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Abstract

Evolution of body size is likely to involve trade-offs between body size, growth rate and
longevity. Within species, larger body size is associated with faster growth and ageing, and
reduced longevity, but the cellular processes driving these relationships are poorly
understood. One mechanism that might play a key role in determining optimal body size is
the relationship between body size and telomere dynamics. However, we know little about
how telomere length is affected when selection for larger size is imposed in natural
populations. We report here on the relationship between structural body size and telomere
length in wild house sparrows at the beginning and end of a selection regime for larger parent

size that was imposed for four years in an isolated population of house sparrows. A negative
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relationship between fledgling size and telomere length was present at the start of the
selection; this was extended when fledgling size increased under the selection regime,
demonstrating a persistent co-variance between structural size and telomere length. Changes
in telomere dynamics, either as a correlated trait or a consequence of larger size, could reduce
potential longevity and the consequent trade-offs could thereby play an important role in the

evolution of optimal body size.

Key words: body size, telomere length, life history trade-off, longevity, Passer domesticus,

selection experiment.

1. Introduction

Understanding the mechanisms that shape life history strategies is at the heart of evolutionary
ecology. Much of our current theoretical and empirical research is based around the premise
that the balance of costs and benefits of different life history components results in natural
selection producing the optimal compromise [1, 2]. Hence we predict that trade-offs will
occur among growth, self-maintenance, and reproduction. Differences in the optimal
resolution of these trade-offs through individual differences in resource acquisition and
allocation [3] underlies the individual variation that we see in growth rate, body size,

reproductive rate and longevity at the population level.

It is well recognised that in practice such trade-offs are difficult to demonstrate [1, 3-
6]. Considerable effort has been devoted to investigating how variation in reproductive

investment influences other life history traits [7-9]. The relationships among growth, body
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size and longevity have received much less attention [10], but are coming more to the fore as
the importance of understanding intra-and inter-specific variation in the rate of ageing is
recognised as an important question in modern biology [6, 11]. A paradox that has puzzled
evolutionary ecologists and biogerontologists is the opposing patterns that frequently are
observed in the relationship between body size and longevity among and within species.
Across species, there is a strong positive relationship between body size and maximal
lifespan; big species tend to live longer than small ones. Within species however, the opposite
relationship has often been found: larger individuals have shorter lives than conspecifics of
smaller size, and this has been demonstrated in the wild and in captivity [e.g. 12, 13-18]. The
within species variation in lifespan is also exemplified in species subjected to artificial
selection to produce variation in body size such as the domestic dog (Canis lupus familiaris).
Great variation in body size is present in dogs; larger dog breeds have shorter lifespans, and
this has recently been shown to occur because they age faster [13]. Similarly, when
laboratory species such as mice and rats are selected or genetically engineered for larger or

smaller size, lifespan is again reduced or increased [17, 19, 20].

We do not currently understand how the long term costs associated with larger size
are incurred. There are a number of potential, non-exclusive routes whereby this could occur.
A candidate process is reduced telomere length due to faster cell division rates and/or
telomere attrition rate [5, 6, 10, 21]. Given that telomere length is linked to organismal
senescence [22-24], and that average telomere length in tissues at the end of growth is
predictive of lifespan [25, 26], this may point to a mechanistic process that could explain the
lifespan penalty associated with larger size. This could be the case in dogs, where lifespan is
negatively correlated with body size among breeds and telomere length in large dogs breeds
is reported to be shorter than in the smaller breeds. However, the extreme variation created in

this species (100 fold) could have created abberant patterns that are not evident under natural
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conditons [27]. A key question then is whether telomere length covaries with intraspecific

variation in body size in natural conditions, in the absence of such extreme size variation.

We used samples that had been collected during an experiment conducted in a
population of wild house sparrows (Passer domesticus) in northern Norway, in which a
selection pressure for larger body size was experimentally imposed on the breeding
population over a four year period, which clearly increased the size of both adults and their
offspring (see details in methods). We examined the extent to which telomere length and
body size were related in fledglings, and, importantly, whether any relationship was

maintained when fledgling body size was increased under the selection regime.

