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Aging trajectories are trait- and
sex-specific in the long-lived
Alpine swift

Héloise Moullec™, Sophie Reichert® and Pierre Bize*

‘Department of Biology, University of Turku, Turku, Finland, 2Anthropogenic Effects Research Group,
Swiss Ornithological Institute, Sempach, Switzerland

Senescence is defined as the general deterioration of the organism (i.e. physiology,
morphology, reproduction), and is associated with increasing mortality and
decreasing fertility with age. Although senescence has now been widely
reported in wild animals, little is known on whether senescence affects all traits,
whether this process is synchronized across traits, and whether males and females
are affected in the same way. Using an individual-based monitoring of 20+ years in
free-living population of Alpine swifts (Tachymarptis melba), we investigated age-
dependent variation between sexes and between six biometric traits, 4
reproductive traits, and 1 measure of parasite burden. We accounted for
selective disappearance and terminal effects in our analyses. Our results provide
general support for age-dependent variation at adulthood in 8 out of the 11 traits
investigated. Most traits showed a variation with 2 thresholds, with first a strong
improvement until 4 to 12 years of age (e.g., increased fork length, decreased
parasite load, or earlier laying date) followed by a plateau and a decline at older
ages. The age of the second threshold showed sex specific asynchrony, with an
earlier threshold in males than in females for tail length, parasite burden and laying
date, as well as moderate asynchrony across traits. Rates of senescence differed
between sexes, with stronger senescence of the tail in females than in males and
with evidence of reproductive senescence in females but not in males. We also
found evidence of terminal investment in males with respect to brood size at
hatching and terminal decline with increased asymmetry of the fork and decreased
body mass. We found evidence of selective appearance with males with longer
fork and little fork asymmetry starting to reproduce earlier in life, and females that
start to reproduce earlier tending to higher reproductive success. Finally, we found
selective disappearance of males with longer tails and marginal effect of selective
disappearance of females with lower body mass. We discuss how natural or sexual
selection may have led to these trait- and sex-specific patterns of aging in this
long-lived bird.
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Introduction

Senescence is the age-related decline of phenotypic traits, that
can be measured at the whole organism from a decline in
morphological traits and physical performances, such as grip
strength in humans (Sayer and Kirkwood, 2015) or number days
spent rutting in red deer (Cervus elaphus; Nussey et al., 2009), to a
decline in survival and reproduction (Bouwhuis et al., 2012; Nussey
et al., 2013; Hayward et al., 2015; Bouwhuis and Vedder, 2017;
Cooper et al, 2021). Although signs of senescence were once
thought to be restricted to humans and laboratory models
(Kirkwood, 2002; Masoro and Austad, 2005), senescence has now
been widely reported in natural populations of animals (Nussey
et al., 2008; Nussey et al.,, 2013; Fletcher and Selman, 2015).
Studying senescence in the wild, however, is difficult because it
requires long-term longitudinal data collected from large numbers
of individuals of known age that live long enough to observe signs of
senescence (Nussey et al., 2008). Despite an increasing number of
longitudinal data on wild populations of vertebrates (Clutton-Brock
and Sheldon, 2010), most studies on senescence to date are
primarily limited to survival and reproductive traits (Nussey
et al., 2013; Bouwhuis and Vedder, 2017; Lemaitre and Gaillard,
2017; Lemaitre et al., 2020). Many studies are also limited to female
reproductive aging (Nussey et al., 2013), with male reproductive
success often more difficult to measure due to uncertainties about
paternity (Bouwhuis et al., 2009; Bouwhuis et al., 2010). This bias in
single-trait and single-sex studies may limit our understanding of
senescence for a given species as well as across species (Lemaitre
and Gaillard, 2017).

As opposed to the first hypotheses of evolutionary biologists,
presuming that natural selection should synchronize senescence
between different traits (Williams, 1957; Maynard Smith, 1962;
Williams, 1999), studies in humans and laboratory animals have
shown that senescence of different traits can often be uncoupled
(Burger and Promislow, 2006; Martin et al.,, 2007; Nussey et al.,
2009; Bansal et al., 2015; Moorad and Ravindran, 2022). A growing
number of studies provide similar evidence of asynchronous
senescence between traits in wild animals (Bouwhuis et al., 2012;
Nussey et al., 2013; Hayward et al., 2015; Bouwhuis and Vedder,
2017; Cooper et al., 2021; Fay et al., 2021). However, much remains
to be done to understand which traits are senescing first and why
(Moorad and Ravindran, 2022). This research question is important
to investigate whether, for example, reproductive senescence is
induced by a decline in foraging ability, which in turn is induced
by a decline in muscle mass and physical activity. This would
predict an earlier onset of senescence in mass versus foraging ability
versus reproduction.

