingly, telo-
mere length has been shown to shorten with age, and reflects remaining
lifespan across species in nematodes [7], birds [8-13] and humans [14]. Further-
more, in captive zebra finches early-life telomere length predicted subsequent
lifespan [11], but in free-living barn swallows no such relationship was found
[15]. Moreover, the rate at which telomeres shorten is linked to various stressors
experienced during life [16,17] such as, for example, smoking or rearing
a chronically ill child [18], suggesting that environmental conditions and
associated physiological stress may be reflected in telomere dynamics.
Telomeres shorten at much higher rate during development compared with
adult life [10,19], which has been attributed to the rapid cell proliferation that
accompanies growth [20-22]. Prenatal environmental conditions have been
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shown to be correlated with telomere length at young adulthood
in humans [23,24]. Furthermore, poor growth is associated with
increased oxidative stress and accelerated telomere shortening in
wild birds [15,25,26]. However, these relationships are correla-
tional and whether they are caused by the focal environmental
conditions or an unidentified confound cannot be determined.
A manipulation of environmental conditions largely solves the
problem of unknown confounding variables. We are aware of
only two experimental studies of rearing environment and telo-
mere dynamics, and in these studies the manipulation had no
effect on nestling telomere shortening rate [27,28]. Thus, whether
early-life telomere dynamics links developmental conditions to
subsequent fitness prospects remains an unresolved issue.

We manipulated the developmental conditions of
C. monedula nestlings by modification of natal brood size,
to experimentally study the effects of rearing environment on
growth and telomere dynamics. We measured telomere length
at the ages of 5 and 30 days, and at the adult age in recruits (nest-
lings that returned as breeding birds). Thus, we were able to
investigate the effects of manipulated brood size on both telo-
mere length and shortening rate, and relate these to survival
until adulthood. We also investigated whether individuals
with long telomeres as nestlings also had long telomeres as
adults. This is of interest because we have previously shown
that adult telomere length is a predictor of survival in our
study species [10], and thus it is possible that nestlings with
long telomeres carry this advantage through to adulthood.

2. Material and methods
(a) Study system

We studied jackdaw life histories in seven different nest-box colo-
nies in the vicinity of Groningen, The Netherlands (53.1708° N,
6.6064° E) in the period 2005-2013. Regular nest checks were
performed to determine laying date, clutch size and hatch date
as previously described [29]. Nestling blood samples were col-
lected (+50 pl from the inner metatarsal vein at day 5 and
brachial vein at day 30) for telomere measurement between
2005 and 2010 at ages 5 and 30 days old. Nestlings were
ringed when 30 days old with a combination of colour bands
and a metal numbered ring that was unique for each individual
bird, enabling follow-up measurements of survival through
observation (until 2013) without the necessity of recapture.

We manipulated brood size by net 42 or —2 nestlings as fol-
lows: three nestlings were moved to the brood that was enlarged,
and one of the original nestlings from this enlarged brood was
relocated to the matched reduced brood. We chose either to
reduce or enlarge all broods, and thus have no unmanipulated
broods, to increase statistical power with respect to the manipu-
lation effects. Pairs of broods were matched by hatch date and
the manipulation was carried out when the oldest nestling was
5 days old (day of hatching was day 1). Translocated nestlings
were randomly chosen using random numbers generated by a
computer or smartphone. When a brood that was to be reduced
contained only two nestlings, we reduced brood size with one
nestling. As a consequence, some broods were enlarged with
only one nestling in cases where the matched reduced brood
contained only two nestlings (mean brood sizes + s.e. after
manipulation were 2.66 + 0.06 and 4.59 + 0.14 for reduced and
enlarged broods, respectively). Date that the first egg of a
clutch was laid, clutch size, brood size, nestling mass and day
5 telomere length did not differ significantly between manipu-
lation groups before the experimental exchange of the nestlings
(electronic supplementary material, table S1).

