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Abstract
1. Longitudinal studies of various vertebrate populations have demonstrated
senescent declines in reproductive performance and survival probability to be
almost ubiquitous. Longitudinal studies of potential underlying proximate mechanisms, however, are still scarce.
2. Due to its critical function in the maintenance of health and viability, the immune system is among the potential (mediators of) proximate mechanisms that
could underlie senescence.
3. Here, we studied three innate immune parameters—haemagglutination titre,
haemolysis titre and haptoglobin concentration—in a population of common
terns (Sterna hirundo) known to undergo actuarial senescence. We repeatedly
sampled birds of known sex and age across 11 years and used random regression models to (a) quantify how immune parameters vary among individuals and
(b) describe within-individual age-specific changes in, and potential trade-offs
between, immune parameters.
4. Our models revealed no differences between males and females in haemagglutination titre and haptoglobin concentration, and very low among-individual
variation in these parameters in general. Within individuals, haemagglutination
titre increased with age, while haptoglobin concentration did not change. We
found no indication for selective (dis)appearance in relation to haemagglutination titre or haptoglobin concentration, nor for the existence of a trade-off between them. Haemolysis was absent in the majority (76%) of samples.
5. Common terns do not exhibit clear senescence in haemagglutination titre and
haptoglobin concentration and show very little among-individual variation in
these parameters in general. This may be explained by canalisation of the immune parameters or by the colonial breeding behaviour of our study species, but
more longitudinal studies are needed to facilitate investigation of links between
species’ characteristics and immunosenescence in wild animals.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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I NTRO D U C TI O N

some of these findings indeed reflect immunosenescence, age-
related immune changes are not necessarily all detrimental and

Most organisms exhibit senescence, an irreversible decline in per-

rebalancing allocation to different immune defences, the so-called

formance with age (Shefferson et al., 2017). In natural populations,

immune remodelling, could help protect ageing individuals from

senescence has mainly been studied from an evolutionary perspec-

changing immune challenges (Fülöp et al., 2018; Mueller et al., 2013;

tive, focusing on the two key fitness components: viability (actu-

Nikolich-Zugich, 2018).

arial senescence) and fertility (reproductive senescence; Lemaître &

Adding to the complexity, age-related immunological variation

Gaillard, 2017; Monaghan et al., 2008). Proximate mechanisms

or age-related (resolution of) trade-offs may differ among individ-

underlying the observed senescent declines, however, have re-

uals, for example in relation to sex. Interest in sex-specific immu-

ceived less empirical attention (Bouwhuis & Vedder, 2017; Peters

nosenescence has grown out of observed sex differences in the

et al., 2019). Investigating these mechanisms may increase our un-

rate of ageing (Lemaître et al., 2020; Tidière et al., 2015; Xirocostas

derstanding of observed interspecific (e.g. Bouwhuis et al., 2012)

et al., 2020) and in immune function, perhaps arising from effects

or intraspecific (e.g. Bouwhuis et al., 2010; Holand et al., 2016;

of sex hormones or sex-specific behaviour (Klein & Flanagan, 2016;

Lemaitre et al., 2013) variation in senescence patterns, which, at

Ortona et al., 2019; Restif & Amos, 2010). So far, results of studies of

present, is still in its infancy.

sex-specific patterns of immunosenescence are contradictory: some

Due to its critical function in the maintenance of health and

suggest sex differences (e.g. Gubbels Bupp et al., 2018; van Lieshout

viability, the immune system is among the potential (mediators

et al., 2020; Tidière et al., 2020), while others do not (e.g. Brooks

of) proximate mechanisms that could underlie senescence. In ver-

& Garratt, 2017; Cheynel et al., 2017; Kelly et al., 2018; Peters

tebrates, the immune system comprises an innate arm and an ac-

et al., 2019). The reasons for these contrasting results are unknown.

quired arm (Hoebe et al., 2004). Each arm defends an individual

Investigations of (sex-specific) changes in immune function with

via a range of mechanisms involving cellular and soluble (humoral)

age are relatively rare in natural populations, but seem to confirm

components (Akira et al., 2006; Bonilla & Oettgen, 2010; Cooper

the age-related immune patterns observed in humans and labo-

& Alder, 2006; Nathan, 2006). Furthermore, a functioning immune

ratory animals: declines in acquired immunity and increases or no

system involves many interactions between the two arms (Iwasaki &

change in innate immunity (Peters et al., 2019). One caveat is that

Medzhitov, 2010, 2015).

