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abstract: Why do senescence rates of fitness-related traits often
vary dramatically? By considering the full aging trajectories of
multiple traits, we can better understand how a species’ life history
shapes the evolution of senescence within a population. Here, we
examined age-related changes in sex-specific survival, reproduc-
tion, and several components of reproduction using a long-term
study of a cooperatively breeding songbird, the superb fairy-wren
(Malurus cyaneus). We compared aging patterns between traits by
estimating standardized rates of maturation, age of onset of senes-
cence, and rates of senescence while controlling for confounding
factors reflecting individual variability in life history. We found
striking differences in aging and senescence patterns between sur-
vival and reproduction as well as between reproductive traits. In
both sexes, survival started to decline from maturity onward. In
contrast, all reproductive traits showed improvements into early
adulthood, and many showed little or no evidence of senescence.
In females, despite senescence in clutch size, number of offspring
surviving to independence did not decline in late life, possibly due
to improvements in maternal care with age. Superb fairy-wrens
have exceptionally high levels of extragroup paternity, and while
male within-group reproductive success did not change with age,
extragroup reproductive success showed a dramatic increase in early
ages, followed by a senescent decline, suggesting that male reproduc-
tive aging is driven by sexual selection. We discuss how the superb
fairy-wrens’ complex life history may contribute to the disparate ag-
ing patterns across different traits.

Keywords: aging, senescence, Malurus, life-history theory, sexual
selection, extrapair paternity.

Introduction

The aging pattern of any fitness-related trait is often char-
acterized by both a period of early-adulthood improve-
ment (maturation) and a period of later-life deterioration
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(senescence; Baudisch 2011; Jones et al. 2014). The diver-
sity of aging patterns observed between species and be-
tween individuals within species has motivated a wealth
of theoretical work describing how aging should evolve
under the framework of life-history theory (for recent re-
views, see Shefferson et al. 2017; Gaillard and Lemaître
2020). There is now increasing evidence that reproductive-
or survival-related traits do not age synchronously even
within an individual (Froy et al. 2013; Hayward et al. 2013,
2015; Zhang et al. 2015; Piper et al. 2017). Despite great
progress in the evolutionary understanding of aging, in
practice it is still not possible to accurately predict how spe-
cific traits will age relative to other traits in any given spe-
cies (Brunet-Rossinni and Austad 2006; Jones et al. 2014;
Bouwhuis and Vedder 2017; Lemaître and Gaillard 2017).
For example, in likely the most taxonomically rigorous
study to date, which included 45 animal, plant, and algae
species, Jones et al. (2014) were unable to identify any dis-
cernible association between the shape of a species’ survival
curve or rate of survival senescence and the shape or rate of
reproductive aging in that species. The lack of discernible
patterns reflects the complexity of selection pressures and
life-history characteristics that are likely acting simulta-
neously to produce the diversity of aging patterns observed
in natural populations.
In general, traits with a greater contribution to fitness

should be expected to senescence slower or later than traits
with lower implications for survival or reproduction (Le-
maître and Gaillard 2017; Cohen et al. 2020). However,
empirical evidence suggests that relative fitness costs are
not able to fully explain differences in onset and rate of se-
nescence (Brunet-Rossinni and Austad 2006; Bouwhuis
and Vedder 2017). Age-dependent trade-offs (Lemaître
and Gaillard 2017), constraints (Cohen et al. 2020), in-
direct genetic effects (Moorad and Nussey 2016), and rel-
ative strength of sexual selection in a population (Bondu-
riansky et al. 2008; Hooper et al. 2018) may all explain
some of these inconsistencies and differences in trait-
specific aging. However, to date, there is little information
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about how these different factors work together to produce
asynchronous aging of fitness-related traits in ecologically
realistic conditions. Useful insights can be provided by
studies of aging involving long-term monitoring of wild
populations and by focusing on how a suite of fitness-
related traits change with age instead of focusing on only
reproduction or survival (Brunet-Rossinni and Austad 2006;
Lemaître and Gaillard 2017; Gaillard and Lemaître 2020).
Investigating how a suite of traits rather than only repro-
duction or survival change with age can thus help to eluci-
date how life history modulates patterns of aging (Nussey
et al. 2009; Hayward et al. 2013, 2015).
Theoretical models predict that physiological fertility

and other reproductive traits, such as maternal care, are
expected to age in varied asynchronous ways depend-
ing on life-history characteristics (Pavard et al. 2007; Gil-
lespie et al. 2013; Moorad and Nussey 2016; Barks and
Laird 2020). For instance, if the ability to provide ma-
ternal care improves with experience, resulting in im-
proved offspring survival with maternal age, the rate of
fertility senescence should be reduced through natural se-
lection, as there is greater benefit to having offspring later
in life when more experience has been accrued (Gillespie
et al. 2013; Barks and Laird 2020). By quantifying aging in
both female prenatal traits that are indicative of fertility
(e.g., clutch size) and postnatal traits that are indicative
of offspring quality (e.g., offspring survival to indepen-
dence), the relative roles of physiological aging versus
the aging of maternal care in driving overall reproductive
maturation and senescence rates can be empirically tested
(Karniski et al. 2018).
Measuring multiple components of reproductive aging

can also clarify the role of sexual selection in shaping
overall aging patterns. In males, aging in reproductive
success could be a result of changes in investment in sec-
ondary sexual traits, with implications for female mate
choice (Cleasby and Nakagawa 2012), or changes in pa-
ternal effects via parental care (Lemaître and Gaillard
2017; Barks and Laird 2020). Age-related improvements
and/or subsequent senescence in male reproductive suc-
cess may be driven by female choice if females prefer par-
ticular male age classes (Kokko 1997; Promislow 2003;
Bonduriansky et al. 2008). For example, female preference
for older males may be adaptive if age is an honest signal
of male quality or if intersexually selected traits are age de-
pendent (Akçay and Roughgarden 2007; Hsu et al. 2015).
Alternatively, male reproductive aging could be driven by
paternal effects, such as age-related associations with terri-
tory quality (Lemaître and Gaillard 2017). In socially mo-
nogamous but promiscuous species, in which males some-
times provide only sperm but other times also share a
common territory with young, the relative roles of female
choice and paternal effects can be disentangled.We are not
aware of any study to date that has explicitly separated age-
related changes in extrapair and within-pair reproductive
success in measuring male reproductive aging.
Measuring sex-specific survival rates can also be insight-