Although there are fewer studies on male than female
senescence in the wild, evidence of senescence was found in both
sexes and, more interestingly, males are often found to senesce
faster than females in mammals (Nussey et al, 2013). Several
evolutionary hypotheses have been proposed to explain
differences between the sexes in their rate of senescence. One of
the best-known factors leading to sex-specific rate of senescence is a
difference in their exposure to environmentally induced mortality,
with the sex with greater mortality expected to senesce at the fastest
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rate (Williams, 1957; Bonduriansky et al., 2008). Accordingly, males
in polygynous species often suffer higher mortality, as a result of
male-male competition, and display faster rates of senescence
(Lemaitre et al., 2020; Bronikowski et al., 2022). Less is known
however on sex-specific rates of aging in socially monogamous
species (Nussey et al,, 2013). As these species often show lower
sexual size dimorphism and more balanced reproductive allocation
between the sexes, sex-specific senescence is less expected in
monogamous species than in polygynous ones (Promislow, 2003;
Clutton-Brock and Isvaran, 2007). Studies in monogamous species
are however showing a great diversity in the rates of senescence
between the sexes, from no differences between the sexes in socially
monogamous and cooperative breeding meerkats (Suricata
suricatta; Thorley et al., 2020), to faster rates of senescence in
male wandering albatrosses (Diomedaexulans; Pardo et al., 2013),
male white-tailed eagles (Haliaeetus albicilla; Murgatroyd et al,
2018), and male red wolves (Canis rufus; Sparkman et al., 2017),
and finally faster senescence in female common guillemots (Uria
aalge; Reed et al,, 2008). Sex-specific rates of senescence in
monogamous species may be influenced by the life-history
strategies adopted by each sex, and thus by the trade-offs involved
in these strategies (Nussey et al., 2008; Lemaitre and Gaillard, 2017).
A greater allocation of one sex to parental care, or greater allocation
in physiologically demanding activities (e.g. growth, foraging,
territorial defense, secondary sexual characteristics) would thus
increase its senescence rate (Reid et al., 2003; Reed et al., 2008;
Nussey et al., 2009; Murgatroyd et al, 2018). To reach a better
understanding of the variation of senescence in the wild, more
studies investigating sex-specific senescence patterns are needed,
especially in monogamous species, and ideally on phenotypic traits
other than just reproduction (Nussey et al., 2009; Nussey
et al., 2013).

Finally, when studying age-related variation among traits and sexes
in free-living populations, it is also essential to account for
heterogeneity between individuals in their rates of aging (Vaupel
et al,, 1979). In other words, it is essential to separate within- and
between-individual effects on age-related changes (van de Pol and
Verhulst, 2006). Indeed, age-related changes observed at the population
level can be induced by within-individual changes (improvement early
in reproductive life and senescence later in life) as well as by between-
individual changes (selective appearance and disappearance of certain
phenotypes; van de Pol and Verhulst, 2006). Between-individual effects,
such as, for example, the early disappearance from the population of
individuals with a low reproductive success (i.e. selective disappearance
of poor breeders), were highlighted in most avian studies on senescence
(Vedder and Bouwhuis, 2018) and can mask the decline of
reproductive traits due to actual senescence (van de Pol and
Verhulst, 2006; Nussey et al., 2008). Researchers thus need to control
for demographic effects when aiming to measure actual senescence.
Similarly, before the death of individuals, the age-related variation of
fitness traits can change direction due to terminal investment (Clutton-
Brock, 1984; Froy et al, 2013), with an expected increase of
performance the last year of life, or due to terminal illness (Coulson
and Fairweather, 2001; Rattiste, 2004), with an expected decrease of
performance the last year of life. These terminal effects can also mask or
be mistaken for a gradual age-related decline due to senescence,
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especially in short-lived species. In recent years, authors investigating
senescence in the wild increasingly account for between-individual
variations by assessing selective disappearance, as well as terminal
effects (Bouwhuis et al., 2009; Martin and Festa-Bianchet, 2011; Froy
et al,, 2013; Hayward et al., 2015; Zhang et al., 2015; Dingemanse et al.,
2020; Cooper et al, 2021) and emphasize the need to control for these
effects in studies on senescence.

In this study, we investigated sex and trait differences in aging
trajectories in the socially monogamous and long-lived Alpine swift
(Tachymarptis melba). Data were collected for 11 traits in both sexes
throughout their reproductive lives. This longitudinal approach
allowed testing for age-dependent variations while accounting for
selective disappearance and terminal effects. Alpine swifts start
breeding at 2 to 4 years of age (median age at first reproduction is 3
years of age; Tettamanti et al, 2012) and may live up to 26 years
(median lifespan of breeders is 7 years of age; Arn, 1960; Bize et al,
2009). This migratory bird is socially monogamous and reproduces in
colonies of up to several hundred pairs. Males and females provide
equal parental care during the breeding period (Bize et al., 2004b), and
previous studies found no difference in survival between the sexes (Bize
etal, 2008a; Bize et al., 2014). Females lay a modal clutch of 3 eggs, and
both sexes then incubate the eggs for 20 days and feed their nestlings up
to fledging, which occurs 50 to 70 days after hatching (Bize et al,
2004b). Although males have a slightly larger body size than females
(1% for wing length to 7.5% for fork length) (Bize et al., 2006a; Table
Al in appendix), this bird is sexually monomorphic to human eye, and
molecular tools are required to reliably sex individuals.