most of this work is based on cross-sectional analyses. Population-

Developing, maintaining and using an immune system incurs en-

level patterns, however, do not necessarily provide accurate insight

ergetic and other nutritional costs (Graham et al., 2005; Lochmiller &

into within-individual processes such as senescence, as they may

Deerenberg, 2000; Maizels & Nussey, 2013). Allocation to immune

also reflect changes in the phenotypic composition of a population

defence therefore is likely to be traded off against allocation to other

(e.g. van de Pol & Verhulst, 2006). With respect to immune param-

life-history traits, such as growth, repair and reproduction (Eraud

eters, this may be especially likely. If individuals with poor immune

et al., 2009; Graham et al., 2010; Hanssen et al., 2004; Lemaitre

defences selectively disappear from a population, then individuals

et al., 2015; Viney et al., 2005). The disposable soma theory, one of

with high levels of defences will be overrepresented among old-aged

the general theories of senescence based on the idea of trade-offs,

individuals (e.g. Graham et al., 2010), thereby potentially masking

asserts that the optimal level of allocation to any form of defence

within-individual age-specific immunological changes. As such, lon-

or repair will be less than what would be required for the body to

gitudinal analyses are needed to demonstrate immunosenescence,

maintain its state indefinitely (Kirkwood, 1977, 2017). As a conse-

to help interpret findings from cross-sectional studies and to assess

quence, the theory predicts that an individual's soma will deterio-

evolutionary consequences (e.g. Nussey et al., 2008).

rate over its lifetime. This deterioration likely includes decreased

We investigated within- and among-individual variation in three

immune system performance with age, that is, immunosenescence

innate immune parameters—haemagglutination titre, haemolysis

(reviewed in Lavoie, 2006; Pawelec, 2018; Shanley et al., 2009;

titre and haptoglobin concentration—in an extensively studied pop-

Simon et al., 2015).

ulation of common terns Sterna hirundo with the aim of offering

Immunosenescence has mostly been studied in humans and lab-

new insights into immunosenescence using a longitudinal analyti-

oratory animals. Generally, acquired immunity has been found to

cal approach. We repeatedly sampled individuals of known sex and

decline with age, while innate immunity has been found to remain

age across 11 years and compiled a dataset comprising 1,023 mea-

unchanged (Frasca et al., 2011; Panda et al., 2009; Shaw et al., 2013;

surements from 396 individuals, sampled between 1 and 10 times

Simon et al., 2015) or to increase, leading to increasing levels of

(mean = 2.67, Appendix 1, Figure S1), at ages ranging between 3 and

persistent inflammation (inflammaging; Franceschi & Campisi, 2014;

27 years (mean = 10.2, Appendix 2, Figure S2). We analysed this

Franceschi et al., 2007, 2018; Goto, 2008; Pawelec, 2018). Although

dataset using random regression models to (a) quantify how immune
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parameters vary among individuals, both overall and in relation to

20 min, the dummy egg was retrieved, and blood was extracted from

sex and (b) describe within-individual age-specific changes in, and

the bug by pricking its abdomen with a syringe, and then stored in

potential trade-offs between, immune parameters.

a box with ice packs. After maximum of 3 hr, blood samples were

Because common terns show actuarial senescence (Zhang

centrifuged (3000 g, 7 min), and plasma fractions were collected

et al., 2015), we expected to find immunosenescence. However, be-

and stored at −20°C until analysis. This method allows for the col-

cause common terns are only slightly sexually dimorphic (Becker &

lection of blood samples without capture stress, and the fact that

Wink, 2003) and share parental care (Riechert & Becker, 2017), and

bug retrieval after 20 min is sufficient to prevent bug physiologi-

because males and females undergo actuarial senescence at similar

cal processes to lead to changes in tern physiology assessed using

rates (Zhang et al., 2015), we did not expect to find sex-specific im-

blood samples has been validated for several blood parameters (e.g.

munosenescence. Based on a previous, longitudinal study of the in-

hormones: Riechert et al., 2012; metabolites: Bauch et al., 2010; and

nate immune parameters studied here, conducted in great tits (Parus

telomeres: Bauch et al., 2013). To validate it for our immunological

major), we expected immunosenescence to be manifested in two

parameters, we caught 10 birds that were sampled using bugs, to

ways. First, we expected an age-specific decline in haemagglutina-

collect a second blood sample from their brachial veins using nee-

tion, which would reflect reduced natural antibody concentrations

dles and heparinised capillary tubes (see below and Appendix 3,

available for eliminating antigens as birds age. Second, we expected

Table S1).

an age-specific increase in haptoglobin concentration, which would
reflect increased inflammation as birds age (Vermeulen et al., 2017).
We expected little age-specific change in haemolysis, reflect-

2.3 | Immunological assays

ing relatively consistent abilities to lyse foreign cells (Vermeulen
et al., 2017).