ful in determining the impact of life history on aging, es-
pecially when the sexes experience considerably different
sexual selection pressures (Bonduriansky et al. 2008). In-
creased promiscuity andmore pronounced secondary sex-
ual traits have both been linked with earlier onset or faster
senescence in males relative to females across species
(Clutton-Brock and Isvaran 2007; Tidière et al. 2015). Al-
though, note that Lemaître and Gaillard (2013) did not
find any evidence that variation in male allocation to cop-
ulatory traits explained variation in male senescence rates
in herbivore species. To date, most of the research on the
role of sexual selection in sex-biased aging has focused
on mammals (for a review, see Tidière et al. 2015), and
only one cross-species review has included birds (Clutton-
Brock and Isvaran 2007). Furthermore, the bird studies
included in this review are of species that are predomi-
nantlymonogamous andwithoutmale-biased investment
in dramatic secondary sexual traits. As a result, little infer-
ence can be made about the general effect of sexual selec-
tion onmale senescence in birds. The paucity of empirical
data on aging via sexual selection in birds (relative to
mammals) is especially important because, in mammals,
much of the sexual selection is mediated via intrasexual
competition, favoring evolution of secondary sexual traits
used in duels betweenmales (Cassini 2020). Thus, it is not
clear whether the negative effects of sexual selection on
male senescence observed in mammals are broadly appli-
cable to instances of intersexual competition, where selec-
tion on male secondary sexual traits is driven by female
choice rather than by male-male competition.
Since aging trajectories in a species will depend on the

ecological context, an understanding of the ultimate and
proximate mechanisms of aging requires analyses of wild
populations. There are several practical constraints that
make this sort of analysis challenging. It requires that in-
dividuals are accurately aged and (ideally) tracked until
their death. To adequately investigate patterns occurring
in the oldest age classes, where sample sizes will be heavily
restricted bymortality, the overall sample sizemust be sub-
stantial andmay take decades to collect (Nussey et al. 2008).
Additionally, factors that are not a direct consequence of
aging, including heterogeneity between individuals, in the
environment, and in individual life history, should be con-
trolled for in order to accurately assess the specific effect of
age on trait expression (van de Pol and Verhulst 2006).
In addition to the practical constraints, quantifying ag-

ing also raises several statistical and philosophical chal-
lenges. Aging trajectories may not follow simple parame-
tric functions and ideally need to be modeled without
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constricting the effect of age to a particular functional shape.
Furthermore, to make quantitative comparisons of aging
between traits, it is necessary to define which features of
the aging function to quantify. In this study, we therefore
took a two-stage approach: (a)modeling the aging trajectory
across the life span of each trait nonparametrically using
generalized additive mixed models (GAMMs; Wood
2017) and (b) running a break point analysis using stan-
dardized estimates from these nonparametric models to
generate measures of (i) rates of early-adulthood improve-
ment (maturation), (ii) age of onset of declines in late life,
and (iii) rates of these declines (senescence) for each trait.
This two-step approach to investigating aging has the po-
tential to be applied across other traits and species. Stan-
dardizedmethods for investigating trait-specific aging across
species are key to improving our understanding of how ag-
ing patterns evolve. For this reason, we provide an annotated
code detailing our methodology with the hope of encourag-
ing a standardized approach to aging research across other
wild populations (see the code tutorial in the zipfile, available
online).1

In this study, we investigate trait-specific aging in a wild
population of superb fairy-wrens (Malurus cyaneus; here-
after, “fairy-wren”), a small passerine species endemic to
southeastern Australia. The fairy-wren offers an excellent
system to investigate how sexual selection and life history
may impact survival and reproductive aging. A 30-year
longitudinal study of a wild population of fairy-wrens
provides a large sample of individuals with extremely de-
tailed data on their reproductive histories and timing of
death (Cockburn et al. 2016). With this data set, we were
able to quantify survival, a suite of interrelated compo-
nents of reproduction, and overall reproductive success
separately for each sex.
By measuring age-related changes in survival in males

and females separately, we sought to quantify how differ-
ences in the sexual selection pressures each sex experiences
impact their aging. Fairy-wrens are highly sexually dimor-
phic: males molt into bright blue breeding plumage in ad-
vance of each breeding season,while females remain brown
throughout the year. Plumage brightness heightens preda-
tion risk across a range of bird species (Huhta et al. 2003).
In the fairy-wrens specifically, males increase their vigi-
lance behavior when in blue plumage, which suggests that
they may be under greater predation risk (McQueen et al.
2017). Additionally, the increased testosterone associated
with molting is immunosuppressive in fairy-wrens, possi-
bly further impacting their survival (Peters 2000). The
blue molt is driven by intersexual selection, with females
1. Code that appears in The American Naturalist is provided as a con-
venience to readers. It has not necessarily been tested as part of peer review.
strongly preferring males that molt earlier in the year
(Dunn and Cockburn 1999). If the pattern observed across
mammals—that intrasexual selection results inmore rapid
survival senescence in males—is broadly applicable to in-
tersexual selection as well, then we predict more rapid or
earlier onset of survival senescence inmale fairy-wrens rel-
ative to females.
To investigate whether female reproductive aging in

