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Telomere length (TL) shortens with age but telomere dynamics
can relate to fitness components independent of age. Immune
function often relates to such fitness components and can
also interact with telomeres. Studying the link between TL
and immune function may therefore help us understand
telomere—fitness associations. We assessed the relationships
between erythrocyte TL and four immune indices
(haptoglobin, natural antibodies (NAbs), complement activity
(CA) and heterophil-lymphocyte (HL) ratio; n=477-589),
from known-aged individuals of a wild passerine (Malurus
coronatus). As expected, we find that TL significantly declined
with age. To verify whether associations between TL and
immune function were independent of parallel age-related
changes (e.g. immunosenescence), we statistically controlled
for sampling age and used within-subject centring of TL to
separate relationships within or between individuals. We
found that TL positively predicted CA at the between-
individual level (individuals with longer average TL had
higher CA), but no other immune indices. By contrast, age
predicted the levels of NAbs and HL ratio, allowing
inference that respective associations between TL and age
with immune indices are independent. Any links existing
between TL and fitness are therefore unlikely to be strongly
mediated by innate immune function, while TL and immune
indices appear independent expressions of individual
heterogeneity.

© 2022 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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1. Introduction

Telomeres are structurally protective ends to linear chromosomal DNA strands [1] which shorten during
DNA replication and repeated cell divisions [2]. As such, telomere length (TL) tends to decline with age
and more rapidly during growth phases [3]. Telomeres are also susceptible to oxidative damage [4], and
exposure to oxidative stress can accelerate telomere attrition (review: [5]; but see [6]). Both intrinsic and
extrinsic stressors (i.e. perturbations to homeostasis such as infection, reproductive effort and adverse
environments) have been linked to telomere attrition [7], with metabolic, hormonal and/or immune
mechanisms hypothesized to be involved [8-10]. Given that longer telomeres are often related to longer
lifespans or greater lifetime reproduction in wild organisms independently of age [11-13], individual TL
could be a useful biomarker of individual quality (fitness potential) reflecting resilience to cellular ageing
and oxidative processes. On the other hand, the rate or extent of telomere loss over time might better
predict future fitness [14-16], possibly by reflecting the severity or cumulative effects of stressors [17,18].
Moreover, the adaptive significance of changes in TL might depend on the trade-off between different
components of fitness (e.g. reproduction versus longevity [15,19]), or even hormetic signalling [20]. A
complete understanding of telomere dynamics and potential implications for fitness remains unclear.

Immune function is crucial for fitness in the face of ubiquitous parasite pressure, directly via morbidity
or mortality, or indirectly via fitness-related traits (e.g. sexual ornaments, social dominance; [21] and
references therein). Because telomere attrition can induce cellular senescence and generate dysfunctional
secretory profiles [22], TL variation in immune cells, or cells producing humoral immune components,
could have significant fitness implications. In humans for example, shorter leucocyte TL is related to
higher susceptibility to experimental infections [23], higher mortality rates [24] and most recently with
adverse COVID-19 patient outcomes [25,26]. Across a range of vertebrate taxa, overall relationships
between TL and mortality risk are evident ([13] though mostly arising from cross-sectional studies, [2]);
whether immune function facilitates such telomere—fitness links is less evident. Interactions between
telomere attrition and immune function are potentially complex, as immune activation might influence
telomere attrition as a long-term cost of infection [27]. Interestingly, repeated infections that induce
telomere attrition [28-30] could possibly create a feedback loop that accelerates immunosenescence and
mortality risk, where the remaining TL represents some individual quality and resilience to future
infection. Investigating relationships between TL and immune function is therefore necessary to better
understand plausible mechanistic links between TL and fitness, and where possible, through
experimental designs manipulating immune function and telomere dynamics in wild organisms, while
monitoring fitness outcomes. Furthermore, a longitudinal framework is necessary to account for
relationships that may exist at the individual and population levels.