To assess the innate immune system functioning of the terns, we
measured constitutive levels of three parameters: haemagglutina-

2

|

M ATE R I A L S A N D M E TH O DS

tion titre, haemolysis titre and haptoglobin concentration. All three
have the advantages of requiring only small plasma volumes (max.
40 µl) and of not requiring recapture (unlike immune challenges)

This study was performed under ethical approval and licenses

or expensive equipment; therefore, these parameters have been

from the city of Wilhelmshaven and the Lower Saxony State

assessed in many field studies (e.g. Aastrup & Hegemann, 2021;

Office for Consumer Protection and Food Safety (licence numbers

Hegemann et al., 2013; Hegemann et al., 2013; Vermeulen

3319-42502-0 4-16/2113 and 33.19-42502-0 4-19/3068), Germany.

et al., 2015; Versteegh et al., 2014). All samples were assayed between September and February in the years 2017–2020 by a single

2.1 | Species and study population

researcher (C.B.). For all tests, samples were randomly distributed
across assay plates.

Common terns are socially monogamous migratory seabirds. The
samples and data used for this study were collected as part of

2.3.1 | Haemagglutination and haemolysis

a long-term study of a breeding colony located at the Banter See
in Wilhelmshaven, on the German North Sea coast (53°30′40″N,

Haemagglutination is the product of natural antibodies (NAbs),

08°06′20″E). Here, individual-based monitoring facilitated by an

whereas haemolysis is the product of an interaction between

antenna system started in 1992, when 101 breeders (Becker &

NAbs and the complement system, an enzyme cascade that neu-

Wendeln, 1997) and all subsequent fledglings (Becker et al., 2001)

tralises pathogens and induces inflammatory responses (Janeway

were individually marked with subcutaneous transponders. Since

et al., 2001). Both are involved in the innate immune system.

1998, the sex of all locally hatched breeders has been molecularly

Multifunctional NAbs circulate in animals even without prior

determined from a feather sample collected shortly before fledg-

exposure to a particular antigen (Boes, 2000; Matson et al., 2005;

ing; prior to that, sex was determined by behavioural observations,

Ochsenbein & Zinkernagel, 2000). NAb production is thought to

mostly of copulations (Becker & Wink, 2003).

be under stronger genetic control than other immune parameters
(Versteegh et al., 2014), less sensitive to environmental condi-

2.2 | Blood sampling and plasma collection

tions, nutritional status or stress levels (Deerenberg et al., 1997),
and mostly unaffected by acute infection (Baumgarth et al., 1999;
Hegemann, Matson, Versteegh, et al., 2013; Matson et al., 2005).

Blood samples (100–300 µl) were collected between 2008 and 2019,

NAb-mediated haemagglutination and complement-mediated

with the exception of 2015, using larval instars of the blood-sucking

haemolysis titres were measured using a haemagglutination–

bug Dipetalogaster maximus. To collect a sample, a bug was placed

haemolysis assay, slightly modified from Matson et al. (2005).

into a hollow dummy egg that was temporarily placed in the nest

Each sample was assayed across two round-bottom 96-well plates.

of a target bird during incubation (see Arnold et al., 2008). After ca.

To control for initial haemolysis, which can occur during sample
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collection, all plasma samples were additionally scored for redness,

provided by the manufacturer with slight modifications following

from 1 to 8, and this initial lysis score was added as a covariate in all

Matson et al. (2012). The standards, which were included in dupli-

statistical models (see below). Twenty microliters of seven plasma

cate in each plate, ranged from 2.5 to 0.039 mg/ml to allow for cal-

samples (rows B–H) and a positive control (plasma collected from a

culation of low concentrations. A negative control (7.5 µl of diluent)

single chicken in 2017 in row A) were added to columns 1 and 2 of

and a positive (7.5 µl of the 2017 chicken plasma) control were in-

the first plate. From columns 2 to 11 of the first plate, samples were

cluded in duplicate in each plate (n = 9). We measured absorbance

serially diluted using 20 µl of PBS (phosphate-buffered saline 1X

(spectrophotometer: Anthos 2010, Biochrom) at three wavelengths

Dulbecco's). Each serial dilution was then continued from columns

(405, 450 and 620 nm) before adding the final reagent inducing the

1 to 11 of the second plate. Column 12 of both plates contained

colorimetric reaction. Final absorbance values at 620 nm were cor-

PBS only (negative control). 20 µl of a 1% blood cell suspension,

rected by the pre-scan absorbance values at 620 nm, which allowed

made from a rabbit blood pool no older than 7 days, was added to

us to control for among-sample differences in colour and cloudiness

all wells. Plates were incubated in a water bath at 37°C for 90 min.