2. Material and methods

(a) Study site

The study was conducted in the house sparrow population on the island Leka situated ca 3 km
from the mainland in the Nord-Trendelag county in northern Norway (65°06°N, 11°038’E,
see map in Hagen, Billing [28]) and was initiated in 2002. Leka covers 57 km? and is
dominated by cultivated areas (mainly silage production for dairy cattle), marsh, deciduous

forests and mountain and heath areas.
Artificial selection experiment

As part of a large study on body size variation, each year the whole adult house sparrow
population at Leka was captured by mist netting in February and held temporarily in a barn
for up to 12 days, which was the time it took to capture all the individuals on the island. The

house sparrows were given ad libitum water and food, which included concentrate feeds for
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cattle, sunflower seeds and bread. The temperature in the room was kept at 10-12°C, which is
the normal temperature inside cowsheds in this area during winter. All the sparrows were
measured for morphological traits as well as blood sampled before they were released into the
barn. We used tarsus length to indicate structural body size in this study as tarsus size has
been shown to be a stable indicator of body size and is relatively resistant to local variations
in environmental conditions during growth and in adulthood in house sparrows [29]. After
practically all (> 95%) individuals at Leka had been captured, we separately estimated the
mean and the standard deviation of tarsus lengths within males and females. Based on this
information, we determined the cut-off tarsus size where all individuals with shorter tarsus
lengths were removed and released in distant populations of house sparrows away from Leka
[30]. This artificial selection procedure was conducted annually from 2002 until 2005 (i.e. 4
selection events). Thus, each winter we removed ca 50-60 % of the individuals with the
smallest tarsus lengths. As a consequence of this annual artificial selection protocol at Leka,
which allowed only the larger individuals to breed, tarsus length of males produced at Leka
progressively increased during the 4 years of selection. This is indicated in a generalized
linear mixed model (brood identity as random effect, fitted with the glmer package [31] R
Core Team [32]) where the average size among fledglings that were later recaptured as
juveniles or adults showed that their full-grown tarsus lengths increased from 2002 (19.473
mm, s.e. = 0.211) to 2005 (20.360 mm, s.e. = 0.369), increasing annually compared to the
year 2002 , which is represented by the intercept (Bercepr = 19.473, s.e. = 0.211, t = 92.3, B3
=0.633, s.e. =0.308, t =2.06, frps=1.227, s.e. = 0.459, t = 2.67 P9ps=0.887, s.e. = 0.425, t =

2.09, N = 28).

In the present study we examined telomere lengths from red blood cell samples
collected from known age fledglings from whom body size measures (tarsus length) were

also taken. This was done for a sample of fledglings produced in the first year of selection
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(2002) and a sample produced in the last year of selection (2005). We could only use samples
from which DNA of sufficient quality and quantity could be extracted, and for which tarus
length data had been collected. The sex of the birds was not known at the time of sample
collection. We confined our analysis to males, for which we had the larger sample
presumably for stochastic reasons, since the pattern of growth in body size differs between
the sexes in house sparrows [33], and the sample size for females was too small to enable

investigation of the differences between the sexes.

(b) Sampling procedures

In the study region, the house sparrows lay 1-3 clutches during the breeding season, early
May-to mid - August [34]. During this period we searched for nests and recorded all that
were accessible. Typically, the nests were located under the ceiling in barns and cowsheds at
dairy farms. Each nest was visited about once a week and the number of eggs, the number of
nestlings and their age were recorded. Fledglings were measured for tarsus length between 9-
15 days of age, when we also also collected a small sample of blood (25u/) used here for,
genetic sexing and analyses of telomere lengths ([for more details on fieldwork procedures
see 35, 36]). T he age range at which the 44 fledglings in this study were sampled was small,

covering a six day period.

(c) Molecular methods

Until DNA extraction, the blood was preserved in 96% ethanol at room temperature. The

blood was lysed in 60 pl Lairds buffer (Ausubel et al. 1989), with 90 pg proteinase K (Sigma
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Aldrich), and incubated at 50°C for 3 hours. The genomic DNA was extracted from the lysate
using the ReliaPrep Large Volume HT gDNA Isolation System (Promega), automated on a
Biomek NXp robot (Beckman Coulter) following the manufacturer’s recommendations, the
only exception being elution of DNA in 25 mM Tris HCI (pH 8). The DNA concentrations
were measured using a Flurostar Omega scanner (MBG Labtech). Samples with DNA
concentrations above 60 ng/ul were normalized to a concentration of 50 ng/ul with 25 mM

Tris HCI (pH 8). For further details see [28].