fairy-wrens is driven by shifts in the quantity of off-
spring produced (i.e., prenatal traits) or changes in the
“quality” (i.e., postnatal traits), we measured aging in
clutch size and breeding start date (prenatal traits) in ad-
dition to measuring the number of offspring that survive
to independence (encompassing the effects of both prena-
tal traits and postnatal maternal care–related traits). The
fairy-wren breeding season can last up to 6 months, but
the breeding start date can vary widely between females
in a given season (Cockburn et al. 2016; Lv et al. 2019).
Females can successfully raise up to three clutches in a
breeding season, and the number of clutches they raise will
be impacted by how early they begin their season: earlier
start dates are associated with higher numbers of young
produced in a season (Lv et al. 2019). Thus, both clutch
size and breeding start date are prenatal traits that will
impact the quantity of reproductive output for females. If
female reproductive aging is driven by changes in the quan-
tity of offspring, we expect to see the rates of age-related
changes in breeding start date and clutch size match the
rates of overall reproductive aging (measured through off-
spring surviving to independence) in females. Conversely,
if overall reproductive aging is asynchronous with these
traits, thiswould suggest that age-related changes inmater-
nal effects related to quality (notably, maternal care) rather
than quantity of offspring are driving reproductive aging
(Moorad and Nussey 2016; Barks and Laird 2020).
In males, we measured overall reproductive aging using

the total number of nestlings produced annually. In addi-
tion, we analyzed aging of extragroup and within-group
reproductive success separately and age-related changes
in the dates on which males molted into their blue breed-
ing plumage each year. There are two different pathways
to reproductive success for males in this socially monog-
amous, group-living social structure—through either
within-group or extragroup mating (Hajduk et al. 2018).
While within-group reproductive success is impacted by
paternal effects (e.g., shared environment), extragroup re-
productive success is driven by female choice (Double and
Cockburn 2000). If female mate choice is strongly deter-
mined by a male’s age, we expect to see the age-related
changes in overall male reproductive success match those
of extragroup success. Conversely, if other paternal effects
change with age more strongly, we expect to see the age-
related changes in overall reproductive successmatch those
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of within-group success. Last, measuring aging of the sex-
ually selected trait of molt date will demonstrate whether
and how sexual selection is age dependent in this popula-
tion. The level of similarity between aging patterns in
extragroup success and inmolt date will indicate the extent
to which female choice is based on molt date.

Methods

Species and Study Site

Thepopulation of superb fairy-wrens located in and around
the Australian National Botanic Gardens, Canberra, Aus-
tralia (357160S, 1497060E), has been intensively monitored
since 1988 (Cockburn et al. 2003). The study site, approxi-
mately 60 ha in area, contains 40–90 territories encom-
passing between 120 and 230 year-round resident adults.
In this study, we used data from the years 1988–2017.
Fairy-wrens are cooperative breeders. Year-round ter-

ritories are occupied by a single breeding female, a domi-
nantmale with which shemaintains a social bond, and be-
tween zero and five subordinate males. These subordinate
males (hereafter referred to as “helpers”) aid the breeding
female and dominant male in the provisioning of young
and in defense of the territory (Dunn and Cockburn
1996). About half of the helpers (47%) are the sons of
the female on the territory (Hajduk et al. 2018). The other
half of the helpers are unrelated to the female on the ter-
ritory, typically as a result of their mother having died
and a new female moving into the territory where they
reside (Cockburn et al. 2003). Male dominance ranking
on a territory is determined entirely by age. When the
dominant male on a territory dies, the oldest helper male
residing on the territory takes the dominant position
(Cockburn et al. 2008b).
Although the female on a territory is pair-bonded to

the dominant male, there is an extremely high rate of
extrapair mating. Only 39% of offspring are sired by the
dominant male, with the rest being sired either by the
helper males on the same territory or, much more com-
monly (95% of the time), by males on other territories
(Mulder et al. 1994; Hajduk et al. 2018).
Females typically breed every year starting at the age of

one, and both helper and dominant males can sire off-
spring from age one as well (Cockburn et al. 2003). The
breeding season typically lasts from September to Febru-
ary. Throughout a breeding season, a female can success-
fully raise up to three broods, with broods containing an
average of three young (Cockburn et al. 2016). However,
because of high rates of nest predation, as many as eight
clutchesmaybe initiated in a season (Cockburn et al. 2016).
Shortly after hatching (or, for immigrants, shortly after

arrival in the study area), individuals are color-banded,
and a blood sample is taken to assign parentage using
single-nucleotide polymorphism genotyping (van de Pol
et al. 2020). Many components of life history are continu-
ously tracked for each individual. Nestling trajectories,
such as the day of hatching and fledging, are usually known
within 1 day. Dates of mortality, immigration, emigration,
changes in group composition or territory borders, and
male molt from brown winter plumage to blue breeding
plumage are knownwithin an accuracy of 1weekor shorter.
Emigration from the study area typically occurs only when
juvenile females disperse from their natal territories. Males
are extremely philopatric, with 72% of adult males remain-
ing on their natal territory their entire life (Cockburn et al.
2008b). Males that do disperse move to an immediately
neighboring territory 95% of the time (Cockburn et al.
2008b), so any male dispersal is easily tracked. Females dis-
perse from their natal territory and must establish them-
selves on a new territory as the dominant female for their
first breeding season at the age of one. Females remain on
their first breeding territory for their entire lives 80% of
the time; in the rare cases that they do subsequently move,
it is most common for them tomove directly to an adjacent
territory (Cockburn et al. 2003; Double et al. 2005). There-
fore, disappearance of any individual from the study area
(failure to be seen in our year-round weekly censuses) can
reasonably be assumed to be a death except in the case of
juvenile (aged !1 year) females, which were excluded from
the analyses presented here.
The aim of this study was to estimate patterns of aging

across a broad variety of traits in the population. We in-
cluded only individuals of known birth year and death
year in analyses. This excluded any individuals that had
not died yet or that were born outside of the study area
and had immigrated into the study area at an unknown
age in adulthood. The cohort (and hence age) of many im-
migrant females is known precisely, as immigration in the
first year is confined to two narrow periods of the year. The
effect of age on each trait was modeled using annual mea-
sures taken on individuals from the age of one (the age of
reproductive maturity) to their death. We analyzed a total
of nine traits (survival and reproduction in each sex as well
as two additional components of reproduction in females
and three additional components of reproduction in males).
These are outlined below, and sample sizes for all traits are
given in table 1.
Survival (Both Sexes)