(Matson et al., 2012). The pre-scan absorbance values at 405 nm

After incubation, the long axis of the plates was tilted at a 45° angle

(positively correlated with those at 450 nm; R = 0.89) were used to

for 20 min to enhance the haemagglutination visualisation. All plates

statistically correct for blood sample haemolysis in all analyses of

were photographed on a light table to record haemagglutination,

haptoglobin (see below), since values obtained at 405 nm explained

and then kept at room temperature for an additional 70 min before

more variation than those obtained at 450 nm (also see Aastrup &

being photographed again to record haemolysis. From each picture,

Hegemann, 2021; Matson et al., 2012; Wemer et al., 2021).

the eight rows were randomised and scored blindly from 1 to 22 by

Using the positive controls, we calculated the intra- and inter-

a single researcher (C.B.). Higher scores equated to higher haemag-

plate CVs to be 20% and 16%, respectively. We found no detectable

glutination or haemolysis titres.

difference in haptoglobin concentration between blood samples

Due to limited plasma volume, we were not able to run sam-

from the same bird collected using bugs or using needles after catch-

ples in duplicate for the haemagglutination–haemolysis assay, such

ing (paired t-tests: t = 1.07, n = 10, p = 0.31, r = 0.45). Haptoglobin

that intra-plate variation cannot be assessed. The positive controls

concentration was measured in 590 samples collected from 221 in-

(n = 158), however, revealed an inter-plate coefficient of variation

dividuals (113 males and 108 females sampled between 1 and 10

(CV) of 12% for haemagglutination and 10% for haemolysis. We

times, mean = 2.7, Appendix 1, Figure S1b).

found no detectable difference in the haemagglutination nor haemolysis titres between blood samples from the same bird collected
using bugs or using needles after catching (paired t-test for haemagglutination: t = −0.32, n = 10, p = 0.76, r = 0.63; paired t-test for haemolysis: t = 1.96, n = 10, p = 0.08, r = 0.92). Because haemolysis was

2.4 | Statistical analyses
2.4.1 | Age-specific immune defence

absent in 76% of samples (mean haemolysis titre = 0.28 ± 0.02, median = 0.00, n = 1,029), we excluded it from all subsequent analyses.

To test whether haemagglutination titre and haptoglobin concentra-

Haemagglutination titre was measured in 1,023 samples collected

tion varied with age, we ran a series of linear mixed models with

from 396 individuals (204 males and 192 females sampled between

either haemagglutination titre or log-transformed haptoglobin

1 and 8 times, mean = 2.6, Appendix 1, Figure S1a).

concentration as the dependent variable, both modelled assuming
a Gaussian error distribution. An individual's actual age was partitioned into an ‘average age’ and ‘delta age’ component (following van

2.3.2 | Haptoglobin

de Pol & Wright, 2009). An individual's average age was calculated
as the average of all ages at which we measured an individual's im-

Haptoglobin is a multifunctional acute phase protein that binds

mune parameter, while delta age was calculated as the difference

free haemoglobin and thereby mitigates damage caused by reac-

between an individual's actual age at measurement and its aver-

tive oxygen components released during inflammation (Andersen

age age (i.e. delta age = age − average age). In these models, aver-

et al., 2016; Quaye, 2008). Haptoglobin normally circulates in the

age age represents the among-individual age effect, delta age the

blood at low concentrations, but increases rapidly in response

within-individual age effect on immune parameters (van de Pol &

to infection, inflammation or trauma (Cray et al., 2009; Matson

Wright, 2009). If the among-and within-individual age effects were

et al., 2012; Millet et al., 2007; Quaye, 2008). Haptoglobin concen-

to be significantly different from each other, this would indicate that

tration is thought to reflect health status and physiological condition

the effect of age among individuals cannot be explained by changes

(Hõrak et al., 2002, 2003) and to predict immune responsiveness

within individuals, meaning that there is age-specific selective (dis)

(Matson et al., 2012).

appearance of individuals with certain trait values from the sampled

We quantified haptoglobin (or a functional equivalent) in 7.5 µl

pool of individuals (van de Pol & Wright, 2009).