The Alpine swift is an interesting model to explore differences
in senescence between the sexes and asynchrony across traits for
two reasons. First, as this bird species appears to be socially
monogamous and sexually monomorphic, with both sexes equally
involved in reproductive tasks, it can be expected that there will be
few sex differences in senescence rates compared to polygynous
species and species with high sexual size dimorphism, if differences
in reproductive allocation are the main driver of sex-specific
senescence rates. Second, as the Alpine swift is an extreme case of
aerial bird species where adults spend most of their lives flying (they
can fly up to 200 days without landing; Liechti et al., 2013), we can
expect differences across traits in selection pressures and their rates
of senescence (Moorad and Ravindran, 2022). This might be
particularly true for traits, such as tail and wing length and
symmetry, which have strong consequences on aerodynamics and
energy expenditure during flight (Thomas, 1993a; Thomas, 1993b;
Norberg, 1995a). Differences in the onset and rate of senescence
between morphometric traits (body mass, wing length, tail length,
tail asymmetry) and reproductive traits (laying date, clutch size,
brood size at fledging) remain however rarely investigated.

Material and methods
Study population and general methods
The data were collected between 1999 and 2022 in two Alpine

swift colonies located under the roof of two old buildings in Biel
(Stadtkirche) and Solothurn (Bieltor), Switzerland. During this
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study period, the number of breeding pairs remained constant in
Solothurn (about 50 pairs), whereas in Biel it declined from about
100 pairs to 60 pairs. Since 1999 there has been an intensive
individual-based monitoring of adults and their reproductive
success in both colonies. Fledglings are primarily recruited locally
(i.e. 60% of the recruits), and recruits do not disperse after starting
to breed in a colony (no “breeding dispersal”; Bize et al., 2017).
Furthermore, as the annual capture probability of birds after they
start breeding is virtually 1 (SE = 0.003) (Bize et al., 2006a), there is
exceptional repeated information throughout the breeding life of
adults. In this population, 68.8% of the breeders have been ringed as
nestlings and are thus of known age. If a breeder is not captured for
2 consecutive years, it is considered dead (Bize et al., 2009).

Each year, nests were regularly visited to record laying dates,
clutch sizes, and brood sizes at hatching and fledging, and to ring
the nestlings. Adults were captured by hand while sitting on their
eggs or brooding nestlings. As in the Alpine swift both parents must
incubate the clutch and provision the brood, the brood size at
hatching and fledging depends on both parents. Although we have
little information in this species regarding the contribution of each
sex to pre-hatching traits (i.e. laying date and clutch size), males
may have thus an indirect impact on pre-hatching traits if females
allocate differently in reproduction according to the quality (i.e. age)
of their mate, as seen in other bird species (Komers and Dhindsa,
1989; Johnsen et al., 2005; Michl et al., 2005; Segami et al., 2021).

Adults were individually identified with a ring they received as
nestlings or when they were first captured as adults and had not
been ringed before. Each year when an adult was captured, we
measured with a ruler to the nearest mm: wing length on the
flattened and straightened closed wing, tail length from the base to
the tip of the outermost tail feather, and fork length as the difference
in length between the tip of the innermost and outermost tail
feathers. Both the right and left lengths of the fork were measured,
and we computed the absolute difference in length as an estimate of
fork fluctuating asymmetry. Swifts have very short tarsi and thus, as
an alternative measure of skeletal size, we measured their sternum
length with a caliper to the nearest 0.1mm. With each capture of an
adult, the individuals are weighed with a scale at the nearest 0.1 g,
and we counted the number of ectoparasitic louse-flies in their
plumage. Alpine swifts are heavily infested by the hematophagous
louse-fly Crataerina melbae (Diptera, Hippoboscidae) that has been
previously demonstrated to affect nestling growth (Bize et al., 2003;
Bize et al., 2004a) and adult reproductive success (Bize et al., 2004b).
When infested by blood-sucking insects, hosts can defend
themselves with cutaneous immune responses that make the
biting site unfavorable for feeding by hematophagous insects and
can cause damage to the parasite tissue (Wikel, 1996; Wikel, 1999;
Owen et al., 2010). In agreement with this, the cutaneous immune
response of Alpine swifts was found to affect the survival and blood
meal size of the louse-flies (Bize et al., 2008b). To assess the parasite
burden of the swifts, we counted the number of louse-flies in
adult plumage.

Hence, the 11 phenotypic traits collected in this study can be
grouped into three different broad categories, namely, biometric
traits (wing, tail, fork, fork asymmetry, sternum, body mass),
parasite load which could reflect the cutaneous immunity of the
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bird, and reproductive traits (laying date, clutch size, brood size at
hatching, brood size at fledging).

Statistical analyses

All the analyses were performed using R version 4.1.2 (R Core
Team, 2022). The birds used in this study ranged between 1 to 22
years of age. The data include repeated measurements for each
individual throughout its breeding life (mean + SE breeding
observations per individual: 3.8 + 0.1; 1* and 3" quantiles: 1 and
5 observations per individual). At both ends of our age spectrum, we
only had 2 observations of breeding birds at 1 year and 9 individuals
with 14 observations at 19 years of age and older. To avoid biases
caused by extreme values and thus improve the robustness of our
results, we pooled observations at 1 year of age with those at 2 years
of age and we pooled together in the same age category all the
observations at 19 years of age and over (following Froy et al., 2013;
Fay et al., 2021).

