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1 | INTRODUCTION

| Christina Bauch!

| Jelle J. Boonekamp®®® | Ellis Mulder! |

Abstract

Early-life conditions impact fitness, but whether the combined effect of extrinsic
stressors is additive or synergistic is not well known. This is a major knowledge gap
because exposure to multiple stressors is frequent. Telomere dynamics may be in-
strumental when testing how stressors interact because many factors affect telomere
shortening, and telomere shortening predicts survival. We evaluated the effect of
manipulated brood size and natural infestation by the carnid fly Carnus hemapterus on
nestling growth and telomere shortening of wild jackdaws (Corvus monedula). Telomere
length, measured in blood using TRF, shortened on average by 264 bp, and on aver-
age, Carnus infection induced more telomere shortening. Further analyses showed
that in enlarged broods, nestlings' telomeres shortened more when parasitized, while
in reduced broods there was no effect of infection on telomere shortening. We con-
clude that there is a synergistic effect of number of siblings and Carnus infection on
telomere shortening rate: blood-sucking parasites may negatively impact telomeres
by increasing cell proliferation and/or physiological stress, and coping with infection
may be less successful in enlarged broods with increased sibling competition. Larger
nestlings had shorter telomeres independent of age, brood manipulation or infection.
Growth was independent of infestation but in enlarged broods, nestlings were lighter
at fledging. Our findings indicate that (i) evaluating consequences of early-life envi-
ronmental conditions in isolation may not yield a full picture due to synergistic effects,
and (ii) effects of environmental conditions may be cryptic, for example, on telomeres,

with fitness consequences expressed beyond the temporal framework of the study.

KEYWORDS
body mass, brood enlargement, early-life adversity, haematophagous parasite, molecular
biomarker, telomere restriction fragment

and parental survival (Stockley & Bro-Jargensen, 2011; Vedder &

Bouwhuis, 2018). The early-life environment has been suggested
Individual variation in fitness is usually large, and at least part of to play a major role in shaping variation in phenotypic quality
(Gilbert, 2001). Studies of the link between early-life conditions and

fitness prospects either measure fitness components directly, by

that variation is caused by variation in phenotypic quality, as evi-

denced by positive associations between reproductive success
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following individuals for a significant part of their lives or use mark-
ers of morphological, physiological and/or molecular state as fitness
proxy. Unfortunately, fitness prospects can be difficult to infer using
such proxies because responses to environmental perturbations
typically differ between markers (Boonekamp et al., 2018; Driessen
et al., 2022). In this context, the length and dynamics of telomeres,
complexes of proteins and repetitive DNA at the end of eukaryotic
chromosomes (Blackburn, 1991) have emerged as relatively robust
markers of past experiences. Telomere length and dynamics have
been shown to be susceptible to early-life environmental conditions
(Chatelain et al., 2019), and longer telomeres and/or lower rates of
telomere shortening predict longevity and/or other fitness com-
ponents in humans (Wang et al., 2018) and model (Mufoz-Lorente
et al, 2019) and non-model organisms (Eastwood et al., 2023;
Wilbourn et al., 2018).

Variation in telomere length is already present early in life
in humans (Factor-Litvak et al., 2016) and non-model organisms
(Bauch et al., 2022). While the variation present at birth is mostly
maintained throughout adulthood (Aviv & Shay, 2018; Karkkainen
et al., 2022), variation in telomere shortening in early life is as-
sociated with morbidity and mortality (Benetos et al., 2018;
Boonekamp et al., 2014). However, developing individuals live
in complex environments, and despite a recent surge in research
efforts (Monaghan et al., 2018, 2022), little is known about the
overall effects of early-life conditions on telomere length (re-
viewed in Monaghan and Ozanne (2018)). In particular, the out-
come of the interplay between multiple stressors during growth
and their effect on telomere dynamics is poorly understood. The
combined effect of stressors on telomere shortening may be ad-
ditive, whereby the combined result is the sum of the effect of
each stressor separately, or synergistic, when multiple stressors
interact to produce an effect that is greater than the sum of the
individual effects in isolation. Understanding whether the com-
bined effect of multiple stressors is additive or synergistic is of
importance because developing animals will only rarely grow up in
conditions that are optimal in every way; it is more likely that some
of the many environmental aspects that affect development are
at a sub-optimal level, and as such can be considered a stressor.