We analyzed male and female survival separately. Annual
survival for each individual was considered from Septem-
ber 1 (the start of the breeding season) to August 31 of the
subsequent year. We treated individuals in their first year
of breeding as 1-year-olds, although in actuality first year
breeders will vary in age from 6 months to 1 year because
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of variation in birth date. For results to be comparable with
the results for reproductive traits and since death cannot be
differentiated from emigration in juvenile (aged !1 year)
females, survivalwasmeasured fromonly the age of one on-
ward. For each individual, annual survivalwas recorded as a
binary variable.
Female Reproductive Traits

Female Independent Offspring. We calculated the annual
fecundity of a female as the number of her offspring that
reached independence in a given year, calculated for every
year that a female was alive (from age one onward). Across
the entire study period, the earliest a chick has been known
to reach independence and disperse from its natal territory
is 5 weeks after fledging, so we used the cutoff of 4 weeks
after fledging as ameasure of offspring survival to potential
independence. If females died before the end of the breed-
ing season, their incomplete record for that season was not
included in the analysis.

Breeding Start Date. For every year that a female was alive,
the Julian day on which she began incubating her first
clutch of the breeding season was determined (number
of days counted from Jan. 1). To control for effects of an-
nual weather and food conditions (Lv et al. 2019), the me-
dian population-level breeding start date for that given
year was subtracted from each breeding start date. Thus,
breeding start date was a relative value that compared each
breeding female to the population median in that year.

Clutch Size. The number of eggs a female produced in a
clutch had amode of three and a rangeof one tofive.Within
our data set, females produced between one and six clutches
within a breeding season. Females start incubation on the
day that they lay the last egg of their clutches. All clutches
were included in analyses except those that were abandoned
or depredated before incubation started.
Male Reproductive Traits

Total offspring was measured as the total number of off-
spring a male sired each year. Since paternity could be de-
termined only in chicks that reached the age at which a
blood sample was taken, paternity of chicks that did not
survive until bleeding is unknown (23% of chicks, almost
entirely due to predation; A. Cockburn, unpublished data).
Individual partial breeding seasons, where the male died
at any point before the end of the season, were excluded
from the analysis. Total offspring is the sum of within-
group and extragroup success (see below). Note that our
count of male reproductive success does not include the
component of survival to independence as for females be-
cause males provide no parental care to the majority of
their offspring (i.e., those sired extragroup).
Within-group offspring was measured as the number of

offspring a male sired each year via the female with whom
he shared a territory (i.e., via his social partner for domi-
nant males and via the dominant female on the territory
for helpers). Extragroup offspring was measured as the
number of offspring a male sired via females residing out-
side of his own territory.
Molt date refers to the day on which a male has com-

pletely shed his brown plumage and grown the nuptial
blue plumage. There is great variation between individ-
uals in the timing of this molt, from as early as 8 months
before to as late as 3 months after the start of the breeding
season (Cockburn et al. 2008a).Males thatmolt earlier have
higher siring success in that year’s breeding season (Dunn
and Cockburn 1999; Cockburn et al. 2008a). The date that
eachmale completes molt is tracked via regular censuses of
the population to an accuracywithin aweek.We quantified
molt date as the number of days after the median breeding
start date of the females in the given year, so that negative
values indicate molting before the start of the breeding sea-
son and signify a higher quality of the individual.
Statistical Analysis

We had two aims. First, for each of the traits described
above, wemodeled the patterns of age-related changewhile
controlling for individual and annual heterogeneity, possi-
ble selective disappearance, differences in social status, and
other extrinsic factors that may influence the effect of age
on each trait. Second, using standardized trait measures,
we sought to compare rates of maturation (age-related in-
creases), onset of senescence, and rates of senescence (age-
related declines) among traits.We provide code that can be
used to conduct this two-step analysis, which we hope will
be broadly applicable to measuring aging in any pheno-
typic trait in a wild population of animals (see the code tu-
torial in the zip file). Additionally, we provide life tables de-
tailing basic metrics of reproduction and survival at each
age for males and females as a point of comparison with
our modeled results (supplemental PDF, sec. S1; the sup-
plemental PDF is available online).
Characterizing Trait-Specific Aging:
Generalized Additive Mixed Models

Aging trajectories may not follow simple parametric func-
tions and ideally need to be modeled without constricting
the effect of age to a particular functional shape. For this
reason, we used nonparametric smoothing functions, im-
plemented through generalized additive mixed models
(GAMMs), to describe patterns of aging in survival and
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in each of the reproductive traits (Wood 2017). GAMMs
were fit using themgcv package inR version 3.5.0 (RDevel-
opment Core Team 2018; Wood 2017). GAMMs are an
extension of generalized linear mixed models (GLMMs);
in addition to the basic parametric terms of GLMMs,
GAMMs can include nonparametric terms that are not re-
stricted to conform to any particular parametric function
(Wood 2017). In our GAMMs, we modeled age and any
other relevant nonparametric terms using penalized thin-
plate regression splines. These splines estimate the relation-
ship between the term and the response variable with a
number of penalized additive smoothing functions deter-
mined by restricted maximum likelihood. The penalized
additive value of the number of smoothing functions is
the effective number of degrees of freedom for the term.
When the effective degrees of freedom value is 1, the rela-
tionship is effectively linear (Wood 2017). Thus, using
GAMMs allowed us to describe aging patterns across traits
without making any a priori assumptions about the overall
shape of the trajectory and, in particular, about the exis-
tence and onset of trait maturation or senescence (Jones
et al. 2008; Nussey et al. 2009).
We report a P value for each nonparametric term from