To assess the relationships between TL and immune function, we combined longitudinal telomere
and immune datasets collected during long-term individual-based studies of wild purple-crowned
fairy-wrens (Malurus coronatus). Using a large sample, we assessed at both the individual and
population levels how TL of red blood cells (RBCs) relates to indices of innate immune function:
haptoglobin-like protein (Hp; or the analogous PIT54 in some avian species), natural antibodies
(NADbs), lytic complement activity (CA) and heterophil-lymphocyte (HL) ratio. While functionally
diverse, these indices comprise important aspects of primary immune defences involved in pathogen
recognition and elimination. Because NAbs, CA and Hp are all humoral immune components secreted
from immune and other somatic cells [31,32], we hypothesized that TL-associated dysregulation of
secretory profiles will impact the production of these components. These three immune indices are
constitutively maintained regardless of infection history ([21]; cf. Hp during acute phase response),
thus we did not expect the direction of associations with TL to represent an individual-level cost of
infection. Rather, we predicted that with decreasing TL within individuals, the production of these
immune components would decline. HL ratio is a composite metric of cells involved in innate and
adaptive immune functions, which can also function as an indicator of chronic stress [33]. Because
stressor exposure has been consistently linked to declines in TL in humans and animals (though
mostly cross-sectional studies—see meta-analyses [7,34]), we predicted HL ratio to correlate negatively
with TL, due to both parameters responding to stressor exposure. An alternative hypothesis
predicting a (causal) negative relationship between TL and HL ratio is that the leucocyte-producing
thymus, which involutes showing signs of cellular senescence in almost all vertebrates [35], stops
producing circulating leucocytes (naive T-cells) and increases the HL ratio.

Individuals in this population are of known age, and in previous work examining these four immune
indices, we found age-related changes in NAbs and HL ratio at the population level, but without
clear within-individual immunosenescence [36]. We also have an expectation that telomeres will show
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Figure 1. Declining TL with increasing age in purple-crowned fairy-wrens. A significant nonlinear relationship between relative
telomere length (rTL) and age as shown by generalized additive mixed models (GAMMs) can be well approximated by log age
(electronic supplementary material, table S2). Fitted values show standardized rTL predicted by log age in a linear mixed
model (LMM), and back-transformed to the original age scale, with the ribbon showing 95% confidence intervals, incorporating
uncertainty from all fixed effects in the LMM.

age-related shortening, most rapidly in early life [12,14]. If strong relationships between age and TL are
present at either the individual or population levels, we might expect similar telomere-related changes in
immune function to those we observed previously for age. Nevertheless, TL integrates information not
only about age, but also individual quality and/or stressor exposure. Consequently, we employ here a
similar statistical framework to Roast et al. [36] to longitudinally assess how TL relates to these
indices, while controlling for independent age-related changes in immune function. In this framework,
effects of TL on immune indices should reflect integrated information like individual quality beyond
age-related telomere attrition. With this longitudinal study, we expect to contribute to an
understanding of telomere-immune relationships across the lifespan, which is currently minimal in
wild populations (figure 1, [27]).

2. Methods
2.1. Study population, capture and sampling

Purple-crowned fairy-wrens are resident birds inhabiting riparian vegetation in tropical savannahs of
northern Australia. The species forms cooperatively breeding social groups that occupy distinct
territories in suitable habitat [21,37]. Our study population is located at the Australian Wildlife
Conservancy’s Mornington Wildlife Sanctuary (126.1°E, —17.5°N), along 15 km of Annie Creek and
Adcock River. All individuals have been uniquely colour-banded and routinely monitored since 2005
as part of a long-term research project, providing detailed life-history profiles of each individual from
hatching or immigration into the population, until dispersal or mortality [21]. A tropical, riparian and
social environment exposes purple-crowned fairy-wrens to numerous pathogens, including confirmed
endoparasitic infections of Haemoproteus sp., Plasmodium sp., Trypanosoma sp., Coccidia sp.,
and microfilarial nematodes [38].