First, to tease apart changes in the phenotype driven by age-
related effects, selective disappearance, and terminal illness or
investment (van de Pol and Verhulst, 2006; Froy et al., 2013), we
restricted our analyses to breeding adults (N = 244 males and 307
females) whose age was known (i.e. ringed at nestling or at one year
of age, when still having different plumage characteristics than
adults) and for which we had complete life history (i.e. followed
from their first reproduction to death). We assigned a lifespan to
individuals found dead or not seen since at least 2020 (i.e. not
captured for at least 2 consecutive years). We used a mixed model
approach that follows equation (1) in van de Pol and Verhulst
(2006) which allows teasing apart within-individual age effects
(experience, senescence) from demographic effects (selective
appearance and disappearance):

ri=PBy + PBw x agej+ By x AFR;+ B, x Lifespan; + uy;
+ e

which is a two-level random intercept model with individual i,
measurement j, random intercept term u,, residual error term ey,
within-individual change (B, X age;), selective appearance effect
(B, x AFR;) and selective disappearance (3, x Lifespan;). By
modeling the age of individuals as a continuous variable that is
not centered on a mean individual age (i.e. age;;), our models test for
an absolute effect of age (i.e. chronological effect associated with a
general pattern of senescence) rather than a relative effect of age (i.e.
biological effect with individual deviation from the general pattern
of senescence) (see Fay et al., 2021).

In all our mixed models, we also included a two-level fixed
factor ‘last observation’ (last breeding observation = 1, previous
breeding observation = 0) to test for terminal effects (terminal
investment vs. terminal illness) that can mask the effect of
senescence (Bouwhuis et al., 2009; Froy et al,, 2013), and a two-
level fixed factor ‘colony’ (Biel, Solothurn) to control for possible
differences between breeding sites. We included individual ring and
year of measurement as random factors to control for pseudo-
replication and temporal heterogeneity. Parasite load varied with
the date of capture following a quadratic curve (Bize et al., 2003), so
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we controlled for this variation by including linear and quadratic
terms for the day of capture in the model testing the age-related
variation of parasite load. Similarly, when analyzing body mass, we
also controlled in our models for quadratic variations in mass in
relation to the hour of the day and to the day of capture during the
breeding season'. As we considered individuals from their first
reproduction, individuals included in the analyses were already of
adult size. Although sternum length is fixed in adulthood (no
within-individual variation), we nevertheless kept this trait as
dependent variable in our analyses as it may still show between-
individual variation (e.g. selective disappearance of
smaller individuals).

To identify first the variation of the 11 phenotypic traits with
age in our population, we compared a series of mixed effects models
separately for each trait and for male and female swifts. We tested
models without any effect of age, with age as a linear effect, age as a
quadratic effect, and age with different breakpoints known as
threshold models (following Berman et al, 2009). We tested a
single threshold varying between 4 to 12 years, and double
thresholds one varying between 4 to 12 years and a second
between 8 and 16 with at least 3 years intervals between the two.
We compared these models using maximum likelihood (ML)
estimation and identified the models that best described the
variation with age of the phenotypic traits according to the
Akaike Information Criterion (AIC). For each trait and each sex,
we selected the models with AAIC<2 (Burnham and Anderson,
2002). If several models were selected, we used a model averaging
approach (following Froy et al., 2013) using the R package MuMIn
(Barton, 2011) to obtain the coefficient estimates of the co-variables
in the models and assess the between individual effects (selective
appearance and disappearance) and terminal effects for each trait
and sex.

For the traits where we detected variation with age late in life,
we then carried a second set of analyses to formally test for decline
in late life (i.e. senescence), and whether this decline differed
between sexes. From the best models (with AAIC<2), we
calculated for each trait and sex the mean age of each threshold.
We then built trait-specific ‘late’ dataset by pooling observations
from both sexes made after the onset of senescence (i.e. using sex
and trait specific thresholds). We considered the age at the second
threshold as the potential onset of senescence for traits with two
thresholds. We investigated sex-specific senescence using linear
mixed models with age as linear effect to estimate the slope after
the threshold and testing the interaction between age and sex. In
these models, we also included individual ring and year of
measurement as random factors, and we kept as fixed effect the
variables selected from our previous approach using model
averaging. In this second set of analyses, we increased our sample
sizes at late age by taking into account data from individuals (N =

1 Dumas, M. N,, St Lawrence, S., Masoero, G., Bize, P., and Martin, J. G. A.
Variation in adult body mass is heritable, positively genetically correlated and
under antagonistic selection between the sexes in a bird with little apparent

sexual dimorphism. J. Anim. Ecol.
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319 males and 391 females) whose age and lifespan were known, but
for which we did not know their age at first reproduction, as they
started reproducing before the start of our individual monitoring
(before 2000). Nestling Alpine swifts in the colonies Biel and
Solothurn have been ringed since at least 1968, and thus most
individuals were of known age at the start of this individual
monitoring. To compare rates of senescence across phenotypic
traits, we scaled (i.e. standardized to zero mean and unit
variance) the traits prior to the analyses.

As recommended by Schielzeth et al. (2020), we fitted Imer
models (Gaussian distribution) to all studied traits to allow
biologically meaningful comparisons of estimates across models
even if not all the traits followed a Gaussian distribution. These
authors showed that mixed models provide robust estimates of fixed
effects even when the distributional assumption is strongly violated.
Sample sizes may differ between models and traits due to missing
values for some traits or some individuals.