Our telomere assays are labour intensive, and we therefore
made a selection of the samples to be analysed that included all
nestlings from manipulation dyads from which at least one fledg-
ling survived beyond 1 March of the next year. This yields higher
statistical power than randomly selecting nestlings, because it
provides a better control for rearing and genetic background.
Recruitment rate will by definition be higher in our sample than
in the population at large, but the estimated effects of nestling
traits on recruitment will not be biased. In total, 54 broods were
selected (26 reduced and 28 enlarged), with 50 and 107 fledglings
from reduced and enlarged broods, respectively. With respect to
the survival analysis, we omitted offspring from two colonies
(n =3 broods) because survival was not recorded in these very
small colonies (we removed the nest-boxes because of low occu-
pation). Hence for the survival analysis, the sample size was 152
experimental fledglings from 51 broods.

Some individuals—those that fledged in 2010 in particular
(the last year for which we measured telomere length)—may yet
recruit while being falsely coded as ‘not returned” in this analysis,
causing bias in the estimate of survival and recruitment. However,
based on the observed distribution of age at recruitment of earlier
years, the expected frequency of such cases is less than 5% and
therefore unlikely to bias our analysis. Furthermore, including
the year 2010 as additional factor in the analysis did not change
the model fit (data not shown), suggesting that the potential
problem of censored cases biasing our analysis is negligible.

(b) Telomere length assay

Telomere length was determined in erythrocytes using pulsed-
field gel electrophoresis as previously described [10]. In short,
DNA was extracted from erythrocyte nuclei using the CHEF Geno-
mic DNA Plug kit (Bio-Rad, Hercules, CA). DNA was digested
overnight with proteinase K at 50°C. About half of the digested
DNA was simultaneously digested with Hind III (60U), Hinf I
(30U) and Msp I (60U) for 18 h at 37°C in NEB2 buffer. Digested
DNA from each sample was separated by pulsed-field gel electro-
phoresis at 14°C for 24h 3V cm !, initial switch time 0.5 s, final
switch time 7.0 s). Dried gels (Bio-Rad model 538) were hybridized
overnight using a *P-end-labelled oligo (5-CCCTAA-3'), that
binds to the 3" end-cap telomere overhang. Note that because of
the latter no oligos bind to the interstitial telomeric repeats,
because these are double stranded, and hence interstitial telomeric
repeats are not included in the signal (this contrasts with telomere
measurements using e.g. qPCR, which technique does not dis-
tinguish between different telomere types). Subsequently, the
radioactive signal was determined (Cyclone Storage Phosphor
System, PerkinElmer), resulting in a gel picture with a distribution
of grey values (smear) reflecting the distribution of telomere
lengths in a sample. Individual telomere length size distributions
were quantified through densitometry using IMAGE] v. 1.38x as pre-
viously described [10]. In short, this method determines the lower
and upper boundaries of the measurement window over which
telomere length is determined, obtaining a telomere length distri-
bution per lane/sample. For each lane, the lower boundary was
taken to be the point where the signal was lowest in the short-
end telomere range (i.e. the background intensity). The upper
boundary was set to be at the point where the signal first dropped
below Y, where Y is the sum of the background intensity at the
side representing long telomeres, plus 10 per cent of the difference
between the peak intensity and the background intensity [10]. We
used the mean values of the individual telomere length size distri-
butions for further analyses. The coefficient of variation calculated
over the day 5 and 30 samples per individual, which estimate pro-
vides an upper limit to the coefficient of variation due to
measurement error since it includes the variable telomere shortening
in this period, was 2.9% on average.
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Table 1. Effects of brood size manipulation on fledgling mass and telomere shortening. Birth nest was included as random term in each model. Family/residual ~ [JEJi}
o denotes the variance in the birth nest random term and the residual variance. The estimates of the fixed effects were calculated after rejection of non-
significant terms. The covariate ‘D5 brood size” denotes the brood size at day 5 before the manipulation. n = 157 nestlings in 54 broods. p-values were
determined with log-likelihood ratio tests and significant values (less than 0.05) are shown in italic.

family/residual o fixed effect
(1) fledgling mass 250/284 manipulation
- (2) i y W s
; (3)TLday30 R s mfhavnvipulati'ovﬁmw S
TL5
(4) ﬂedgmg o B T
(5) ﬂedglmg - S manlpulat|0n
ATL
ATL x manip”
sex
tarsus

®The slopes of the relation between ATL and fledgling mass per manipulation category were 0.008 + 0.009 (reduced) and 0.025 + 0.008 (enlarged) g bp .