Blood sampling was undertaken during two separate field sampling periods each year (mid-April to
mid-June; mid-October to late November) from April 2012 to June 2017. During these 11 field sampling
periods, a total of 796 blood samples were collected from 331 individuals from which both TL and at least
one immune index have been quantified for this study (relative telomere length (‘TL) and Hp, n=11
sampling periods, 2012-2017; NAbs and CA, n=7, 2012-2013 and 2016-2017; HL ratio, n=9, 2012-
2014 and 2016-2017). From each blood sample, the complete suite of immune index measurements
could not always be made in addition to TL, thus final sample sizes for each immune index differ, but
are subsets from within this total (specific details of final sample sizes are reported below; electronic
supplementary material, figures S1 and S2). Upon capture in mist-nets, birds were transferred to
holding bags until blood was sampled (median holding time =23 min, s.d.=19.6 min) to mitigate
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handling stress that can influence immunological indices [39,40]. Up to 100 ul blood was collected by

brachial venipuncture into heparinized capillary tubes that were sealed and stored on ice. The same
day, samples were centrifuged at 16 060g for 5 min to obtain RBC and plasma fractions. RBCs were
separated and placed in excess absolute (AR grade) ethanol, before continued storage at 4°C ready for
DNA extraction. Plasma fractions were frozen at —20°C before transfer within eight weeks to
continuous storage at —80°C until use in immune assays; the immune indices we analysed are
resilient to multiple freeze-thaw cycles and longer-term storage [41]. Blood smears were also created
at capture using the wedge-pull method with whole blood [42], before air-drying and fixation in
absolute (AR grade) methanol for at least 15 min.

2.2. Telomere analyses

DNA was extracted from erythrocytes using a QIAamp DNA kit and QIAcube HT instrument (Qiagen)
with protocol modifications as per Eastwood ef al. [43]. DNA extracts from all samples were assessed
using a NanoDrop (ND-1000) for purity and concentration, and run on a 1% agarose gel (100V,
30 min) to check DNA integrity. rTL was quantified using a qPCR method [44] that has been
modified and validated for use in M. coronatus [12,43]. The qPCR reaction mixes were automatically
prepared using an EpMotion 5075 on 96-well plates. In each well, the reaction mix totalled 25 pl,
including: 12.5 pl of SYBR Green I (Roche); 300 nM of both normalizing control gene (glyceraldehyde-
3-phoshate dehydrogenase, GAPDH; [45]) primers or 400 nM of both telomere primers (Integrated
DNA Technologies; [12]); 10 ng of sample DNA or 10 ng of an inter-plate control sample made up of
DNA from multiple M. coronatus individuals. All samples and controls were run in duplicate on each
plate, for both telomere and GAPDH amplification. Reactions were conducted in a LightCycler 480
(Roche) with the following protocols: telomere (95°C for 15 min, followed by 35 cycles of 15 s at 95°C,
30 s at 56°C, 30 s at 72°C) and GAPDH (95°C for 15 min, followed by 40 cycles of 15 s at 95°C, 30 s at
60°C, 30 s at 72°C). Correct product amplification and qPCR quality were assessed for both reactions
by visualizing melt-curves and the no-template control (nuclease free water). qPCR efficiencies were
within 100 + 15% and were calculated from a 10-fold serial dilution starting at 40 ng of DNA from the
control sample. Intra-assay Cq repeatabilities were 0.91 (telomere) and 0.97 (GAPDH). The rTL was
calculated using equation 1, in [43]. The repeatability of rTL was high at both inter-assay (0.85) and
inter-extraction (0.88) levels.

2.3. Immune indices

Four commonly assessed innate immune indices that are important for primary immune defences and
infection detection were quantified: (i) haptoglobin, (ii) NAbs, (iii) CA and (iv) HL ratio. Detailed
methodological descriptions are found in Roast et al. [46], and here reported only in brief. First,
haptoglobin (Hp; or PIT54 functional analogue in some avian species) scavenges and binds to the
toxic and oxidative haem groups produced during infection or inflammation by damaged cells [47,48].
Baseline Hp—predictive of acute phase levels during an immune response [49]—was analysed in a
colorimetric assay following [46]. Corrections were applied for plasma turbidity (using pre-scans at
630 nm) and redness (using 450 nm absorbance values in statistical models; this was necessary as
redness affected Hp values at 630 nm; electronic supplementary material, tables S4-S7a). Inter-plate
variation was assessed using a rabbit plasma standard in triplicate on each plate (coefficient of
variation, CV =0.24, n =25 plates); samples were plated in duplicate. Below the optical saturation
threshold for the assay (1.25 mg ml™"), samples formed a normal distribution (mean=0.62 mgml™’,
s.d.=0.27). Second, NAbs are non-specific antibodies that are produced prior to any antigenic
exposure and are crucial for binding to novel antigenic components on pathogens [50]. Third, CA of
the lysis complement system consists of sequentially activated lytic proteins, which proceed to lyse
and eliminate pathogens and foreign cell components [31]. Both NAbs and CA were quantified using
the same haemolysis-haemagglutination assay [51], following modifications in [46], with inter-plate
CV=0.13 and CV=0.11 respectively. Fourth, the HL ratio consists of heterophils that perform
phagocytosis and bactericidal activity integral to cellular innate immunity [52], and lymphocytes that
secrete antibodies crucial to the adaptive immune response [53]. Additionally, the HL ratio is an
indicator of chronic stress [33], but can also be predictive of immune responsiveness [54]. The HL
ratio was counted per 100 leucocytes on May-Griinwald-Giemsa-stained thin blood films [42].
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2.4. Statistical methods