Results
Age-related variation of trait

Our comparison of models showed that age-related variations
in our phenotypic traits were usually best modelled with threshold
models rather than quadratic models (See AIC table presented in
appendix, Table A2). Results of the best models presented in
Figure 1 show an age-related variation in all traits studied, at the
exception of fork fluctuating asymmetry (Figure 1D), sternum
length (Figure 1E), and body mass (Figure 1F). Models with 2
thresholds best described the predominant pattern of aging, as
observed in both sexes for wing length (Figure 1A), tail length
(Figure 1B), fork length (Figure 1C), parasite load (Figure 1G),
laying date (Figure 1H), clutch size (Figure 1I), brood size at
hatching (Figure 1]) and fledging (Figure 1K). Among these traits,
the length of the wing, tail, fork, the clutch size, brood size at
hatching and fledging showed an increase in both males and females
early in life, until the first or second threshold, followed by a decline
in at least one of the two sexes. Parasite burden and laying date
show the opposite pattern with a decrease early in life,
corresponding to a decrease in parasite load and an advancement
of the laying date in the early reproductive years (Figures 1G, H).

Selective appearance, selective
disappearance and terminal effects

Estimates of selective appearance, selective disappearance and
terminal effects derived from model averaging of the best models
are presented in the Figures 2A-C. We found evidence of selective
appearance (i.e. measured by including AFR) for male fork length
and fluctuating asymmetry and in female brood size at hatching and
fledging (Figure 2A). Males with longer and more symmetrical fork
start to reproduce earlier. Females that tend to initiate their
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reproduction late in life tend to have lower brood size at hatching
and fledging.

We found evidence of selective disappearance (i.e. effect of
lifespan) for male tail length (Figure 2B), with males with longer
tails being shorter lived and gradually disappearing from older age
categories. We also observe a trend for selective disappearance of
females of lower body mass (Figure 2B).

Finally, we found support for terminal effects (i.e. last year of
observation) on male fork fluctuating asymmetry, sternum length,
and brood size at hatching (Figure 2C). In their last year of life,
males produced more offspring at hatching, and they also show an
increase in fork asymmetry and a decrease in sternum length. Males
also tend to show a decrease in body mass the last year before death
(Figure 2C; Table A3 in appendix).

Onset of senescence and late life
rates of aging

For all the traits showing a variation with age, we then looked at
age-related variation late in life (i.e. after the last threshold) to
formally test for the presence of individual senescence. We found
evidence of a decline with age late in life for 4 of the 11 traits (i.e.
wing, tail, brood size at hatching, brood size at fledging; Figure 3).
This decline was different between males and females for tail length,
brood size at hatching and at fledging (Figure 3). Senescence rates
for tail length were higher in females than in males, and senescence
on the number of offspring at hatching and fledging were only
visible in females.

Finally, threshold estimates presented in Figure 1 show
asynchrony in the age at onset of senescence (i.e. second
threshold) between sexes, with this onset being earlier in males
for tail length and parasite load (Figures 1G, H).

Discussion

Our analysis of age-related variation in eleven phenotypic and
fitness-related traits in the long-lived Alpine swift shows evidence
for variation in adulthood for all traits studied except sternum
length, body mass and fork fluctuating asymmetry. Sternum length
is a skeletal feature that is not expected to change once birds reach
their final adult size (i.e., just prior to fledging in the Alpine swift;
Bize et al., 2006b), and thus the lack of within-individual variation
in sternum length in adulthood was expected. Although the absence
of variation with age for the body mass and fluctuating asymmetry
of the fork suggests a relatively stable body condition in this bird, we
observe a tendency of decrease of body mass and detected an
increased asymmetry of the fork in males the last year before
death. In females, a senescence in body mass might be masked in
our study at the population level by the selective disappearance of
individuals with lower mass. The variation with age of the other
traits was best described by segment models with 2 thresholds, such
that traits show an increase early in life followed by a plateau and/or
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FIGURE 1

Age-related variation in biometric traits, parasite burden, and reproductive traits in male (blue) and female (pink) Alpine swifts. Traits (Y-axis) are
scaled and centered and age (X-axis) is expressed in years, allowing for an immediate comparison across traits and between sexes of rates of change
with age. The graphs show the segments obtained from the predictions of the threshold models with 95% CI (dashed lines) and the mean value of
the trait at each age (mean + SE in blue for the males and pink for the females). The horizontal lines above the segments show the range of variation
of the thresholds for each sex calculated from the models with AAIC<2 (mean thresholds + SE). If the "null” model with no age-related variation was
retained by our model selection, we did not plot the segments from the prediction of the thresholds model (i.e. fork FA, sternum, mass). For each of
the traits, sample sizes at a given age are indicated at the bottom of each panel in blue for the males and pink for the females.

decline later in life. This ‘bell-shape’ pattern is consistent with what
has been observed in numerous species (Catry et al., 2006; Lecomte
et al., 2010; Frankish et al., 2020; Saraux and Chiaradia, 2022). In
the Alpine swifts, most traits showed increase or improvement until
4 to 12 years of age (e.g., increased fork length, decreased parasite
load, or earlier laying date) followed by a decline at older ages. Such
widespread evidence of trait improvement over the first year of
breeding is striking, and the mechanisms explaining improvement
with age (e.g. appearance or disappearance of certain phenotypes;.
constraint vs restraint hypotheses; Forslund and Pirt, 1995; Saraux
and Chiaradia, 2022), remain to be investigated in detail in
this species.