To address the question whether effects of different stressors
are additive or synergistic we examined how/whether two extrinsic
stressors, manipulated brood size and parasitic infections, interact to
affect growth and telomere shortening of nestling jackdaws Corvus
monedula. A stressful social environment (increased sibling competi-
tion) has proven to negatively affect growth and telomere dynamics
in this (Boonekamp et al., 2014) and other bird populations (Reichert
etal,, 2015; Young et al., 2017). The effects of parasitic infections on
telomere shortening are increasingly attracting attention, with some
studies finding that parasitized individuals had shorter telomeres
or higher rates of telomere loss (Asghar et al., 2015, 2016; Karell
et al., 2017; Tschirren et al., 2021), while other studies did not find a
clear relationship between parasitic infections and telomere dynam-
ics (Badas et al., 2015; Slowinski, 2017; Stauffer et al., 2017; Sudyka
et al,, 2019). Nestling jackdaws in our population are frequently

parasitized by the carnid fly Carnus hemapterus, a blood-sucking ec-
toparasite that is commonly found infecting nestlings from various
medium-to-big size bird species (i.e. starlings, bee-eaters, tawny owls
and raptors (Roulin et al., 2003)). Gravid females lay their eggs within
the bird's nest material. The imago emerges around the time the
birds' eggs hatch and the larvae then parasitizes nestlings through a
large part of the development period (Veiga et al., 2019). Due to the
end replication problem during cell division and/or loss of the sin-
gle-strand overhang (Blackburn, 1991), telomeres shorten in length
as cell division progresses. Thus, because Carnus hemapterus feeds
on blood, the parasite could increase red blood cell replacement rate,
thereby directly affecting telomere dynamics, or indirectly affecting
telomere dynamics by triggering related physiological processes (i.e.
oxidative stress). Nevertheless, we anticipated that parasites would
accelerate telomere shortening in their hosts, as reported for great
tit nestlings reared in nests experimentally infested with haemato-
phagous hen fleas (Tschirren et al., 2021). In summary, we expect
parasitized nestlings and nestlings reared in enlarged brood to show
reduced growth and faster rates of telomere shortening, and we

tested whether these effects were additive or synergistic.

2 | MATERIALS AND METHODS
2.1 | Study site and sampling

The study was conducted from 2012 to 2017 in a free-living
population of jackdaws (Corvus monedula) breeding in nest boxes
located south of Groningen, The Netherlands (53°14’'N, 6°64'E),
which has been routinely monitored since 2005. Nest boxes were
routinely checked to assess egg laying and, after incubation com-
menced, both pair members were identified by their unique colour
ring combination. Brood size manipulations are described in de-
tail in Boonekamp et al. (2020). In brief, broods were manipulated
when the oldest nestling was 4days old (hatching date=day O,
hereafter, day 5). Dyads of broods that were manipulated were
matched by clutch size and laying date (+1day). Nestlings were
cross-fostered so that the net manipulation was +2 nestlings, cre-
ating enlarged and reduced broods with both manipulated broods
containing nestlings hatched in both broods in the dyad (Bauch
et al., 2022). Biometric measurements and weight (to the near-
est 0.1g) were taken on days 5 and 30, and a blood sample was
taken from the brachial vein. Upon collection, all blood samples
were stored in 2% EDTA buffer at 4-7°C and within 3 weeks, they
underwent snap freezing in a 40% glycerol buffer for long-term
storage at -80°C.

Parasite counts (hereafter Carnus counts) were recorded for each
nestling on every visit to the nest (due to regular nest checks and
experimental manipulation, data on parasite infestation were avail-
able for days O, 1, 5, 10, 11, 20 and 30). Parasites were located by
visual inspection of the nestlings' body, with particular attention to
areas where either the parasite or bite marks are common (under the
wings, legs and belly). From 2012 to 2014, both parasite counts and
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bite marks on the belly were recorded (n=229), while from 2015 to
2017, only parasite presence was recorded. Bite marks were recorded
as a ‘belly score’ index from O to 4 (where O=no marks, 1=under 10
marks, 2=10-20 marks, 3=20-50 marks, and 4=50 or more marks).