All statistical analyses were performed using R software v. 3.6.3 [55]. We first assessed the relationship
between 1TL and age in our dataset. All rTL values (1 =796 from 331 individuals) were Z-transformed by
subtracting the mean and dividing by the standard deviation. We fitted standardized (normally
distributed) rTL values as the response variable in a generalized additive mixed model (GAMM)
containing age fitted as a smooth term, in addition to a fixed effect ‘Storage time’—the time in days
between initial capture and DNA extraction for telomere analyses [56], and random effects ‘qPCR
run'—qPCR processing batch, and ‘individual ID’ to control for repeated measures among
individuals. ‘Sex’ was unimportant for TL [12,14], while a ‘Field season’ random effect seemed to
explain the same variance as ‘Storage time’ (given that DNA was batch extracted after all field
seasons) and therefore was not included in the model. This model showed a significant nonlinear
relationship between rTL and age, with a decelerating effect of age on rTL (electronic supplementary
material, table S1). We later used rTL as an explanatory term in models, with age as a controlling
covariate, and each immune index as a response. To adequately capture the nonlinear covarying
relationship between age and rTL in the structure of later models, we assessed whether natural-log-
transformed (log) age was a good approximation of the nonlinear relationship between rTL and age.
Similar to the GAMM, we fitted a linear mixed model (LMM; using ImerTest package; [57]), but with
a log age fixed effect rather than an age smooth function. Using R?, AIC, age effect sizes and
graphical representations from these two models, we judged that log age approximates well the
nonlinear relationship between rTL and age (electronic supplementary material, table S2); we therefore
used log age as a covariate in further modelling.

For each immune index, the final number of samples that had an associated rTL measurement was
for Hp, n=589 from 297 individuals; NAbs and CA, n=477 from 267 individuals; HL ratio, n =485
from 257 individuals. These samples are subsets of the data used in [36] for which TL
measurements were also available. Samples include both single and multiple repeated measures of
individuals with up to seven measures per individual for Hp, and up to five repeated measures for
all other immune indices (electronic supplementary material, figure S2). CA titre scores were
natural-log-transformed, HL ratios were square-root-transformed (all observed raw values were
greater than 0 and less than 1) to normalize distributions (electronic supplementary material, figure
S3). To assess the relationship between individual TL and immune function, we fitted LMMs
containing each immune index as a response variable and rTL as an explanatory term. To use rTL
as an explanatory term, we first corrected raw rTL measurements for telomere assay-specific
methodological error in a separate linear model, fitting ‘Storage time’ and ‘qPCR run’ as fixed
effects, and using standardized residuals from this model as corrected rTL values. In LMMs for
each immune index response, we fitted as fixed effects corrected rTL values, with log age as a
covariate, in addition to sex, ‘time wait'—the holding time between initial capture and blood
sampling, ‘time bled’'—blood sampling time as minutes past sunrise (to correct for circadian
variation in immune indices; [40]), “4504c,’ to correct for within-subject plasma redness (Hp; [49]),
and ‘Plate standard’—to control for inter-plate variation (NAbs and CA). As random effects, we
included ‘Plate ID’—to control for plate effects (Hp), ‘Scorer ID’—to control for scorer variation (HL
ratio), ‘Field season’—to control for variation or batch effects between field sampling periods and
‘Individual ID’—to control for non-independence of repeated measures. Each model was fitted both
with and without log age as a covariate which did not affect model outcomes (see electronic
supplementary material, table S4 for LMMs without log age). Additionally, to test for nonlinear
relationships between rTL and immune indices, a GAMM equivalent to each LMM was created
with 1rTL as a smooth term; however, in each case, no significant nonlinear effects were supported
(see electronic supplementary material, table S5 for GAMMs).