(c) Statistical analyses
We analysed the effects of the brood size manipulation (reduced
versus enlarged) on nestling growth and telomere length using
mixed-effects models. We included birth nest as random term to
account for the dependence of nestlings that shared the same gen-
etic ancestry and pre-manipulation environment. Rearing nest
was not included as a random term in the models, due to limited
degrees of freedom, but this term also had a negligible effect on the
estimated fixed effects. Instead of selecting the best model from a
large set of possible models, we built a specific model for each
question/hypothesis. Final models were achieved by omitting
non-significant terms from these specific models, similar to
model selection based on the lowest Akaike information criterion
(AIC). p-values were calculated using log-likelihood ratio tests.
We used logistic regression to study the effects of fledgling
mass, brood size manipulation and telomere dynamics on survi-
val and recruitment. We tested the effect of birth or rearing nest
as random terms, but since most survivors originated from
different broods (34 survivors out of 27 broods), birth and/or
rearing nest had a negligible effect on the fixed-effects estimates
and significance levels, and were therefore excluded from the
model. To account for possible spatial and temporal variation
in telomere length independent of the manipulation, we included
birth year and colony as fixed factors. All analyses were
performed in R using the Ime4 and MASS packages.

3. Results

Fledgling mass was lower in birds reared in enlarged broods
(table 1, model 1; figure 1a). Telomere length at ages 5 and 30
days were strongly correlated (r = 0.95; p < 0.001; figure 2a)
and average telomere loss over this 25-day period was
266 bp (s.e. = 14.44). Telomere length at the end of the rearing

rejected term(s) estimate (s.e.) p-value

—13.57 (3.50) <0.001

D5 brood size 2.31 (2.00) 0.245

vvvvvvvvv oot _1055(4977) e

manipulation —155.03 (84.16) 0.068

0.98 (0.027) <0.001

TL5 x manipulation —0.09 (0.05) 0.061

D5 brood size —17.30 (18.17) 0.335

D5 brood size 2.88 (2.47) 0.240
—5.38 (10.52) 1

34.64 (13.22) 0.008

9.59 (3.13) 0.002

5.98 (1.17) <0.001

D5 brood size 1.17 (1.52) 0.433

1

period (age 30 days) was shorter in nestlings in enlarged
broods, but this difference was not statistically significant
(table 1, model 2). However, this analysis does not control
for the large variation in initial telomere length (figure 2a),
and when we include the initial telomere length (day 5)
into the model, we find a significantly lower day 30 telomere
length in enlarged broods compared with reduced broods
(table 1, model 3; figure 1b). Thus, adverse rearing conditions
accelerated telomere attrition.

We further examined the association between growth and
telomere attrition to investigate whether telomere attrition
yielded information on development over and above the
information contained in fledgling mass. When pooling all
broods, fledgling mass was negatively correlated with telo-
mere attrition (table 1, model 4). We chose to use mass as
dependent variable because it allows us to control for other
factors affecting mass such as offspring sex. Further analysis
showed that this correlation was present among nestlings in
enlarged broods only (table 1, model 5, ATL x manip inter-
action term: p = 0.008; figure 1c). Thus, variation in growth
was not related with telomere shortening per se, but only
when experimental rearing conditions are poor.

Adult telomere length (average age at sampling + s.e.:
2.77 £ 0.16) was highly correlated with telomere length of
that same individual when it was a fledgling (r = 0.83; p <
0.001; figure 2b). This correlation opens the possibility that
any advantageous effect of telomere length is carried for life.