Frontiers in Ecology and Evolution

Selective appearance, selective
disappearance and terminal effects

We used a statistical approach to separate within-individual
effects (aging per se) from demographic effects (van de Pol and
Verhulst, 2006; Fay et al., 2021). This approach is important as we
found evidence of demographic effects on age-dependent trait
variation. Interestingly, we found selective appearance of males
with shorter fork and a trend for males with higher asymmetry of
their fork. Hence, males with longer and symmetrical fork start
reproducing earlier. The length and symmetry of the fork could thus
reflect the quality of a male and be involved in its mating success.
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Estimates of rates of ageing with 95% confidence in female (pink)
and male (blue) Alpine swifts. The significance of each estimate is
indicated by a filled circle when significant (P< 0.05), by lightly
colored circles when marginally significant (0.05 < P < 0.06), and by
open circles when non-significant (P< 0.06). Significant differences
in the rate of ageing between males and females for a given trait are
indicated by a star symbol. The traits with no evidence of age-
related variation (i.e. sternum, fork fluctuating asymmetry, body

mass) were removed from these analyses.
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This result brings support to a previous phylogenetic comparative
analyses suggesting that fork depth is under sexual selection in
swifts (Hasegawa and Arai, 2020). In females, we observed a trend
for selective appearance of females with lower reproductive
performance. Females that start reproducing earlier show higher
brood size at hatching and fledging. Therefore, the selective
appearance of males with shorter fork and females with lower
reproductive performance further supports the strong increase of
these traits observed early in life. At older ages, we observed the
selective disappearance of males with longer tails and a tendency for
females with lower body mass. The latter might be related to the
general quality of females suggesting that higher quality females
might have a higher longevity (Weladji et al., 2006; Tettamanti et al.,
2015). This result could mask a potential decline of body mass in
females at older ages in our study.

We also found terminal effects, as an increased brood size at
hatching the last year before death in males. However, we cannot
know if the death of the males after this breeding season is the
consequence of the increased reproduction or the cause. The
increased brood size the last year of life supports a terminal
investment of males during incubation. Another possible
explanation could be that males, before their death, mate with
younger females increasing the performance of their last
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reproduction. However, this increased reproduction can also
involve high costs and therefore be the cause of death, via a
trade-off between allocation of energy for reproduction at the
expense of survival (Stearns, 1992). This is also consistent with
the trend observed in males for a terminal illness with a decrease of
body mass and the increase of fork asymmetry the last year
before death.

Age-related changes in flight-related
biometric traits

The Alpine swift is a very aerial bird that can remain in flight
without interruption for over 200 days (Liechti et al., 2013). Our
results show that biometric traits associated with flight, namely
wing and tail, vary throughout adult life, with an increase in size
until 4 to 6 years of age followed by a decline after 9 to 15 years of
age. In particular, tail length showed strong senescence in both
sexes, although the decrease in males might be partly driven by
selective disappearance of individuals with longer tails. The decline
was moderate for wing length in both sexes. These results are
qualitatively comparable to the patterns of variation with age of
morphological traits observed in the barn swallow (Hirundo rustica,
Moller and de Lope, 1999). Feather abrasion over time (days to
years) may explain the reduction in wing and tail length with age.
However, since Alpine swifts molt every year their wing and tail
feathers, the decrease of length observed with age might rather be
explained by a decrease of feather growth rate with age, as recently
evidenced in the central tail feathers of barn swallows (Adamkova
et al., 2022). The decline in biometric traits late in life could have
implications for flight ability in Alpine swifts since body mass and
the length and shape of the wings, tail, and fork influence flight
maneuverability and energy expenditure during flight in birds
(Evans and Thomas, 1992; Thomas, 1993¢c; Norberg, 1995a).
Swifts have long narrow wings and low wing load, which are
biometric features that allow them to make sharp turns to capture
insects (Norberg, 1995b). Hence, the shortening of tail and wing
length with age in the Alpine swift could increase the cost of flight
and decrease flight performance and foraging success at older ages,
as observed in the grey-headed albatross (Catry et al., 2006). These
decreases in flight performance with age could, in turn, have an
impact on reproductive success in later life. However, in our study
system, this hypothesis is only partially supported, because,
although we found strong evidence of senescence for flight-related
traits in both sexes, we only found evidence for reproductive
senescence in females. Therefore, the senescence of reproductive
traits in this species is probably not simply explained by changes in
size and body condition alone, as in this case we would also expect
to see a decline in reproductive parameters in males as well. The
decline of biometric traits later in the life we observe in Alpine swift
might also have an impact on their migration. This is even more
likely since the ratio between the size of the bird, the length and
shape of the wings and tail are associated with specific tactics of
migration, which in this species for instance would favor energy-
minimization (Norberg, 1995b). To confirm this hypothesis, it
would be necessary to study the characteristics of migrations
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(Meier et al., 2020) after the onset of the senescence of biometric
traits to test whether senescence impacts the distances traveled and/
or the travel time to reach the breeding location. A study on barn
swallows showed that tail and wing length decreased in older
individuals, as did their migratory performance, resulting in a
later arrival on the breeding site (Moller and de Lope, 1999).