Finally, to assess whether relationships between TL and immune indices differed within and between
individuals, we applied a within-subject-centring approach [58]. Corrected rTL values were within-
subject centred by subtracting the individual’s mean from the observation of that individual to give
‘ArTL’, representing the within-individual effect (Bw), specifically addressing whether an individual’s
immune function changes according to its TL. The individual mean corrected rTL value, ‘urTL’, was
assigned to each observation to represent the between-individual effect (), specifically addressing
whether the variation in TL among individuals explains variation in immune function. The two
variables, ArTL and urTL, were then applied to the previous LMM in place of the single-corrected rTL
variable. For individuals with only a single measurement, ArTL=0, and urTL =the value of that
observation.
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Table 1. LMM shows the effect of age on rTL. Age effect estimates are on a natural-log-transformed scale. The B-estimates (),
standard errors (s.e.), degrees of freedom (d.f), t-statistics (t) and associated p-values (p) for fixed effects and variances (c?)
attributable to random effects, are shown for each model parameter. Italicized shows parameters for which p < 0.05. When this
log age effect is decomposed into within- and between-individual age effects on rTL, effect slopes are statistically similar for Sy
and S of log age (electronic supplementary material, table S3).

intercept 350 107" 9.60 x 1072 194.2 3.644 <0.001 —

log age -230% 107" 422%107? 622.7 —5.460 <0.001 —
B

gPCR run — — — — — 0.082
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ey e Lons

3. Results

3.1. Telomere length declines with age

r'TL showed a clear nonlinear decline with age (electronic supplementary material, table S1) in addition
to large individual variation across ages. This nonlinear decline shows that TL decreases most rapidly in
the first year of life and declines more gradually thereafter (table 1 and figure 1).

3.2. Telomere length and immune indices

rTL did not show any clear relationships either with haptoglobin, NAbs or HL ratio. However, a clear
positive linear association between rTL and CA was present, showing that longer telomeres were
associated with increased CA (table 2 and figure 2). Controlling for log age did not alter these results
(electronic supplementary material, table S4). Significant age effects on immune indices were found
only in NAbs (negative) and HL ratio (positive), consistent with previous results in this population
using a similar dataset [36].

By within-subject-centring rTL estimates, we examined if and how rTL was related to immune indices
within and between individuals, i.e. at the individual and population levels. We found that within
individuals, rTL is unrelated to any immune index (table 2 and figure 2). Between individuals, urTL is
significantly related to CA only and unrelated to all other immune indices. The positive between-
individual effect of urTL found only in CA is consistent with the rTL effect found only in CA and
suggests the overall relationship between rTL and CA to be mainly driven by between-individual
differences. For CA, we further tested the difference between the within- and between-individual rTL
slopes, finding that they did not differ significantly from one another (electronic supplementary
material, table S8). Therefore, a degree of caution should be applied to interpreting a lack of within-
individual effect where a between-individual effect exists. These limitations were explicitly addressed
and modelled in [36], with specific consideration to how the structure of this (similar) repeated
measures dataset might affect power to detect within-individual effects; this analysis concluded that
detection of within- and between-individual effects should be possible except for the smallest effect sizes.