plasma samples using a commercially available assay (TP801, Tri-

All models additionally included (a) the interaction between ‘av-

Delta Diagnostics), which colorimetrically measures the heme-

erage age’ and ‘delta age’ to test for nonlinear age effects, as well

binding capacity of the plasma. We followed the instructions

as (b) sex and the interaction between ‘delta age’ and sex to test
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for sex differences in immune parameters and immunosenescence,

random intercepts only using the Akaike information criterion (AIC;

respectively, (c) the time between blood collection and laboratory

Burnham & Anderson, 2002).

analysis (‘storage time’) to account for potential plasma deteriora-

All univariate analyses were performed in R 3.6.1 (R Core

tion over time (continuous covariate in years), and (d) year of the

Team, 2014) using the function ‘lmer’, implemented in the package

assay (‘assay batch’) to account for potential differences between

lme4

rabbit blood batches or kits (four classes for haemagglutination and

mates of the parameters. Assessment of model assumptions was

three for haptoglobin). Models of haemagglutination titre also con-

performed by checking the residuals’ independence, homogeneity

tained initial lysis as a covariate; models of haptoglobin concentra-

and normality, and testing for temporal autocorrelation. We used

tion the absorbance values of the pre-scans at 405 nm (‘pre-scan

the ‘sim’ function from the r-package

absorbance’). Year of sampling and bird identity were modelled as

the posterior distributions of the model parameters (Gelman & Su,

random intercepts.

2020). Based on 5,000 simulations, we extracted 95% credible in-

(Bates et al., 2015) with restricted maximum likelihood esti-

arm

to simulate values from

Final models were obtained by stepwise removal of non-

tervals (CI) around the mean. Assessment of statistical support was

significant interaction terms, which would affect interpretation of

obtained from the posterior distribution of each parameter. We also

the underlying single covariates. Single covariates themselves, how-

used p-values to assess the significance of the fixed effects, with a

ever, were not removed in a model-selection approach. In the case of

level of significance (α) of 0.05.

the ‘methodological covariates’, this made sure we were correcting
for potential methodological artefacts, while in the case of the effects of sex and age components this allowed us to answer our main
research questions within a single framework.

2.4.2 | Among-and within-individual correlations
between immune parameters

Models that include average and delta age components provide an insight into whether between- and within-individual age

We could assay 550 samples from 212 individuals for both hae-

effects differ, and can therefore indicate the general presence or

magglutination titre and haptoglobin concentration. A bivariate

absence of selective (dis)appearance, but cannot separate between

mixed-effects model was used to investigate whether and how

selective appearance and disappearance. To do this, one should

haemagglutination titre and haptoglobin concentration covaried

ideally formulate models that include age, as well as the biologi-

(Dingemanse & Dochtermann, 2013; Hadfield, 2010). It allowed

cal terms ‘age at first reproduction’ to assess selective appearance

us to simultaneously model both immune parameters as response

and ‘age at last observation’ to assess selective disappearance (van

variables, and to decompose the phenotypic correlation between

de Pol & Verhulst, 2006). In our case, because only 141 out of

them into among- and within-individual correlations. To do so, we

396 birds can be assumed to have died (because they were not

fitted mean-centred and variance-standardised haemagglutination

observed in the colony for >1 year; Bouwhuis et al., 2015), we

titre and log-transformed haptoglobin concentration as response

used an alternative approach and further checked the conclusions

variables assuming a Gaussian error distribution. As fixed effects,

drawn from the final models including the average and delta age

we included trait-specific effects of age and sex, as well as storage

components by formulating models that included age, age at first

time and ‘assay batch’. We also modelled initial lysis and pre-scan

measurement (AFM) and age at last measurement (ALM) of im-

absorbance as fixed effects associated with haemagglutination titre

mune parameters as explanatory variables. These models test for

and haptoglobin concentration, respectively. We initially fitted an

selective appearance in, and selective disappearance from, the im-

unstructured (co)variance matrix for the three random effect com-

munological dataset, respectively, while also testing the average

ponents: bird identity, year of sampling and residual components.

within-individual age effect (van de Pol & Verhulst, 2006), which

However, because a model with the covariance between immune

was our main objective. The results of these models are presented

parameters across years did not fit the data better (based on

in Appendix 4 (Table S2).