In total, 34 out of 152 fledglings were observed to have
survived beyond 1 March of the year after fledging, and 30
of these 34 birds recruited into our nest-box colonies. The
effects of the manipulation and telomere dynamics on survi-
val were indistinguishable between survivors and recruits
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Figure 1. Fledgling mass and telomere shortening (+s.e.) in relation to brood size manipulation (EB, enlarged brood; RB, reduced brood). (a) Fledgling mass.
(b) Telomere loss. (c) Telomere loss in relation to fledging mass (the solid line represents EB broods, the stroke line RB broods). See table 1 for statistical details.
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Figure 2. Correlations within individuals between telomere lengths measured at different ages. (a) Telomere length at day 30 against telomere length at day 5, and
(b) telomere length in adulthood against telomere length at fledging (day 30). The dashed line describes equal values of x and y, thus the vertical distance to this
line indicates the amount of telomere shortening. Note that we succeeded in sampling only 23 out of 30 recruits for telomere length.

(table 2); and here we only discuss the results on fledgling
survival. Reduced and enlarged broods produced eight
and 26 survivors, respectively (18% and 24% n.s.; table 2,
model 2). Nestling telomere length at either day 5 or day 30
was not associated with survival (table 2, models 3 and 4),
but telomere attrition between days 5 and 30 was signifi-
cantly lower in survivors compared with non-survivors
(table 2, model 5; figure 3). We tested for a quadratic effect
of telomere shortening on survival, but this term was not sig-
nificant (p = 0.72), indicating that the relationship between
telomere shortening rate and survival is approximately
linear (figure 4).

Some fledglings may disperse outside our study area, and
hence not be recorded as survivors, which would confound
our analysis when the likelihood of dispersal depends on
telomere attrition. To test this hypothesis, we compared

telomere attrition between dispersers and non-dispersers,
making use of the fact that we studied multiple colonies,
and hence our sample included known dispersers (n=>5
out of 30 recruits). Telomere attrition did not differ between
dispersing and philopatric fledglings (difference = —4.56 +
85.80 bp; p=0.99). We recognize that a larger dataset is
required to detect subtle associations between telomere attri-
tion and dispersal, but for now we conclude that a potential
bias caused by dispersal is negligible.

Mean age at recruitment was 2.77 (s.e.=0.16) years,
ranged from 1 to 4 years old and did not differ between fledg-
lings from reduced and enlarged broods. Telomere length
and attrition were not significantly associated with age of
recruitment, or reproductive success of recruits (results not
shown), but we note that sample sizes for these tests were
small (n = 23 sampled recruits).
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Table 2. Survival and recruitment (in parentheses) rates by logistic regression. The factors ‘birth year” and ‘rearing colony” were included as fixed effects in each [}

model, to account for temporal and spatial variation in survival and recruitment. Sample sizes are 34 survivors (30 recruits) from 152 fledglings. p-values less

than 0.05 are shown in italic.

model fixed effect estimate s.e. p-value
1 ﬂedgling mass 0 01 (0 02) O 01 (0 01) 0.241 (0 087)
2 mampulatlon 0 54 (0 72) 0 48 (0 54) 0.393 (0 179)
3 TL day 5 —0 16 (O 006) 0 35 (0 36) 0 639 (0 986)
4 TL day 30 0 05 (0 25) 0 33 (0 34) 0 970 (0 515)
5 ATL 2 49 (2 73) 1 20 (1 28) 0 037 (0 033)
6 ATL 2 28 (2.30) 1 24 (1.32) 0 066 (0.080)
fledgling mass 0.006 (0.01) 001 (0 01) 0.530 (0 223)
0.4
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Figure 3. Telomere length and telomere shortening ( =+ s.e.) in relation to survival.
Panels from left to right show telomere length at ages 5 days and 30 days, and the
change in telomere length in the nestling phase (day 5—day 30) for survivors and
non-survivors separately. See table 2 for statistical details.

Fledgling mass has previously been shown to be a predictor
of survival and recruitment in wild birds [30], including
jackdaws [31]. However, we found only a weak association
between fledging mass and survival in the present dataset
(table 2, model 1). Jackdaws are sexually dimorphic in size,
but correcting mass for sex and size did not significantly
improve the model fit. More importantly, the change in the esti-
mate of the effect of telomere attrition on survival after
including fledgling mass in the model was negligible (table 2,
model 6), indicating that these effects are additive rather than
that one variable can be substituted by the other.