4. Discussion

4.1. Age-related declines in telomere length

Consistent with findings in most other species [16], we found that TL in purple-crowned fairy-wrens
declined with age. This decline decelerated with age, which is consistent with more rapid age-related
telomere shortening typically occurring during earlier life stages and/or during organismal growth
[3,8]. Calculated from fitted values across the age range we sampled, the instantaneous rate of change
in rTL in purple-crowned fairy-wrens was at 6 months, 1, 2 and 4 years = —0.4605, —0.2303, —0.1151
and —0.0576 s.d. year™', respectively. The mean rate of change was —0.0805 s.d. year™', and while not
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Figure 2. The effect of rTL, natural-log-transformed age, ArTL (within-individual) and grTL (between-individual) on indices of
immune function. Each B-estimate is derived from values that were first corrected (as per statistical methods for rTL variables)
and standardized prior to inclusion in models. Each [-estimate is then standardized and made comparable among immune
index response variables by taking the B-estimate from each model and dividing by the standard deviation of the residuals of
the same model minus the respective explanatory term, ie. the effect is standardized by the deviation in the immune
response attributable only to the explanatory term of interest in each model (and some small residual error). The rTL and log
age effects presented derive from the cross-sectional LMM, while ArTL and urTL derive from the within-subject-centred
(longitudinal) LMM. CA and HL ratio were not back-transformed to their original distributions (from log and square-root,
respectively). Bars show 95% confidence intervals calculated using the confint() function of the ImerTest package, standardized
using the same methods as the [3-estimates.

directly comparable, appears a similar magnitude of decline to other small passerines with similar
maximum lifespans (akin to TROCrel as per table 1b in [59]).

4.2. Absent immune- and stress-telomere relationships within individuals

Combining longitudinal data on TL and immune indices, we assessed the relationships between TL and
immune function and found that rTL was not significantly related to any immune index within
individuals. In other words, individuals that lost more telomeres than average did not also display
immune index changes that were larger than average.

We predicted that because humoral immune components are cellular secretions, TL-dependent
dysregulation of secretory profiles would negatively impact the production of our humoral immune
indices. TL is crucial to maintaining structurally protective telomeric loops which delay cellular
senescence and dysregulation. As such, it is possible that the TLs we measured were insufficiently
short to breach a threshold that unravels telomeric loops and results in senescent-associated secretory
phenotypes (SASPs; [22]). Threshold dynamics alone may be overly simplistic to explain telomeric
loop unravelling; however, other impactful factors like DNA breakages and protein levels should
work only to distort further the relationship between TL and SASPs [60]. The indirect nature of
plausible effects of TL on humoral immune components therefore offers some explanation for the lack
of within-individual effects we observed. Additionally for haptoglobin, which functions primarily as a
scavenger of reactive oxygen species (ROS) [47], it could be hypothesized that higher baseline
concentrations mitigate oxidative damage to telomeres and relate to longer TLs. The relationship
between haptoglobin and TL could then operate causally in both directions and possibly exhibit
correlations in both directions that result in no net change relationship.

Intra-individual TL variation among tissue types might also explain our results. Both NAbs and
(partly) lysis complement proteins are produced by various classes of circulating leucocytes. Immune
cells experience higher telomerase activity than other somatic cells as they undergo multiple divisions
and renewal [18]. Possibly, high telomerase activity delaying specifically immune cell senescence
maintains the production of these particular immune components [61], consistent with our lack of
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within-individual effects of TL. Furthermore, in mammals, leucocyte TL is obtained from whole blood
samples (e.g. [62,63]), where leucocytes are the primary source of DNA in the presence of anucleate
erythrocytes. TL measured from blood in birds and other taxa with nucleate erythrocytes derive from
a negligible proportion of leucocyte DNA (e.g. in reptiles [64]) and thus does not represent leucocytes,
and less so the hepatocytes that produce haptoglobin and (partly) lysis complement proteins.
Although we do not know precisely how well TL quantified from avian blood correlates with TL in
leucocytes and hepatocytes of interest here, telomere measurements derived from blood correlate well
with several other somatic body tissues in zebra finches [65] and adult humans [66], with further
evidence from humans suggesting TL correlates among different haematopoietic cell types [67].

Throughout life, individuals are exposed to stressors over various timescales that are thought to
manifest at the molecular level as oxidative stress, possibly contributing to telomere attrition (e.g. fig.
3 in [8]; fig. 4 in [7]). As a metric of chronic stress, the HL ratio did not relate to TL
within individuals, contrary to expectation and existing literature (e.g. [68]). One reason for this lack
of relationship could be a mismatch among timescales, given that TL changes over longer periods
(months-lifespans) than HL ratio (hours—-months), which in turn is stimulated to change by
glucocorticoid stress hormones that change with acute stress (seconds-hours; [33]). Nevertheless,
glucocorticoids themselves have been implicated in changes in TL and acute stressors may play a
more direct role in inflicting telomere losses [8,69].