We validated the belly score index as indicator of parasite pres-
ence in the nest (for cases when no Carnus flies were seen but belly
score was >0) using a subset of individuals for which both parasite
counts and belly score data were available. Belly score and Carnus
counts predict the same outcome (belly score =0 Carnus counts =0
vs. belly score >0 Carnus counts > 0) in 94% of cases (;(23= 180.84,
p-value <.0001). We further validated that belly score is a good
indicator of parasite presence (Table S1, Figure S1) with a general-
ized linear mixed model with Poisson error distribution with Carnus
counts as dependent variable and belly score index, age, their in-
teraction and year as fixed effects. This model included foster nest
and colony as random effects to control for repeated measures
and spatial variation. These successful validations allowed us to
confidently unify the data collected as belly score and/or Carnus
counts into the variable ‘Carnus presence’, which was used in the
main models. Because parasites often move from one sibling to
another within the nest (Roulin et al., 2003), when at least one
nestling was infested at any sampling point during development,
we scored all nestlings from the brood as ‘infested’.

We recognize that variation in parasite infestation would ide-
ally have been experimental in origin, but in this study, we relied on
natural variation. This may have biased our results when Carnus in-
fection varies systematically between or within colonies, or when
jackdaws could detect Carnus infection when selecting a nest site,
but neither appears to be the case. That the flies are widespread
and first appear long after (egg) incubation has led us to assume for
the present study that jackdaws have little control over whether

they breed in a nest box with or without Carnus infection.

2.2 | Telomere length analyses

Telomere length was measured in 322 individuals in blood samples
using the telomere restriction fragment (TRF) analysis (Salomons
et al.,, 2009). Samples were distributed over 34 gels, and nestlings
from the same brood were partly spread over gels with repeated
samples from the same individual (ages 5 and 30days) placed always
in neighbouring lanes on a gel. Briefly, DNA was extracted using the
CHEF Genomic DNA Plug kit (Bio-Rad) and digested overnight with
proteinase K at 50°C. About half of the digested DNA was simulta-
neously digested with Hind 1l (60 U), Hinf 1 (30 U) and Msp | (60 U) for
18h at 37°C in NEB2 buffer. The digested DNA from the nucleated
erythrocytes in each sample was then separated by pulsed-field gel
electrophoresis at 14°C for 24 h (3 V/cm, initial switch time 0.5s and
final switch time 7.0s). The gels were dried (Bio-Rad model 538) and
hybridized overnight using a *2P-end-labelled oligo (5-CCCTAA-3'),
that binds to the 3’ end-cap telomere overhang. Subsequently, a gel
picture was obtained by detecting the radioactive signal (Cyclone
Storage Phosphor System, PerkinElmer) with the use of a phosphor

screen. Individual telomere length distributions for each sample
were quantified through densitometry in the resulting gel picture
using IMAGEJ v. 1.38x and following Bauch et al. (2022). For the pre-
sent analyses, we used the averaged value of the individual telomere
length size distributions. The intergel repeatability was measured as
the coefficient of variation for a 29-day-old jackdaw control sample
that was included in all 34 gels (6.01%), while the intragel repeat-
ability is demonstrated by the high repeatability within individuals

(see Results section).

2.3 | Statistical analyses

All models were fitted in R 3.6.3 (R Development Core Team, 2020). To
evaluate effects of the parasitic infection and brood manipulation on
the nestlings' telomere length and shortening, we built a linear mixed-
effects model with telomere length as dependent variable (hereafter,
telomere model). The following terms were included as fixed effects:
age, Carnus presence, brood manipulation, sex, the four-way inter-
action among these variables and all lower-order terms. We also in-
cluded nestling body mass and the two-way interactions between
body mass and age, sex, brood manipulation and Carnus presence.
Random effects included year of birth to control for temporal varia-
tion, colony to control for spatial variation, foster nest, gel identity to
control for between-gel differences and individual identity to control
for repeated measures on the same individual. Individual identity was
nested in foster nest (nesting individual identity also in year of birth
gave singularity problems, so this random effect was removed). This
model was fitted using the R package Ime4 1.1-27.1 (Bates et al., 2014).