aWald test, which estimates the probability that the addi-
tive value of all of the smoothing functions in the spline is
0 (Amodio and Ambrosio 2014). We also report P values
for parametric values in our GAMMs. Because of the high
number of terms we tested in this study, we chose the P
value of .01 as a conservative threshold against which to
assess the strength of evidence in all models.
We ran each GAMM using the appropriate error distri-

bution for the response trait. Female andmale survival each
followed a Bernoulli distribution (fitted with a logit link
function). Female breeding start date was measured as
the Julian date of the first egg laid and centered by the
population-level average Julian date for the first egg laid
for the given year, resulting in a normal distribution.Clutch
size was modeled using a quasi-Poisson distribution (with
a log link function), which differs from a Poisson distribu-
tion model only in that the dispersion parameter is not
fixed at 1 so a dispersion parameter below1 is used tomodel
underdispersed count data. Female independent offspring,
male total offspring, male within-pair offspring, and male
extrapair offspring were each modeled using a Poisson
distribution (with a log link function). The data in these
models were overdispersed, so we included an observation-
level randomeffect tomodel the extra-Poisson variation pre-
sent in the data (Harrison 2014). To include an observation-
level random effect in these models, we used gamm4, an
extension of the mgcv package that has improved perfor-
mance when fitting GAMMs with a large number of ran-
dom effect levels (Wood 2017). The data in each model
were also zero inflated. To confirm that these four Poisson
models reasonablyfit our data despite the zero inflation,we
ran 1,000 simulations of each GAMM and plotted the
predicted variance against the raw data variance for each
age (supplemental PDF, sec. S2). In addition, we modeled
female independent offspring and male total offspring us-
ing Poisson zero-inflated model distributions, which al-
lowed further partitioning of reproductive output into two
components for each sex: (i) probability of reproduction
(vs. not) and (ii) amount of reproductive success (de-
scribed in further detail in the supplemental PDF, sec. S3).
In brief, zero-inflated models are principally used in the
case where there are two types of zero values present in
the data set; in the fairy-wrens, this could reflect either a
complete failure to reproduce (a definite zero) or repro-
ducing with a failure of offspring surviving to fledgling (a
zero resulting from extrinsic environmental stochasticity).
Male molt date was measured as the number of days after
the median population-level breeding start date for the
given year that amale entirely completed hismolt into blue
plumage. This resulted in a normal distribution for molt
date. In 7% of cases (152/2,116), males did not fully com-
plete their molt into blue plumage, so molt date was cen-
sored at 10 days past the latest date of molt completion on
record. In another 1% of cases (24/2,116), males kept their
blue plumage from the previous season without ever re-
turning to brown plumage, and we censored these males to
a value 10 days earlier than the earliest molt date on record.
All models included individual identity (ID) and the

breeding year of measurement (running from Sept. 1 to
Aug. 31; year) as multilevel random effects. These effects
controlled for the nonindependence of repeated measures
on the same individual across years and for annual variation
in the trait mean associated with differences in environ-
mental conditions, respectively.
In themodeling of aging of reproductive traits, the prob-

lem of selective disappearance can arise if covariance exists
between individual reproductivefitness and life span or age
at maturity (van de Pol and Verhulst 2006). For example,
if individuals that have higher reproductive performance
tend to live longer on average, then in later age classes, as
poorer-quality individuals die out, the population-level
reproductive performance could appear to be increasing,
even if within-individual level reproduction declines at
these ages (van de Pol and Verhulst 2006). Fairy-wrens
reach sexual maturity and are capable of reproducing in
their first breeding season (age one), but they vary consid-
erably in life span. Previous studies have found evidence for
nonlinear relationships between life span and reproductive
traits (Reid et al. 2003; Nussey et al. 2009), so life span was
initially added as a nonparametric spline to eachmodel. In
thesemodels, life span generally had an effective degrees of
freedom value close to 1 (supplemental PDF, sec. S4). Since
it did not alter our results, we ultimately fitted life span as a



118 The American Naturalist
(linear) parametric effect, as this allowed for clear interpre-
tation of the magnitude of the effect.
In an individual’s final year of life, reproductive invest-

ment may differ sharply from reproduction in previous
years. In some species, thefinal year of life results in a sharp
increase in reproductive performance (referred to as “ter-
minal investment”; Weladji et al. 2010; Froy et al. 2013),
while in others, the final year of life is associated with de-
creased reproduction (Coulson andFairweather 2001; Reed
et al. 2008). We controlled for any terminal effects in all
our models of reproductive traits by adding a two-level
fixed effect denoting whether it was the individual’s last
year of life.
Clutch size in fairy-wrens tends to vary throughout the

breeding season, with smaller clutches at the beginning
and end and the largest clutches in the middle of the breed-
ing season. To control for this temporal variation, we added
a spline termof Julian date of clutch incubation to themodel
of clutch size, which took a roughly quadratic form.
All models of male traits included both dominant and

helper males. The dominance status of an individual is
typically stable within a year but can be transient between
years, with helpers moving to dominant breeding posi-
tions. To compare reproductive aging and survival be-
tween dominants and helpers, these models included a
two-level fixed effect denoting an individual’s social status
(dominant or helper) in the year of observation.
Standardized Rates of Maturation and Senescence