The sex of fledglings was determined by molecular genetic methods using DNA
extracted from the blood samples. A copy of the CHD-gene is located on both the avian Z
and W chromosomes. Because the two copies vary in size in house sparrows, CHD-Z is 370
bp and CHD-W is 388 bp, they can be separated by electrophoresis. We amplified the CHD-
gene by Polymerase Chain Reaction (PCR) using P2 and P8 primers [37]. PCR amplification
was carried out in 10pl reactions containing 5 pl 2x QIAGEN Multiplex PCR Master Mix
(QIAGEN), 3l extracted DNA (ca. 20 ng/ul) and 0.125 uM of each CHD primer. The CHD
primers were included in a 2 pl multiplex primer mix which also contained the seven
microsatellite loci Asel8 and Pdo10 [38], Pdopn1 and Pdop3 [39], Pdop5[40], Pdo33 and
Pdo40[41]. We used a touchdown PCR profile: 94°C for 15 minutes; 12 cycles of 94°C for
30 seconds, 62°C for 1 minute 30 seconds, and 72°C for 1 minute, where the annealing
temperature was dropped 1°C each cycle; 19 cycles of 94°C for 30 seconds, 50°C for 1
minute 30 seconds, and 72°C for 1 minute; 60°C for 5 minutes. The PCR product was kept at
4°C until 1 pl was taken out and mixed with 0.5 pl GeneScan 600 LIZ size standard (Applied
Biosystems) and 10 pl HiDi Formamide (Applied Biosystems) prior to capillary
electrophoresis on an ABI 3130x1 Genetic Analyzer (Applied Biosystems). The P8 primer
was fluorescently labeled using NED (Applied Biosystems) enabling us to score Z- and W-

copies of the CHD-gene in the GeneMapper 4.0 software (Applied Biosystems). In birds,
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males are the homogametic sex and were thus identified by being homozyogous for the CHD-

gene (i.e. carrying two short copies).

The concentration and quality of DNA samples were assessed using a Nanodrop-8000
Spectrophotometer. DNA samples were stored at -20°C. Relative telomere lengths were
measured using the qPCR method. While this gives a relative rather than an absolute
measure, it is widely used in telomere studies and very suitable for the very small blood
samples we had available[42]. This method also includes any interstitial repeats of the
telomere sequence, the level of which is not known for this species. We therefore further
examined a small sample of fledglings for which we had sufficient DNA, using both the
standard southern blot TRF method and in-gel TFR method[42] ; telomere length was in the
15-20 kb range, and no substantial levels of interstitial repeats were observed when the gels
were examined. Telomere measurements were made using the qPCR method as described by
Criscuolo et al. [43] with the following modifications. We verified that Gapdh was a suitable
control gene in this species by carrying out a melt curve analysis and checking that the
dissociation curve was a single peak. As the melting temperature of the product is sequence
dependent, a single peak indicates amplification of a single product. The amplification
products, from a random selection of samples, were also run on a gel to confirm that the
amplification was of a single product. DNA samples (10ng) were assayed using the Absolute
blue qPCR SYBR green Low Rox master mix (Thermo scientific) with telomere primers
(Tellb and Tel2b) at a final concentration of 500nM and Gapdh primers at a final
concentration of 200nM. Forward Gapdh primer was 5’- GAG GTG CTG CTC AGA ACA
TTA T-3’ and reverse Gapdh primer was 5’- ACG GAA AGC CAT TCC AGT AAG-3’. The
telomere thermal profile was 15 minutes at 95°C, followed by 27 cycles of 15 seconds at
95°C, 30 seconds at 58°C, 30 seconds at 72°C. The Gapdh thermal profile was 15 minutes at

95°C, followed by 40 cycles of 15 seconds at 95°C, 15 seconds at 60°C. Both assays were
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followed by melt curve analysis of (58 — 95°C 1oc/5s ramp).The reference sample was
serially diluted (from 40 to 2.5 ng/well) to produce a standard curve for each plate. This was
used to calculate plate efficiencies, all of which fell well within the acceptable range (i.e.
100+10%) and only samples that fell within the bounds of the standard curve were included.
As described in Criscuolo et al. [43], relative telomere measurements were calculated using
the AACt method. This provides a ratio of the abundance of the telomeric sequence to the
abundance of the reference single copy gene (henceforth, T/S ratio). Since the gPCR
efficiencies were tightly controlled, these data were highly correlated with the values
obtained when the calculations were done using the Pfaffl method, which corrects for

differences in plate efficiencies (¥pegrson = 0.998)).