Age-related changes in parasite load and
immunosenescence

Parasites derive their resources from their hosts, and hosts
exposed to parasites may therefore incur fitness costs (Moller et al.,
2009a). Hosts can, however, defend themselves against parasites by
mounting immune responses (Wikel, 1996; Wikel, 1999; Owen
et al,, 2010), which can limit the amount of resources extracted by
hosts and their infestation load. Hence, one hypothesis is that the
decline of the immune responses in old age leads to greater
exposure to parasites (Moller and de Lope, 1999; Hayward et al,
2015; Peters et al., 2019) and, in turn, a decline in host performance
in old age. Alpine swifts are heavily infested by blood-sucking louse-
flies that are known to negatively impact the reproduction of this
bird species (Bize et al., 2003; Bize et al., 2004a; Bize et al., 2004b;
Bize et al., 2005), and a previous study showed that the cutaneous
immune response of swifts plays an important role to defend
themselves against louse-flies (Bize et al., 2008b). We found no
evidence that parasite load differed between the sexes or increased
with increasing age. The lack of sex difference in parasite load in
adult swifts is similar to what has been found in nestlings where
males and females show similar levels of parasite infestation and
cell-mediated immunity (Bize et al., 2005). Overall, our results are
similar to those of a recent study on the common tern (Sterna
hirundo), a long-lived seabird, which found no difference between
males and females in innate immune parameters and no clear
senescence of these parameters (Bichet et al., 2022). In Seychelles
warblers (Acrocephalus sechellensis) as well, the infection of a blood
parasite does not increase in older birds, providing no evidence for
immunosenescence (Hammers et al., 2016). Also, recent meta-
analyses did not find evidence of differences between the sexes in
immunity and immunosenescence in wild populations (Kelly et al.,
2018; Peters et al., 2019). Hence, our results provide little support
for immunosenescence as an important driver of reproductive or
biometric trait senescence in the Alpine swift. However, studies
with direct measures of the immune system and greater diversity of
measures of exposure to parasites (such as blood meal size) (Bize
et al., 2008b) are needed to gain greater insights on
immunosenescence in this host-parasite system.

Age-related changes in reproductive traits

Our results show that, as observed in other vertebrates in the
wild (Lemaitre and Gaillard, 2017; Cooper et al., 2021), the
reproductive performances of Alpine swifts first increased with
age over the first reproductive attempts for both males and females,
a finding that can is often attributed to birds gaining breeding
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experience early in life (Forslund and Pirt, 1995; Saraux and
Chiaradia, 2022). However, there were marked differences
between the sexes later in life as we detected evidence of
reproductive senescence in females that was not observed in
males. That is, after reaching a peak, females showed a decline in
reproductive performance later in life, with strong evidence for
senescence in brood size at hatching and fledging from around 12
years. In males, egg-laying date advances in the early reproductive
years, and clutch size, brood size at hatching and fledging increase
before reaching a plateau at older ages. Note that since males do not
lay eggs, evidence of male age-related variation in laying date and
clutch size is likely to reflect selection or differential allocation by
females based on male age and reproductive experience (Komers
and Dhindsa, 1989; Michl et al., 2005; Segami et al., 2021). That is,
females may lessen their allocation into reproduction (delay
breeding and produce fewer eggs) when mating with young and
inexperienced males compared to old and experienced males.
Altogether, these results indicate stronger signs of reproductive
senescence in females compared to males in the long-lived Alpine
swift. Our results are consistent with observations in wild Soay
sheep, with a decline in reproductive performance in females
contrary to an increase of reproductive performance in males
which then plateaus (Hayward et al, 2015). However, this
contrasts with findings in the wandering albatross which is a
long-lived and monogamous bird like the Alpine swift, with
similar parental roles between males and females (Pardo et al,
2013). The breeding probabilities of males albatross decrease at a
faster rate than in females (Pardo et al., 2013).