4. Discussion

Developmental conditions can have strong effects on fitness
prospects in humans and other species, but in free-living
animals in particular little is known of the underlying mechan-
isms. We manipulated developmental conditions in jackdaw
nestlings and found that adverse rearing conditions accelerate
telomere shortening (figure 1). This experimental result is in
agreement with observational studies that reported positive
correlations between body size and telomere length [15,26].

nestling telomere loss day 5-30 (bp)

Figure 4. Telomere loss and survival probability. The four markers show the
average survival probabilities per telomere loss quartile, which were made
for graphical representation only (statistical analyses were based on individual
values). The line shows the logistic regression based on model 5 in table 2.

A low rate of telomere shortening in the nestling phase resulted
in high survival until adulthood (figure 3), independent of
brood size manipulation and fledgling mass. The effect on sur-
vival is substantial because survival probability was threefold
higher for fledglings that lost the fewest base pairs compared
with fledglings at the opposite end of the telomere loss range
(figure 4). Our findings together suggest that the relationship
between developmental conditions and fitness prospects is
linked by telomere shortening rate.

While our manipulation of developmental conditions has
the advantage of generating a natural stressor (many siblings),
unravelling the mechanism underlying the manipulation effects
is difficult because the manipulation changes developmental
conditions in multiple dimensions. For example, nestlings in
larger broods are likely to receive less food, face more compe-
tition when the parents bring food and require less energy
for thermoregulation, and these factors will each trigger a phys-
iological response ([32—34] and references therein). Of interest
in this context is that the association between growth and telo-
mere shortening was apparent in enlarged broods, with high
telomere loss being associated with low growth, but not in
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reduced broods (figure 1c). This finding mirrors a previous
finding in starlings showing that nestlings which had heavier
competitors lost more telomere base pairs than nestlings at
the top end of the weight rank within the brood [28]. These
findings suggest that low growth rate per se does not accelerate
telomere attrition, but that it depends on the context whether
telomeres are also affected. Individuals that grew less well pre-
sumably obtained less food, but the effect of low per capita
provisioning rate may be restricted to low growth when
brood size is small and competition is therefore low, while
low provisioning rate in combination with high competition
may cause high telomere shortening in addition to low growth.

We previously showed that long telomeres provide adult
jackdaws with a survival advantage [10], as in other avian
species where this was investigated [8,9,12,13,35,36]. It is of
relevance therefore that fledglings with long telomeres also
had long telomeres in adulthood (figure 2b), because this
suggests that advantageous effects of long telomeres, in
part due to benign developmental conditions, are carried
for life. However, more study years are required to verify
whether individuals that fledge with long telomeres do
indeed enjoy higher survival rates in adulthood.

We found that telomere shortening rather than telomere
length predicted survival until adulthood (figure 3), and
likewise the brood size manipulation affected telomere short-
ening without significantly affecting fledgling telomere
length. In principle, when there is an association of a factor
with telomere shortening, one would also expect an associ-
ation of that factor with absolute telomere length. However,
absolute telomere length at a given age is the outcome of initial
telomere length and subsequent attrition, and hence variation
in initial telomere length induced by genetic and other par-
ental factors may reduce the accuracy of telomere length as a
biomarker later in life. In particular, genetic effects are likely
to be important in this context, because reported heritabilities
of telomere length are high [37-39] (but see [27]). When vari-
ation in initial telomere length is large relative to the telomere
shortening, as is the case in our study (figure 24), the associ-
ation between telomere shortening and final length may be
weak (in our study, R%2=0.02 for the correlation between
telomere shortening and telomere length at day 30; R* was cor-
rected for regression to the mean following Verhulst ef al. [40]).
In a similar vein, when telomere shortening rather than telo-
mere length is the primary variable that contains
information, it is not surprising for absolute telomere length
to predict survival (e.g. [11]); we interpret this as an indication
that telomere attrition was a relatively important source of
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