Nestling body mass was standardized (mean=0, SD=1) by
age group to control for the different scales in the mean and stan-
dard deviation of mass between day 5 (mean=42.31g, SD=8.03,
n=2326) and day 30 nestlings (mean=229g, SD=20.57, n=326).
Standardization of mass was done separately for nestlings in re-
duced and enlarged broods to avoid confounding brood size manip-
ulation with nestling mass in the telomere model.

To evaluate whether telomere shortening within individuals
was (i) due to consistent parasite effects yearly (within-year ef-
fect), (i) dependent on parasite abundance variation between years
(between-year effect), or (iii) both, we followed van de Pol and
Wright (2009). The modelincluded ‘average Carnus’ (mean proportion
of parasite-infested individuals in the population or between-year
differences), ‘delta Carnus’ (deviation of individuals' parasite pres-
ence/absence score from the year's population mean or within-year
differences), age, sex, brood manipulation, body mass scaled by age
group and the two-way interaction of each with age as fixed effects,
and the same random effects as in the telomere model. A model with
‘average Carnus’, Carnus presence, and the same fixed and random
effects described in the previous model tested whether the slope
of the between- and within-year effects was significantly different.

To evaluate the effects of the parasitic infection and brood
manipulation on nestling growth between ages 5 and 30days, we
built a linear mixed-effects model with mass as dependent variable
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TABLE 1 Parameter estimates of fixed effects from the two mixed models explaining age, brood manipulation and parasite effects on
telomere length (telomere model) and body mass (mass model) of nestling jackdaws.

Telomere model Mass model
Predictors B SE p-value p SE p-value
Intercept 7008.10 81.65 <.001 135.89 1.31 <.001
Carnus presence -125.90 110.88 256 0.38 1.44 791
Age -263.85 10.16 <.001 188.08 0.67 <.001
Sex 65.94 61.99 .287 10.38 0.74 <.001
Brood manipulation 84.84 69.76 224 -2.81 1.00 .005
Scaled mass -16.50 6.93 .017 = = =
Age*Carnus presence -100.07 32.67 .002 3.10 2.05 131
Carnus presence*Sex 57.98 212.56 .785 -0.46 2.26 .837
Age*Sex 38.03 20.99 .070 19.41 1.35 <.001
Carnus presence*Brood manipulation -305.82 199.82 126 6.33 2.66 .017
Age*Brood manipulation 8.00 20.61 .698 -8.92 1.40 <.001
Brood manipulation*Sex -148.68 131.22 257 -2.34 1.55 132
Age*Scaled mass -0.01 13.60 .999 - - -
Scaled mass*Sex 19.89 13.68 146 = = =
Scaled mass*Brood manipulation 21.70 16.18 .180 - - -
Scaled mass*Carnus presence 5.34 20.57 795 - - -
Age*Carnus presence*Sex -26.46 72.34 715 0.90 410 .827
Age*Brood manipulation*Carnus presence -163.62 63.28 .010 494 3.85 .200
Carnus presence*Brood manipulation*Sex 143.53 378.62 .705 -2.54 4.27 .552
Age*Brood manipulation*Sex -35.92 4711 446 -3.92 2.80 162
Age*Brood manipulation*Scaled mass -24.56 31.85 441 - - -
Age*Carnus presence*Scaled mass -11.58 45.54 799 - - -
Age*Carnus presence*Brood manipulation*Sex -68.34 115.11 .553 5.15 771 .505
Random effects
o 11999.36 179.96
700 Chick_ID:Fnest 236971.68 3.58
T00 Fnest 21104.45 29.84
700 GellD 13001.77 .
700 Colony 26216.11 4.36
700 YEAR 4824.07 4.33
ICC 0.96 0.19
Nyear 6 6
Ncolony 7 7
Nl 322 828
Nenest 175 317
Ngeip 34 -
Observations 644 1656
Marginal R?/Conditional R? 0.073/0.965 0.976/0.980

Note: Significant parameter estimates are in bold. For variable names, in bold when significant in the telomere model and/or underlined when
significant in the mass model. Nestling mass was transformed to a standard normal distribution by age and brood size manipulation group. All other
parameters were centred. Data on parasite infestation and telomere length for the telomere model were available for a subset of individuals present
in the mass model.