Deviance Information Criterion (DIC) model comparison: DIC model

To investigate whether the within-individual age-trajectories of

with among-year covariance = 2,294.89, DIC model without among-

immune parameters differed among individuals, we re-ran the final

year covariance = 2,294.73), we proceeded without modelling such

age-partitioning models as described above, but including random

covariance.

intercepts and slopes for individual identity. We fitted delta age as

Bivariate models were fitted using a Bayesian framework with

the gradient for the slopes rather than actual age, because individu-

the r-package MCMCglmm (Hadfield, 2010) in R 3.6.1. For all mod-

als were measured at different age ranges, and we found no evidence

els, we used parameter-expanded priors (Hadfield, 2010). The

for nonlinear within-individual age effects on immune parameters

number of iterations and thinning interval were chosen to ensure

(see Section 3). For the models with random intercepts and slopes

that the minimum MCMC effective sample sizes for all parame-

(as well as for the models with only random intercepts), we included

ters equalled 1,000. Burn-in was set to a minimum of 5,000 it-

all available data, even if individuals had only a single measurement.

erations. The retained effective sample sizes yielded absolute

We did so to improve the statistical power of our analyses (Martin

autocorrelation values lower than 0.1 and satisfied convergence

et al., 2011). We assessed whether models with both random inter-

criteria based on the Heidelberger and Welch convergence diag-

cepts and random slopes better fitted the data than models with

nostic (Heidelberger & Welch, 1981). We drew inferences from the
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posterior means and 95% credible intervals (CI). We also report the

in relation to either trait. These conclusions were supported by mod-

pMCMC values, representing the probabilities that posterior esti-

els including age, age at first and age at last immune measurement

mates include zero, to test for the significance of the fixed effects.

(Appendix 4, Table S2).
AIC model comparison showed that the models with random

3

|

intercepts and slopes did not outperform those with random inter-

R E S U LT S

cepts only (for haemagglutination titre: AICwith random slopes = 4534.04,
AICwithout random slopes = 4530.04, ΔAIC = 4.00, for haptoglobin concen-

3.1 | Sex-and age-specific immune defence

tration: AICwith random slopes = −199.85, AICwithout random slopes = −202.46,
ΔAIC = 2.61). As such, although haemagglutination titre changes

The interactions between ‘average age’ and ‘delta age’ and between

with age, individuals do not detectably differ in the rate at which this

‘delta age’ and sex were not significant and removed from the mod-

change occurs (also see Appendix 5, Figure S3).

els, indicating that there is no evidence for nonlinear age effects and
for males and females to differ in the age trajectories of their immune parameters, respectively. The resulting final models provided
no evidence for sex differences in the average levels of the immune

3.2 | Among-and within-individual correlations
between immune parameters

parameters either.
We found a within-individual increase in haemagglutination titre

Our bivariate model revealed that there was no correlation be-

with age (β = 0.09, 95% CI = 0.00–0.17, Table 1; Figure 1a), but no

tween haemagglutination titre and haptoglobin concentration at

detectable within-individual effect of age on haptoglobin concentra-

the among-individual level (R among = −0.02, 95% CI = −0.78 to

tion (β = −8.36 × 10−3, 95% CI = −0.02 to 0.01, Table 1; Figure 1b).

0.72; Appendix 6, Table S3), although we may lack the statistical

For both immunological parameters, the 95% credible intervals of

power to detect it because of having to use a reduced dataset,

the within-and among-individual age effects overlapped each other

and because both immune parameters harbour very low among-

(difference between within-and among-individual effects for haem-

individual variance, hampering the possibilities for a covariance

agglutination: β = 8.69 × 10−2, 95% CI = −2.84 × 10−3, 1.78 × 10−1;

between the two traits. At the within-individual level, however,

difference between within- and among-individual effects for hap-

the correlation between haemagglutination titre and haptoglobin

−3

−2

−3

toglobin: β = −7.62 × 10 , 95% CI = −2.31 × 10 , 8.43 × 10 ;

concentration was positive (R within = 0.13, 95% CI = 0.04 to 0.24,

Table 1), such that there is no evidence for selective (dis)appearance

Figure 2).