(d) Statistical analyses

We used linear mixed models assuming Gaussian residual distribution, where all models
included the identity of the nest as random factor in order to account for any non
independence of fledglings from the the same brood (R version 3.0.2. [32], package Ime4,
function Imer [31]). The dataset comprised 24 and 20 male fledglings in 2002 and 2005,
respectively, distributed among 21 nests, with structural body size being represented by tarsus
length. The significance of the explanatory variables were evaluated by likelihood-ratio tests.
We tested whether the average fledgling tarsus length changed between 2002 and 2005 and
accounted for any effect of the slight variation in fledgling age at sampling by retaining this
variable in all models. Likewise we tested whether the average telomere length differed
between 2002 and 2005, respectively. We also tested whether a linear relationship between
telomere length (response variable) and tarsus length was present when the samples from

2002 and 2005 were pooled and whether a similar linear relationship existed within each year
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by testing the significance of the interaction term (year:tarsus length). Also here we included
the fledgling age at sampling in the model. Age was not significantly correlated with tarsus
length in the small age range covered by this data set (7pearson = 0.05, p > 0.1; n = 44).
Assumptions of all statistical models were evaluated visually by diagnostic plots.

The growth of the fledglings was not monitored during the selection experiment,
since they were measured only once for logistic reasons and to minimize disturbance.
However, to give an insight into how tarsus measured as a fledgling related to adult size, we
used data for fledglings that were recaptured later as juveniles and/or adults and from which
the full-grown tarsus length was then obtained. The sample size for this was small (10
individuals from the 2002 cohort and 5 from the 2005 cohort, distributed over 10 nests). We
examined the relationship between tarsus size (standardized to the age of 10 days to account
for variation in the age of measurement of fledglings), and tarsus size when fully grown by
using mixed generalized linear model (package Ime4, function Imer, accounting for nest
identity as random factor). To obtain the standardized size at the age of 10 days, we modeled
the relationship between age and tarsus length (as response variable) by a quadratic model
based on a large sample (n = 10517) from our main study area in northern Norway. From this

model we extracted the predicted tarsus length at the age of 10 days for each individual.

3. Results

(a) Body size variation

During the period over which selection for larger structural size in the breeding population
was imposed, the average tarsus length in the fledglings increased significantly (by 4.3%) in
the 2005 cohort as compared to the 2002 cohort (B tarsus 200s = 0.823, s.e. = 0.243; 5° = 7.887,

p =0.005; n = 44; figure la). This is because (as can be seen in figure 3a) the upper range of
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tarsus lengths in fledglings was extended as expected. Our capacity to examine whether the
increase in fledgling tarsus length in 2005 also resulted in an increase in full grown tarsus
length compared to in 2002 was limited, since we only had data for the 15 birds measured
both as fledglings and as full grown adults. Nonetheless, figure 2 shows that tarsus length
standarised to 10 days of age was predictive of adult tarsus size (8=0.593, s.e.= 0.076; y° =
27.184, p < 0.001; n = 15; figure 2). As can be seen in this figure, the larger tarsus sizes in

fledglings produced as a consequence of the selection regime gave rise to larger adults.

(b) Size and telomere length

This increase in fledgling tarsus length was accompanied by a significant reduction in
average telomere lengths from 2002 to 2005 (5 tclomere length 2005 =-0.163, s.e. = 0.070, )(2 =
4.640, p =0.0312, n = 44, figure 1b). We examined the relationship between tarsus length
and telomere length within the two cohorts, in order to see if there was a significant negative
relationship between size and telomere length, whether this was evident in 2002 at the start of
the selection regime, and whether the relationship changed when structural body size had
increased significantly at the end of the selection regime . Figure 3 shows these relationships.
An overall negative relationship between tarsus length and telomere length was present for
fledglings when the samples from 2002 and 2005 were pooled (8 tarsus length = -0.105, s.e. =
0.030; °=8.710, p = 0.003; n = 44) as seen in figure 3. Fledgings with larger structural size
had shorter telomeres. The slopes of the negative relationships between telomere length and
tarsus length did not differ significantly between 2002 and 2005, as the interaction effect
(year:tarsus length) was not significant (p > 0.1). Thus, structural size and telomere length

were negatively related, and the the extension of the upper range of tarsus length in fledglings
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extended, but did not change, this relationship. All the models above controlled for the actual

age of the fledglings at measurement which had no significant effect (»p > 0.05) in all models.