Abbreviations: Cl, confidence interval; ICC, interclass correlation coefficient; SE, standard error; 5, parameter estimate; 02, residual variance;

7, variance.
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(hereafter, mass model). We specified age, Carnus presence, brood
manipulation, sex and the interaction among them as fixed effects.
The random effects were the same as in the telomere model (with-
out gel identity). This model was fitted using the R package bime
1.0-4 (Chungetal., 2013), which avoids convergence and singular fit
problems by using Bayes modal estimation with an inverse Wishart
covariance prior for the random effects (Chung et al., 2013).

For all of the above, we present the full model, which incorpo-
rated all predictors relevant to our hypotheses. Unless stated oth-
erwise, all predictor variables were mean centred to improve the
interpretability of regression coefficients of main effects when in-
teractions are present in the model (Schielzeth, 2010). All diagnos-
tics plots were examined to confirm that there were no deviations
from model assumptions and variance inflation factors (VIF) were
calculated to check for multicollinearity (all variables had VIF < 2.5)
before interpreting model estimates. To ensure that the results
were not biased by the presence of extremely influential points or
unbalanced sample size between groups (i.e. Carnus presence, see
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Results section for information on parasite prevalence in the mod-
els), we used parametric bootstrapping (n=1000) to obtain 95%
confidence intervals. Results were confirmed for all models, and

thus we chose to present g-estimates, standard errors and p-values.

3 | RESULTS

3.1 | Parasite and brood manipulation effects on
telomere shortening

Telomere length (TL) was on average 7008 + 82 base pairs on day
5 (hereafter, bp + SE) and nestlings lost on average 264 + 10 bp over
the 25-day measurement period (Table 1, age effect). TL on day 30
was highly correlated with TL on day 5 (Figure 1; r=.99, n=322,
p <.0001), which further confirms the high within-individual corre-
lation of telomere length in the present population rendered by the
TRF analysis (Bauch et al., 2022). TL correlated negatively with body
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FIGURE 1 Correlation between telomere length at day 5 and day 30: the diagonal line plotted at x=y (in red) represents no change in
telomere length (when TL on day 5 it is equal to TL on day 30) and further points below the line indicate more telomere shortening. Raw data
points and regression lines for Carnus hemapterus presence (dashed line, filled circles) and absence (solid line, open circles) are plotted. Note
that in the model, telomere shortening was higher for parasitized nestlings reared in enlarged broods (three-way interaction, for statistics

see Table 1).
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mass, and this association was independent of age, as evidenced by
a non-significant age x mass interaction (Table 1, telomere model;
note that mass was Z-transformed by age group and brood size ma-
nipulation category). TL was on average 17 +7bp shorter per SD
increase in body mass in the population (Table 1, Figure 2).

Carnid flies were recorded in 142 of the 175 nests and in 278 of the
322 nestlings. There was a significant three-way interaction between
age, brood size manipulation and Carnus presence, indicating that the
Carnus effect on telomere shortening with age depended on brood size
(Table 1, Figure 3). The different rates of shortening between manipu-
lated broods were further confirmed by post-hoc analyses in which we
ran separate models for nestlings reared in reduced versus enlarged
broods. This revealed that Carnus infestation accelerated telomere
shortening in enlarged broods, but not in reduced broods (Table S2).
Thus, while Carnus presence was associated with increased telomere
loss over all data pooled (agex Carnus presence interaction, Table 1,
Figure S2), this was due to enlarged broods only. The significant
agex Carnus presence interaction in the full dataset (Table 1) shows
that nestlings reared in infested nests shortened their telomeres by

on average 100+ 33bp more than nestlings reared in nests in which

no parasite was recorded, and the subsequent post-hoc analyses show
that this significance is driven by the effect in the enlarged broods.