TA B L E 1 Results from models testing whether variation in haemagglutination titre and haptoglobin concentration (log-transformed)
is explained by sex or age. Provided are fixed and random effect parameter estimates and associated 95% credible intervals (95% CI).
Significant effects (p-value < 0.05 and 95% CI which do not overlap with zero) are presented in bold, ‘—’ means a parameter was not fitted to
the model

Fixed effect parameter

Haemagglutination titre (n = 1,023 measurements from
396 individuals)

Haptoglobin concentration (in log mg/ml, n = 590
measurements from 221 individuals)

Estimate

Estimate

95% CI
−1

Intercept

1.16 × 10

Average age

2.05 × 10 −3

Delta age

8.89 × 10

−2

−3

Sex (female)

2.70 × 10

Storage time

−1.77 × 10 −1

p-value

−1

95% CI

p-value

10.54, 12.67

<0.001

1.91 × 10

0.08, 0.30

0.003

−0.03, 0.04

0.903

−6.35 × 10 −4

−0.01, 0.00

0.766

0.034

−3

−0.02, 0.01

0.219

−3

−0.04, 0.02

0.528

−0.04, −0.00

0.044

−0.05, 0.05

0.966

0.00, 0.17

−8.36 × 10

−0.26, 0.26

0.984

−9.91 × 10

−0.37, 0.01

0.096

−2.31 × 10 −2
−3

−7.98 × 10

−2

−0.65, 0.48

0.786

−1.13 × 10

Assay batch (2019)

−7.15 × 10

−1

−1.57, 0.13

0.100

—

—

—

Assay batch (2020)

−4.09

−4.98, −3.20

<0.001

7.70 × 10−2

−0.02, 0.17

0.113

Initial lysis

2.90 × 10 −1

0.22, 0.35

<0.001

—

—

—

Pre-scan absorbance

—

—

—

1.88 × 10 −1

0.18, 0.20

<0.001

Random effect parameter

Estimate

95% CI

Estimate

95% CI
0, 0

Assay batch (2018)

Bird identity

0

0, 0

0

Year

1.09

0.66, 1.68

9.79 × 10 −3

0.01, 0.02

4.18, 5.00

−2

0.03, 0.04

Residual

4.56

3.46 × 10
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F I G U R E 2 Haemagglutination titre and haptoglobin
concentration are positively correlated at the within-individual
level. Circles represent the raw data with a size proportional to the
sample size, solid lines represent individual slopes

Saccopteryx bilineata, however, found both a decrease and increase
with age in two different immune parameters involved in acquired
immunity, while bacterial killing capacity, another innate immunity
parameter, did not change with age (Schneeberger et al., 2014).
Here, using longitudinal data on common terns sampled between
3 and 27 years of age, we found that haemagglutination, which reflects circulating levels of natural antibodies, increased slightly with
age. The rates of change were generally similar among individuals.
We also found that haptoglobin, a marker of inflammation, did not
change with age.
Animals are exposed to a diverse ‘antigenic universe’, including antigens associated with parasites and pathogens, as well as
ones from commensal micro-organisms, food and their own bodF I G U R E 1 Age-specific variation in (a) haemagglutination titre
and (b) haptoglobin concentration. Circles represent the raw data
with a size proportional to the sample size. Solid lines represent
model predictions with their standard errors (grey areas), with the
grey line representing the among-individual age effect, the black
line the within-individual age effect (centred around the average
age based on all samples)

ies (Horrocks et al., 2011). As such, exposure history necessarily
lengthens with age. Natural antibodies are an early and general
innate defence and presumably relatively cheap to produce
(Klasing, 2004). The age-associated increase in haemagglutination we observed in the terns therefore could potentially reflect
an anti-s enescence or anti-inflammatory defence, since natural
antibodies help eliminate diverse antigens, including self-d erived

4
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DISCUSSION

autoantigens (Reyneveld et al., 2020). The production of natural
antibodies, however, does not require prior exposure (Boes, 2000;
Matson et al., 2005; Ochsenbein & Zinkernagel, 2000) and is

Longitudinal studies of immune function in natural populations

mostly unaffected by acute infection (Baumgarth et al., 1999;

are scarce and their results are variable. In great tits, for instance,

Hegemann, Matson, Versteegh, et al., 2013; Matson et al., 2005)

Vermeulen et al. (2017) observed an increase in natural antibod-

such that evidence of natural antibodies varying with anti-

ies with age in early life, followed by a decrease in late life, while

genic exposure is scarce at best (Horrocks et al., 2015; Panda &

haptoglobin linearly increased with age, both suggesting immunose-

Ding, 2015). Alternatively, increased allocation towards the pro-

nescence. Another study, conducted on the greater sac-winged bat

duction of cheaper components of the immune system (i.e. natural

BICHET et al.
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antibodies, Klasing, 2004) comes at the expense of that towards