Contrary to polygynous and highly dimorphic species, with sex-
specific allocation to sexual signaling and mating, it is less evident to
identify potential causes of these sex-specific patterns of reproductive
senescence in monogamous and monomorphic species. In the great
tit (Parus major), it was found that half of the decline in reproductive
success is related to reduction in brood size at hatching and fledging,
and thus to egg failure and nestling mortality; clutch size did not
contribute to senescence of recruit production (Bouwhuis et al,
2009). The authors of this study suggested potential proximate
mechanisms underlying the senescence in reproductive success,
such as incubation behavior, the composition and quality of eggs,
or a decline of male fertilization efficiency and sperm quality as
reviewed also in Lemaitre and Gaillard (2017). In our study
population, however, results show no senescence of male
reproductive traits and even an improvement in the last breeding
attempt before death. It is thus unlikely that male fertility and sperm
quality decrease with age in the Alpine swift, as opposed to other wild
birds (e.g. Moller et al, 2009b). Another explanation could be
differences in energy expenditure between males and females
during reproduction. Although males, as well as females, do
incubate the clutch and provision the brood, the production of eggs
by females is energetically demanding and can lead to costs as
reviewed by Williams (2005). For example, in a wild population of
lesser black-backed gulls (Larus fuscus), experiments where females
were forced to lay extra eggs show consequences not only on the
quality of the extra eggs (Nager et al., 2000), but also females’ rearing
capacity (Monaghan et al., 1998) and their local return rates (Nager
et al., 2001). Hence, Alpine swift females may have greater
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reproductive costs than males due to egg production, which in the
long run might explain the decline in reproductive traits observed in
females as opposed to males in our population. Furthermore,
although Martins and Wright (1993) reported in the closely related
common swift that males and females show similar levels of self-
feeding (Martins and Wright, 1993), and by extension self-
maintenance, it cannot be excluded that males and females’ life
history strategies can evolve with age, as seen in the wandering
albatross (Lecomte et al., 2010). In this species, the decline in
reproductive performance suggests that older males allocate more
in self-maintenance as opposed to reproduction compared to young
males (Lecomte et al., 2010). Insights on sex and age-related variation
on the energetics and foraging behaviors in the Alpine swifts will be
required to answer these questions. Furthermore, to better
understand the mechanisms behind variation in reproductive
senescence between males and females, it would be interesting to
investigate other physiological traits, especially related to
reproduction in females. For example, it has been suggested that
the deregulation with age of the pituitary-hypothalamic-ovarian axis,
as a consequence of a somatic deterioration, could be an important
driver of reproductive senescence in females (Lemaitre and Gaillard,
2017). How males and females differ in the regulation of their
oxidative balance could also be an interesting lead in the Alpine
swift, as previous research in this species showed senescence in cell
resistance to oxidative stress (Bize et al., 2014) as well as sex-specific
covariation between resistance to oxidative stress and fecundity and
survival (Bize et al., 2008a). Males who survived to the next breeding
season tended to be more resistant to oxidative stress, and females
with higher resistance to oxidative stress laid larger clutches (Bize
et al.,, 2008a). In our population, reproductive senescence might thus
be due to global physiological decline with age, associated with costs
of reproduction, and/or to an allocation later in life in somatic
functions responsible for longer lifespan as hypothesized above.

Finally, sexual selection by females for males that are more
resistant to aging, especially at older ages, or by males for females
that are more prone to allocate in reproduction, could also
partially account for the difference in senescence patterns
between males and females in our population (Promislow,
2003). Although there is currently little information on sexual
selection in the Alpine swift® phylogenetic comparative analyses
are suggesting that fork depth is under sexual selection in swifts
(Hasegawa and Arai, 2020).

Asynchrony in senescence across traits

Our results support the growing evidence that asynchrony in
senescence between traits is a common pattern in wild animals
(Bouwhuis et al., 2012; Nussey et al., 2013; Hayward et al., 2015;
Bouwhuis and Vedder, 2017; Cooper et al., 2021; Fay et al., 2021). In

2 Dumas, M. N., St Lawrence, S., Masoero, G., Bize, P., and Martin, J. G. A.
Variation in adult body mass is heritable, positively genetically correlated and
under antagonistic selection between the sexes in a bird with little apparent

sexual dimorphism. J. Anim. Ecol.
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the Alpine swifts, tail length started to senescence earlier in males
(~9 years) than in females (~15 years) and presented faster rate of
senescence than other biometric traits. Among the different tail
shapes of birds, forked tails, as for example in swifts and swallows,
are more vulnerable to damage (Thomas, 1997). Moreover,
aerodynamic performances of birds are more sensitive to a
variation of the shape of the wings than the tail (Thomas, 1997).
Thus, a decrease in tail length would have a lower impact on flight
performances compared to a decrease in wing length. From these
observations, and because the tail of birds also shows higher
fluctuating asymmetry than the wings, Thomas (1997) suggested
that natural selection might act differently on the tail and wings.
This assumption could also partly explain the higher senescence of
the tail observed in the Alpine swift, compared to the wings. The
length of the tail might not be subjected to strong selection for better
resistance, and neither would benefit for a selection in greater
allocation in self-maintenance to preserve its length.

Regarding reproductive traits that show senescence in females,
it is interesting to note that the effects of senescence are becoming
increasingly evident as allocation to reproduction progresses, from
no detectable effects on egg laying and clutch size to detectable
effects on brood size at hatching and fledging. It suggests that
reproductive senescence in females might be linked to an
accumulation of costs of reproduction, from egg laying to
incubation and food provisioning. Our results are in line with the
study of Bouwhuis et al. (2009) on female great tits, which found
that the age at peak of performance occurs earlier for the number of
fledglings than the clutch size, and that the number of fledglings
declines post-peak contrary to the clutch size. However, the
opposite pattern was observed in the White-tailed ptarmigan
(Lagopus leucurus) (Wiebe and Martin, 1998). Individuals from
the oldest age classes showed senescence of early breeding stage
traits (lay date, clutch size) but showed the highest renesting rate
and fledging success. The identification of traits that senesce at
faster rates within and across species may provide a valuable
starting point to gain insights on the main mechanisms of aging
regulating changes in morphology, physical performance, and
reproductive success.
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