Parasite prevalence varied between (;(25= 13.02, p-value=.023)
and within years, and to disentangle the effects of these different
levels of variation on parasite-dependent telomere shortening, we
separated within- and between-year parasite prevalence variation.
We found a significant effect of parasite infestation on telomere
shortening within years (age x delta Carnus interaction, Table S3) but
not between years (no between-year effect, no age x average Carnus
interaction, Tables S3 and S4), confirming that the parasite effect on
telomere shortening is consistent within years and it is not depen-
dent on parasite abundance variation between years.

3.2 | Parasite and brood manipulation effects on
nestling growth

For the mass model, we expanded the dataset to include N=506
nestlings without telomere length information but born in the same
period (2012-2017) as the N=322 nestlings included in the telomere

| 30

5)
10000
9000 .
a
o
£ 8000
(@]
C
<
o
[0}
£
S
L
7000
6000

20 30 40 50

60 160 200 240

Mass (g)

FIGURE 2 Telomere length depending on nestling body mass for nestling ages day 5 (left panel) and day 30 (right panel). Plots show raw
data and regression line with 95% confidence interval, but note that mass was normalized for reduced and enlarged broods separately in the

statistical analysis.
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model. In this expanded data set, carnid flies were present in 247 of
the 317 nests and in 708 of the 828 nestlings. Nestlings gained on
average 135.9 + 1.3 g over the 25-day measurement period (Table 1,
mass model). Body mass gain was not affected by Carnus presence,
and neither was there a significant interaction between brood size
manipulation and Carnus presence (Table 1). However, nestlings
reared in enlarged broods gained on average 8.9 +1.4g less mass
than nestlings reared in reduced broods (Table 1, Figure 4). Mass gain
was also significantly different between sexes, with males gaining on

average 19.4+1.4g more mass than females (Table 1, Figure S3).

4 | DISCUSSION

Parasitic infection by the carnid fly and sibling competition in-
teracted to negatively affect telomere dynamics in developing
individuals. Telomere shortening was accelerated in parasitized
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FIGURE 3 Telomere length in relation to age, brood size
manipulation and Carnus presence in wild jackdaw nestlings. Data
points (estimated marginal means) and confidence interval (bars)
are shown separately for the reduced (left panel, open circles) and
enlarged groups (right panel, closed circles). Telomere shortening
over the development period is shown as solid line for non-
parasitized individuals (N =Carnus absence) and dashed line for
parasitized individuals (Y =Carnus presence).

nestling jackdaws reared in enlarged broods but not in parasitized
nestlings reared in reduced broods, indicating a synergistic ef-
fect of these stressors. Furthermore, ectoparasitic infections
by Carnus hemapterus did not affect nestling growth but nest-
lings reared in enlarged broods gained less weight, in accord-
ance with previous findings in the same population (Boonekamp
et al., 2014).

Telomeres shortened on average 264 bp over the 25-day devel-
opment period, but when nestlings in enlarged broods suffered from
infections by the parasitic carnid fly, this was increased to 428bp,
a 62% increase relative to the overall mean. This increase could be
a direct effect of enhanced cell proliferation to replenish the red
blood cells (RBCs) depleted by the haematophagous fly, as reported
for species parasitized by blowfly larvae (O'Brien et al., 2001; Sun
et al., 2020). Alternatively, but not mutually exclusive, increased
telomere loss could be an indirect effect of the parasitic infection,
for example, through an increase in oxidative stress (Armstrong &
Boonekamp, 2023). The latter possibility is supported by studies
reporting increased oxidative stress in birds infected by haemato-
phagous ectoparasites (Lopez-Arrabé et al., 2015; Martinez-de la
Puente et al., 2011; Mougeot et al., 2010). However, the effect of
parasitic infections on telomere dynamics via oxidative stress re-
mains speculative at this stage. Future studies combining brood size
manipulation with anti-parasite medication would further confirm
a direct effect of parasitic infections on telomere dynamics (i.e.
when infected nestlings shorten their telomeres more than non-in-
fected siblings reared in reduced broods). Additionally, measuring
physiological parameters such as haemoglobin and markers of ox-
idative damage could shed light on the mechanism through which
blood-sucking parasites increase telomere loss.