4. Discussion

In an isolated population of house sparrows in northern Norway, we have shown a negative
relationship in fledglings between structural size (as indicated by tarsus length) and telomere
length. This relationship continued when fledgling size was increased by an experimental
protocol that increased the structural body size of the breeding population, demonstrating the
persistent phenotypic link between the two traits. To our knowledge this is the first study that
demonstrates that large size is accompanied by a reduction in telomere length in a wild
vertebrate species. Because the study was carried out in the wild, unmeasured, correlated
factors could influence the results, and the sample size was relatively small. However, that
the negative relationship between structural size and telomere length was maintained when
the size was extended at the upper end by the selection regime suggests that that the negative

co-variation between the two traits is not co-incidental.

The reduced telomere length could be a consequence of associations between
structural size and gene expression [44, 45], or a downstream phenotypic consequence of
larger size, for example by influencing oxidative damage incurred during growth [46].
Alternatively, or additionally, it could involve gametic, embryonic or post natal changes in
cell division rates to enable a larger size to be achieved[47, 48]. The size of fledglings is
predictive of adult size, and the larger fledgings produced under the selection regime were
larger both as chicks and as adults (figure 15). It is also possible that the reduction in

telomere length occured as a consequence not simply of larger size, but also as a result of
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faster growth needed to reach this adult size within the defined time frame likely to occur in
seasonally breeding species. Thus, growth and body size could both be involved. With
respect to the effect of extending the upper range of body size, it would obviously have been
useful to have replicate of the selection experiment, [49] but this was not possible due to the
logistical effort required to undertake this kind of work in the field. Furthermore, the negative
relationship is unlikley to have arisen as a consequence of processes such as genetic drift,
since the same relationship was present in the first year, and before the selection experiment

was really underway.

Directional selection on body size is commonly reported in the literature [50] and it is
well established within quantitative genetics that directional selection on one focal trait will
often alter other genetically correlated traits indirectly, depending on the strength and the sign
of the genetic correlations [44, 51]. Since telomere length at the end of the growth period is
related to lifespan [25], it seems likely that the negative fitness consequences of reduced
longevity that accompany larger size could constrain evolution of larger body size. A
prerequisite for such an evolutionary mechanism is that body size and telomere length are
heritable traits [51]. The heritability of body size is well documented in avian literature [52,
53], and significant heritability of telomere lengths has so far been demonstrated non-human
species such as sand lizard (Lacerta agilis) [54] collared flycatcher (Ficedula albicollis),
kakapo (Strigops habroptilus) [55, 56], king penguins (Aptenodytes patagonicus)[57] and the
great reed warbler (Achrocephalus arundinaceus)[58]. Heritability of telomere length has
also been found in humans [59-61]. However, the genetic correlations between telomere
length and other phenotypic traits [51] have yet to be investigated in detail. The present study
reveals a evidence of a mechanism that could underpin a trade-off between body size and

longevity within species. Since lifespan is a key component of lifetime reproductive success
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in iteroparous breeders like birds, the link between structural size and telomere length could

have important fitness consequences.
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Figure legends:

Figure 1. An artificial selection experiment for increased tarsus size was conducted among
breeding adults in a house sparrows population at the island Leka in northern Norway during
2002-2005. (a) The tarsus length for fledglings increased significantly from 2002 to 2005 (n
= 44). (b) During the same period the telomere lengths of the fledglings decreased
significantly (n = 44). In both figures the fledgling tarsus length was standardized to 10 days
age for illustration (but not in the statistical analyses, see methods). The boxplots represents
the 25%-75% quartiles, where the horizontal line represents the median of the data and the
notches corresponds to the 95% confidence interval. Individual values are given as grey

circles. See Results for further details.

Figure 2. The tarsus length of house sparrows at fledgling stage was positively predictive for
the tarsus length measured when individuals were recaptured later at full-grown size (n = 15)
at the island Leka in northern Norway. Individuals from 2002 and 2005 are indicated with
white and dark circles, respectively. In this analysis the fledgling tarsus length was
standardized to 10 days age to allow for small differences in the age at measurement. See

Results for further details.

Figure 3. The relationship between the tarsus length of fledglings and their telomere lengths.
In this figure the fledgling tarsus length was standardized to 10 days age for illustration (but
not in the statistical analyses, see methods). Data from the first and the last year of the
selection experiment (2002 and 2005, respectively) are indicated by white and dark circles,

respectively (n = 44).
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