In a second stage of analysis, we used the estimates pro-
duced from the GAMM of each trait to assess standard-
ized rates of maturation, onset of senescence, and rates
of senescence for each trait using simple linear regression.
For each GAMM, we extracted the predicted mean esti-
mate and standard error of the age term for each age.
For zero-inflated models of reproductive success in either
sex, this resulted in two sets of age effect estimates and stan-
dard errors: one for the probability of producing any off-
spring and the other for the number of offspring. We stan-
dardized each estimate in two steps. First, we subtracted
the mean predicted value of the effect of age from the esti-
mate so that all trait values were centered to zero. Second,
we divided the centered estimate by the range of values
predicted by all terms together in the GAMM to control
for the variance explained by the age term relative to other
variables in the GAMM. Estimates were increased by one
order of magnitude for ease of interpretability. For molt
date and breeding start date, the signs of the values were re-
versed so that an increasing value denoted trait improve-
ment across all traits. This process of standardization allows
for direct comparison of aging patterns between different
traits (Schielzeth 2010).
We then ran a simple linear regression for each trait as
a function of age, using only these standardized estimates
of age. In the regressions, we weighted each data point by
the inverse of the standard error for that age predicted by
the GAMM. Weighting the data points ensured that esti-
mate precision was accounted for while at the same time
not allowing the much larger sample size at lower ages in
the GAMMs to entirely drive the regression prediction.
Since aging is commonly characterized by early-life trait

increases (maturation) and late-life trait declines (senes-
cence; Jones et al. 2008, 2014), a single linear regression
may not be adequate in describing the aging patterns of
most traits. We used the segmented package in R to assess
whether more than one regression line better described
each trait as a function of age and to model any segments
of the regression (Muggeo 2008). For each regression, we
used aDavies test to assesswhether the trait would be better
described by two linear regressions of age rather than one
(Davies 1987, 2002; Cheng 2017). The null hypothesis of
the Davies test is that there is no break point at any age
in the regression where the slopes delineated by that break
point would be significantly different from each other
(Davies 2002). Thus, a significant Davies test result indi-
cates that the relationship between age and the trait is better
represented by two linear regressions rather than one. As
with all previous analyses in this study, we used a P value
threshold of .01 to assess significance. For models that
did not have a significant break point according to the
Davies test, we used the original simple linear regression
to describe the aging pattern of that trait. For models with
a significant break point, we used the segmented function
in R to create two regressions of the trait of interest as a
function of age. This method implements a bootstrap re-
starting algorithm described in Wood (2001) to assess
the break point of the model and then estimates the two
resulting linear regressions. Since there can be a period of
plateau between traitmaturity and trait senescence, we also
tested for a second break point in segmented models. In
models with a second significant Davies test, two break
points were modeled. As a result, traits were represented
by one of the following: a single continuous linear regres-
sion with one slope representing the entirety of adult life,
a segmented linear regression with two slopes representing
early adulthood and late life, or a segmented linear regres-
sion with three slopes representing early adulthood, mid-
life, and late life.
Results

Mean adult life span (excluding individuals that died be-
fore maturity) was 3.44 years (52.22 SD; 979 individuals)
for males and 2.97 years (51.73 SD; 751 individuals) for
females. Maximum adult life span observed in the study
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was 12 years in males and 10 years in females, although
only 19% of males and 13% of females survived to 5 years
(sample sizes for each age in fig. 1A, 1B). There was sub-
stantial variation between traits in their changes across
the life span, described further below. Detailed results for
each GAMM, including R2 values, relevant test statistics,
and the variance explained by each random effect are avail-
able in the supplemental PDF (sec. S5).
Survival

Both female and male survival appeared to decline linearly
in the GAMMs (fig. 1A, 1B), and as such, there was no
support for any break point in the models of female or
male survival, with survival declining across adulthood
in both sexes (fig. 2A, 2B; table 2). The rate of decline,
based on the linear models, was similar in males and fe-
males (male slope: 20.51; female slope: 20.56; table 2).
However, the male survival GAMM had a greater inter-
cept than that of the female model (male intercept:
0:7350:10; female intercept: 0:6050:10), and in a post
hoc analysis, a GLMM of the effect of sex on annual sur-
vival probability (sample size: 4,792 individual years; ran-
dom effects of year and individual) indicated that, overall,
males had a higher chance of survival than females (log
odds ratio p 0:2950:06), despite the similar rates of
Figure 1: Superb fairy-wren aging patterns as predicted by generalized additive mixed models for female survival (A), male survival (B),
breeding start date measured as the day females lay their first clutch relative to the population average date (C), female clutch size (D),
number of independent offspring reared for females (E), molt date measured as the number of days relative to the median start of female
breeding that males complete their molt into breeding plumage (F), offspring sired outside the territory (extragroup) for males (G), offspring
sired within the territory (within-group) for males (H), and total offspring sired for males (I). Shaded area represents52 SEs from the es-
timate, including the uncertainty about the overall mean. Number of data points is denoted for each age at the top of each graph. Circles
represent the means of raw data values.
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decline. There was a nonsignificant negative effect of be-
ing a dominant male (compared with a helper) on male
annual survival (table 1; P p :06).
Female Reproductive Traits

The three female reproductive traits—independent off-
spring, breeding start date, and clutch size—all had pe-
riods of trait maturation that ended around the age of
two or three (table 2). Of the three female reproductive
traits, only clutch size showed evidence of senescence after
the initial period of trait improvement (table 2).
In the zero-inflated model of independent offspring

(supplemental PDF, sec. S3), while the probability of
any independent offspring showed a nonsignificant posi-
tive trend across the total female life span (slope: 0.320;
confidence interval [CI]:20.040 to 0.681), the (non-zero-
inflated) total number of offspring showed early-life im-
provements (slope: 1.370; CI: 1.061 to 1.678) and late-life
senescence beyond age 6.6 (slope: 20.523; CI: 20.885 to
20.161).
In each GAMM of the reproductive traits, we included

longevity to test for any selective disappearance and a
two-level factor of final year of breeding to test for any
terminal effects. There was no support for either an ef-
fect of longevity or terminal effects in any model of fe-
male reproductive performance (table 1).
Male Reproductive Traits