In common terns, reproductive senescence is limited to small

more costly components during an age-associated immunological

reductions in breeding probability (Zhang et al., 2015b) and trans-

remodelling processes. If this were to be the case, haptoglobin, a

generational effects (Bouwhuis et al., 2015), whereas fledgling

defence against, and marker of, inflammation, is unlikely to be in-

production increases as birds get older (Nisbet et al., 2020; Zhang

volved in such remodelling, since (a) haptoglobin did not decrease

et al., 2015b). Actuarial senescence, that is, an age-specific reduction

with age and (b) haemagglutination and haptoglobin correlated

in survival probability, is better documented (Vedder et al., 2021;

positively, not negatively, within individuals. This latter result also

Zhang et al., 2015a). This reduction in survival is known to co-occur

casts doubt on potential anti-inflammatory properties of natural

with the shortening of telomeres (Bichet et al., 2020). Telomere

antibodies, pointing instead to their potential ‘pathogenic fea-

shortening with age, however, does not vary strongly among indi-

tures’ (Reyneveld et al., 2020). Further studies would benefit from

viduals, and the association found between telomere length and life

assessing more facets of the immune system to be able to assess

span is the result of a positive genetic correlation between these

intra-immune-s ystem trade-offs in more detail. Acquired immune

two traits (Vedder, Moiron, et al., 2021). If telomeres and innate

components would be particularly interesting to assess in this

immune parameters were similarly related to survival, then individ-

respect, since these are thought to be more expensive to main-

uals’ average levels of immune parameters would predict survival.

tain (e.g. Lee, 2006) and therefore more likely to decline with age

However, we found no support for this prediction: there was no

(Peters et al., 2019). Furthermore, comparing the age-specific im-

evidence for selective disappearance of terns in relation to average

mune defence of animals facing different inflammatory challenges

immune parameters. We therefore require a better understanding of

or distinct (perhaps experimentally manipulated) ‘antigenic uni-

the causes of death of these birds to understand whether immune

verses’ (e.g. van Veelen et al., 2020) could offer new insights into

parameters other than the ones we measured could reflect somatic

the functional significance of age-related immunological changes.

state or individual quality or whether other selection pressures are

In many species, males and females differ immunologically (Klein

more important.

& Flanagan, 2016; Ortona et al., 2019; Restif & Amos, 2010), and
these differences can be exacerbated with age (e.g. Gubbels Bupp
et al., 2018; van Lieshout et al., 2020). Common terns only show

5
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slight sexual dimorphism (Becker & Wink, 2003), share parental care
(Riechert & Becker, 2017) and exhibit similar rates of actuarial se-

Using longitudinally collected samples from a large number of free-

nescence in males and females (Zhang et al., 2015). We therefore

living common terns, we observed very little heterogeneity among

did not expect strong sex differences in innate immune parameters.

individuals with respect to average levels of innate immune param-

In addition to indeed not finding sex-specificity of the immune pa-

eters and no signs of selective (dis)appearance. There were also no

rameters we studied, we found very little among-individual varia-

sex differences, and within-individual changes with age were limited

tion in the average levels of these parameters in general: individual

to a slight increase in haemagglutination, which may reflect the suc-

identity, added as a random effect to our models, did not explain

cessful dealing with a longer exposure history of older birds to their

detectable levels of variation in haemagglutination or haptoglobin

‘antigenic universe’ rather than senescence.

(Table 1). One explanation for these overall low levels of variation

Given the scarcity of longitudinal studies investigating vari-

could be that selection pressures have led to canalisation of innate

ation in immune function (Beirne et al., 2016; Froy et al., 2019;

immune parameters within relatively small boundaries. The large

Graham et al., 2010; Schneeberger et al., 2014; Vermeulen

estimates for the random effect of year (14.19%–19.34% for haem-

et al., 2017), it is hard to determine whether our results relate to

agglutination and between 20.00% and 28.95% for haptoglobin),

the colonial breeding behaviour of our study species or to the lim-

however, suggest otherwise. Birds appeared to have encountered

ited selective pressure exerted by pathogens and parasites. More

something that influenced their immune systems differently in

longitudinal studies are required to gain greater insights into the

the different years. This source of interannual variation (which we

links between species’ traits, including sociality, and variation

assume to be ecological and not methodological in nature), seem-

in immune functions with age in wild animals, thereby revealing

ingly affected all birds similarly, perhaps as a result of their colonial

possible general patterns across taxa, which so far remain elusive

breeding behaviour. Colonial birds are predicted to face greater ex-

(Peters et al., 2019).

posure to pathogens and parasites, and therefore to invest more in
their immune system than solitary birds (Moller et al., 2001). In com-
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