The effect of parasitic infection on telomere shortening was con-
tingent on brood size, with Carnus presence accelerating telomere
shortening in enlarged broods, but not in reduced broods. This re-
sult is in line with findings in other studies showing that adversity
effects on telomere dynamics are more evident under ecological
hardship (e.g. in the American alligator, Bae et al., 2022; McLennan
etal., 2016). The finding that nestlings in enlarged broods were more
susceptible to effects of Carnus infestation is an example of ‘a re-
verse Matthew effect’ (Zhe Jin et al., 2013). The Matthew effect is
the phenomenon that individuals who are doing well benefit more
from new opportunities than individuals who do less well (‘to those
that have shall be given’). The ‘reverse Matthew effect’ aggravates
individual differences in a complementary way: individuals who are
in a poorer state suffer more from additional adversity than individ-
uals in a better state (‘from those that have little will be taken’). This
appears to be a widespread phenomenon (e.g. Briga et al., 2017).
Occurrence of ‘reverse Matthew effects’ during early life may con-
tribute to the fitness consequences of adverse developmental con-
ditions, in the sense that offspring that are in a poorer state because
of a particular adverse aspect of their environment may end up more
disadvantaged relative to individuals in a better state due to addi-

tional challenges.
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FIGURE 4 Change injackdaw nestling body mass from day 5 to day 30 in reduced (left panel) and enlarged broods (right panel). Raw
means and confidence intervals (bars) are shown for all individuals (black), or separately for unparasitized (N, grey) and parasitized (Y, grey)
nestlings. The interaction between brood size manipulation and Carnus infestation did not significantly affect mass change.

Environmental adversity generally decreases growth rate, and
adverse conditions accelerate telomere shortening. One could
therefore expect fast growth to be associated with long telomeres
(Monaghan & Ozanne, 2018). However, reality is more complex
because studies find contrasting relationships between growth
and telomere length (Vedder et al., 2017). We found TL to de-
crease with increasing body mass (scaled - see Methods), and this
association was independent of age, brood size manipulation and
Carnus infestation. The fact that the mass effect on TL did not
change with age, despite the approximately fourfold increase in
body mass, could be taken to mean that the mass effect at fledg-
ing age was in fact the day 5 mass effect that was carried over
to fledging age. This underlines our earlier finding that individual
variation in telomere length is largely determined very early in
life (Boonekamp et al., 2014). Telomere dynamics during devel-
opment is the outcome of resource allocation between growth
and somatic maintenance, and depending on variation in resource
allocation and availability positive and negative associations be-
tween growth and TL can arise (Vedder et al., 2017). Apparently,
jackdaw nestlings canalized resources to early growth at the ex-
pense of telomere maintenance, possibly because day 5 mass has
strong fitness consequences, with survival up to fledging increas-
ing strongly with increasing day 5 mass (Boonekamp et al., 2018;
Borger et al., 2023).

Had we restricted our study of the effects of Carnus infection
to growth, we would have concluded that Carnus infection does
not noticeably affect jackdaw nestlings, and it is only with the ex-
tension of our study to telomere dynamics that effects of Carnus
infection were revealed. Given the earlier finding that telomere
shortening predicts post-fledging survival to recruitment in this
population (Boonekamp et al., 2014), we assume that Carnus infec-
tion thereby affects offspring fitness prospects, but we acknowl-
edge that this remains to be established. Here, we indicate that
the effects of early-life adversity depend on environmental condi-
tions (i.e. parasite presence), complicating predictions of early-life
effects on fitness. Thus, the implications of parasitic infections in
combination with brood competition in the longer term remain to
be explored under different scenarios. Telomere length and dy-
namics are proving a useful tool for this purpose (e.g. Eastwood
et al. (2022)); DNA methylation is another promising candidate in
this context (Tangili et al., 2023). For example, it might be that
extrinsic stressors have an additive effect on survival, further
confirming the impact that early-life adversity can have on fitness
prospects (Cooper & Kruuk, 2018). Alternatively, when the nega-
tive effects of parasitic infections are more canalized (Boonekamp
et al., 2018), one might expect no direct effect of Carnus parasites
on survival. Furthermore, cryptic sub-lethal effects of develop-
mental conditions that are expressed beyond the timeframe of the
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study highlight the need to evaluate the effects of developmental

conditions beyond morphological parameters.
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