Male reproductive traits exhibited periods of trait matura-
tion, but the duration of maturation varied between traits.
We found evidence of senescence for all male traits with
the exception of molt date (table 2). Extragroup success
reached its peak about 1.5 years later than within-group
success (table 2; break point of 4.3 vs. 5.7). Extragroup suc-
cess demonstrated a rate of maturation approximately
eight times greater and a rate of senescence approximately
six times greater than the age-related changes for within-
group success (table 2). As expected, male total success
had a break point and aging rates that roughly averaged
the values of the within-group and extragroup estimates,
with a slight bias toward the estimates of the extragroup
(fig. 2) since 61% of paternity is achieved extragroup (Haj-
duk et al. 2018). Molt date was the only trait to have
two break points, with a steep rate of maturation up until
age 2.4 followed by a relatively shallower rate of improve-
ment to age 9.5, after which there was no change with age
(table 2; fig. 2).
There was no effect of social status (dominant or helper

position) on extragroup success, but dominant males did
have substantially higher within-group success, which re-
sulted in a positive effect of dominance on total offspring
(table 1). Dominantmales also had an earliermolt date (ta-
ble 1). Similarly to females, there was no support for either
an effect of longevity or terminal effects in anymodel of re-
productive performance for males (table 1).
Discussion

We investigated fairy-wren aging patterns by measuring
annual survival and reproductive success in each sex aswell
as two components of reproductive success for females
(clutch size and breeding start date) and three for males
(extragroup offspring, within-group offspring, and molt
date). The aging of these traits was highly asynchronous,
with variable rates and durations of both early-adulthood
improvements and late-life declines, some traits not show-
ing any period of maturation in early adulthood, and oth-
ers not showing any evidence of senescence. Our results
add to the growing body of empirical evidence that traits
do not senescence synchronously within an individual
(Nussey et al. 2009; Froy et al. 2013; Hayward et al. 2013,
2015; Zhang et al. 2015; Piper et al. 2017; Tompkins and
Anderson 2018). They also show that senescence is not
ubiquitous across all traits. Below, we discuss the insights
that our results provide for understanding aging inwild an-
imal populations and consider how the distinctive ecolog-
ical and evolutionary forces faced by this species may be
driving these patterns.
Survival

Annual survival probability declined at similar rates in
males and females from theirfirst year of adult life (table 2).
As with other small passerines, the days immediately after
fledging are the most dangerous time for both sexes (A.
Cockburn, unpublished data). Survival is unlikely to peak
until after the attainment of a breeder or helper position
at age one, so this age is likely to be an accurate estimate
of senescence onset.
Although males display a costly secondary sexual trait

(Peters 2000; McQueen et al. 2017), this did not appear
to cause a faster rate of survival senescence inmales relative
to females, and a post hoc analysis indicated that females
had lower annual survival overall compared with males.
Our results indicate that the association between strong
intrasexual selection and more rapid male senescence in
mammals may not be broadly applicable to intersexual
selection in birds in relation to dramatic plumage color-
ation. The life-history factors that mold senescence are
complex and can be interacting. Although the annual molt
into nuptial plumage may increase mortality risk in males
(Peters 2000; McQueen et al. 2017), other aspects of male
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life history in fairy-wrens may decrease their mortality,
such as cooperative breeding delaying peak reproductive
performance (Promislow 2003).
The onset of survival senescence in the first year of

breeding is aligned with the classic evolutionary aging
theory prediction that selection on somatic maintenance
should decline from the age of sexual maturity (Williams
1957; Hamilton 1966). However, it is contrary to most
empirical evidence of survival senescence in iteroparous
birds and mammals, which shows that survival senescence
is most commonly delayed until some years after the age
of sexual maturity (Jones et al. 2008; Péron et al. 2010;
Gaillard and Lemaître 2017). One rationale explaining
the delayed survival senescence in these other species is
that, when the actual possibility of reproductive success
occurs some time after the physiological possibility of re-
productive success (sexual maturity), there could be strong
selective pressure to continue to invest heavily in somatic
maintenance beyond sexual maturity, delaying the onset
of survival senescence (McElligott et al. 2002; Brunet-
Rossinni and Austad 2006). In female fairy-wrens, repro-
ductive success is relatively likely from age one (supple-
mental PDF, table S1), so the onset of survival senescence
at this age makes intuitive sense. In contrast, in male fairy-
wrens, young adults are more likely to be helpers, as they
queue for dominance on their territory by age, which sub-
stantially lowers their within-group reproductive success at
age one. However, by controlling for dominance status in
our male survival model, we have modeled the effect of age
on survival independent of any delayed social maturity
caused by being a helper. Thus, our results represent the ef-
fect of age on survival while controlling for plasticity in se-
nescence that is driven by how social circumstances lead to
changes in life history with age. This may be why our results
align more closely with the classic aging theories, which did
not take into account life-history trade-offs. It is important to
note, however, that survival rates measured in the wild are a
consequence of both extrinsic and intrinsic sources of mor-
tality. As a result, the observed age-related changes in sur-
vival may also be influenced by changes in life history or be-
havior, which impact extrinsic mortality risk rather than
intrinsic senescence per se.
Reproduction

The effects of age on female and male reproductive traits
were considerably different from those on survival. Unlike
survival, all reproductive traits experienced some period of
early-adulthood improvement, and not all traits demon-
strated senescence. There were also some notable differ-
ences in aging patterns among the reproductive traits.
For females, the number of independent offspring in-

creased dramatically from age one to two, after which point
there was no change with age. Although there was no
change in reproductive fitness contribution for females at
these later ages, the zero-inflated model revealed that this
lack of overall change was a consequence of counteract-
ing changes in the probability and the (non-zero-inflated)
total number of independent offspring produced. The
probability of producing any independent offspring slowly
increased across all ages (P p :017), while the (non-zero-
inflated) number of independent offspring increased in
early adulthood before plateauing and demonstrating se-
nescence at late ages (supplemental PDF, sec. S3). This
decline in total number of independent offspring may
be driven in part by the senescence of clutch size but not
breeding start date (table 2; fig. 2). The improvement in
probability of independent offspring may indicate an im-
provement in maternal care abilities with age. Disen-
tangling different components of reproduction in female
fairy-wrens has illustrated that, underlying a lack of over-
all reproductive aging, there can be dynamic and coun-
teracting shifts in traits related to physiological fertility
and postnatal maternal effects.
The early-adulthood improvement and subsequent late-