4.3. Individual quality mediated by complement activity?

By within-subject centring, we demonstrate that between-individual-level differences in mean TL (fg)
were not associated with indices of immune function (NAbs, Hp, HL ratio), except CA. Among these
indices, this suggests that TL may covary with some aspect of—but does not completely associate
with—individual quality, given that individuals with longer average TL exhibited higher levels of CA.

Higher CA titres are largely considered beneficial as the complement system is an integral part of
innate immune defences, initiating adaptive immune memory, and in later life, cellular debris
clearance and self-maintenance [70]. Consequently, our result indicates TL might indicate or covary
with individual quality with respect to certain immune defensive capabilities. In purple-crowned
fairy-wrens, we know that early-life TL [12] and rates of telomere shortening [14] predict life-long
fitness and lifespan, in addition to CA also predicting survival [21], so it is conceivable that CA forms
an important mediatory link between telomeres and fitness. However in [21], the relationship between
CA and fitness was nonlinear and showed individuals with intermediate CA had the greatest survival
probability, so it remains unclear whether longer telomeres and higher CA are both attributes of high-
quality individuals, or whether some trade-off is at work related to the costs of immune defences.
Given its multiple functional roles, CA could also be mitigating telomere attrition against the costly
effects of infection or oxidative stress produced by cellular waste, generating directly the telomere-
immune covariation that we detected, but with a different causal direction. Our study highlights a
potentially important role of the complement system in telomere shortening and fitness. Lastly, the
presence of a between- (and possibly not within-) individual effect here also suggests that
heterogeneity among individuals is greater than, and probably overrides, the telomere losses
experienced by individuals. Individual differences in TL may already exist at birth and processes that
determine telomere inheritance ([71]; and e.g. epigenetics; [72]) might then be more important for
fitness than ageing, telomerase activity, individual stress-related telomere shortening, or all of the above.

4.4, Age-independent effects of telomere length

Age and TL did not explain the same aspects of immune variation. Previously, we found age-related
changes in NAbs and HL ratio at the population level [36], but without clear within-individual
immunosenescence. Despite TL clearly declining with age (figure 1), there were no relationships
between TL and NAbs or HL ratio, either within or between individuals. Instead, there was a clear
positive linear relationship with CA, apparently driven by differences between individuals (table 2
and figure 2), even while controlling for age (electronic supplementary material, table S4). Significant
age effects were found on NADbs (negative) and HL ratio (positive), consistent with previous results in
a similar dataset [36]. Our study shows that TL relates to various aspects of immune function
differently and independently of any age-related changes. Consistent with our findings, several
studies have shown similar age-independent relationships between TL and immune components [62]
or the fitness-related traits potentially underpinned by immune function [73,74]. Aspects of telomere
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dynamics that are not dictated by age, such as oxidative stress-related telomere losses, should therefore
be more pertinent for immune function and/or other fitness-related traits. Age-independence of these
between-individual effects thus infers that any potential signal of individual quality provided by TL is
more likely a consequence of heterogeneity among individuals in resilience to stressors or other
factors that influence telomere dynamics.

5. Conclusion

We investigated the relationships between TL and several immune indices while controlling for age-
related change. Our results suggest that immune function and TL are both (age-)independent
expressions of individual heterogeneity (individual quality), better reflecting variation between
individuals than within-individual changes. Integral to survival, the immune system could potentially
mediate a link between telomere dynamics and organismal fitness, and explain how telomeres capture
individual quality. We show that only CA, which is crucial for innate immunity, is predicted by TL at
the between-individual level, consistent with TL as a marker of individual quality. On the one hand,
the absence of other relationships here can be taken to indicate that aspects of immune function are
unlikely to strongly mediate links between TL and fitness, or explain widespread survival senescence
that could be underpinned by immunosenescence—both of which are observed in wild animals
[75,76]. On the other hand, given the immense complexity of the immune system, and the plethora of
factors that change with age and affect telomeres, that we find the association with CA at all can be
taken as an indication that the immune system more generally may well play an important role in
mediating the link between TL and remaining lifespan.
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