life declines in male total reproductive success appeared to
be entirely driven by the dramatic age-related changes in
extragroup success (figs. 1G–1I, 2G–2I). The effects of
age on within-group offspring in both the GAMM and
the standardized regression weremuchweaker or nonexis-
tent. These results suggest that sexual selection, specifically
intersexual selection, plays an important role in repro-
ductive aging, as male extragroup success in fairy-wrens
is primarily driven by female mate choice (Double and
Cockburn 2000).We believe that it is likely that female pre-
copulatory mate choice specifically and not other avenues
of intersexual selection, such as sperm competition or
cryptic (postcopulatory) female choice, are drivingmale re-
productive aging. If these other modes of sexual selection
did play a role, we would expect to see similar age-related
changes in within-group success. Thus, it appears that
female preference for middle-aged males is driving both
male reproductive improvement in early adulthood and
male reproductive senescence in late life.
In addition to the larger change with age in extragroup

reproductive success (compared with within-group suc-
cess) in males, the extragroup success also reached its peak
at later ages when compared with both male within-group
success and female independent offspring (1.4 and3.7 years
later, respectively; table 2). Only 5% of adult males survive
to age six, the point at which they would have reached peak
extragroup reproductive success. Selection for an earlier
reproductive peak in males is expected to break down
when reproductive success is reliant on an age-dependent
sexually selected trait (Bonduriansky et al. 2008), which
may explain the peak of male extragroup success relatively
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later in life seen here. Earlier molt date is a signal of high
male quality and a strong predictor of male reproductive
success (Dunn and Cockburn 1999; Cockburn et al.
2008a). Since molt date steadily improved by shifting ear-
lier with age until very old ages (table 1;fig. 1F), this pattern
is likely a major contributor to the observed pattern of in-
crease in male extragroup success. To investigate this pre-
diction further, we added molt date as an additional ex-
planatory variable to the GAMM of extrapair success and
compared the rates of maturation in the subsequent seg-
mented regressions with the rates estimated by ourmodel,
which did not control for molt date. We found that there
was still early-life improvement in extrapair success when
controlling for molt, but the rate of maturation was re-
duced by approximately half (supplemental PDF, sec. S6).
This indicates that the improvement in molt date with
age does indeed play a considerable role in driving early-
life improvements in extragroup success.
That molt date continuously shifts to earlier dates and

shows no real evidence of senescence may seem counter-
intuitive given the evidence in this study of significant
survival senescence from the onset of adulthood. Given
that the production of costly secondary sexual traits is
generally expected to be condition dependent (Zahavi
1975; Andersson 1986), onemight predict that these traits
deteriorate as a part of the general somatic deterioration
associated with survival senescence. It may be possible
to make sense of this phenomenon by viewing it through
the lens of life-history theory. With increasing age, ex-
pected future fitness (residual reproductive value) declines,
resulting in increases in the relative value of current re-
production (Kirkwood and Rose 1991). Thus, increased
investment in secondary sexual traits, which improve re-
productive success within the current breeding season,
should be increasingly favored over investment in somatic
maintenance and future reproduction. Game theory models
have predicted that progressive increases in costly second-
ary sexual trait expression with age are evolutionarily stable
in iteroparous organisms (Kokko 1997). Additionally, this
theory is supported by empirical evidence, as continued
improvement in ornamental traits into old age classes, de-
spite senescence in both reproductive success and survival,
appears to be a common finding in longitudinal animal
studies (Nussey et al. 2009; Evans et al. 2011; Preston et al.
2011; Potti et al. 2013). Similar to these studies, extrapair
mating success in the fairy-wrens displays senescence at
ages wheremolt date continues to improve, suggesting that
other factors unrelated to molt date are also influencing
extrapair success in late life. Since sperm quality is known
to decline with age (Hansen and Price 1995; Radwan 2003;
Preston et al. 2011; Velando et al. 2011; Cornwallis et al.
2014), this could be contributing to the expedited senes-
cence of extragroup success in old males. The considerable
variation in reproductive aging seen in both females and
males illustrates the complexity of reproductive aging,
where different reproductive traits can be driven by differ-
ing ecological and evolutionary forces, resulting in a vari-
ety of different aging patterns.
Individual Variability in Aging

We controlled for any potential correlation between life
span and performance by adding a fixed effect of longev-
ity to all of the models of reproductive traits. Longevity
was not significant in any model. Thus, there is no evi-
dence that longer-lived individuals have inherently differ-
ent reproductive investment strategies or face different
reproductive constraints. In addition, for most of the
fairy-wren traits, the random effect of individual identity
explained a very small amount of the variance compared
with, for example, the random effect of year, which in
most models explained several orders of magnitude more
variance (see details of the models in the supplemental
PDF, sec. S5). This suggests that variation in performance
in the population is more driven by extrinsic conditions
than by variation in intrinsic quality. The one exception
to this was molt date, where the variance explained by in-
dividual identity was relatively large. To further explore
this, we fit an additional model for molt date with the in-
clusion of a random effect of identity as an interaction
term with age to test for between-individual variation in
aging rates of molt date. The variation explained by the
ID# age term in this additional model was significant
in a Wald test (P ! :001), which suggests that males vary
in the shapes of their molt aging patterns. We plan to fur-
ther investigate how both genes and the environment
contribute to this individual-level variation in molt aging
in future work (Charmantier et al. 2014).
Conclusions

Within our study population of superb fairy-wrens, we
found marked differences between aging trajectories of
survival and reproductive traits and between individual
aspects of reproduction within the sexes. Despite strong
declines in survival from age one in both sexes, senes-
cence was detected in only four of the seven models of re-
productive traits and, formales, only at later ages to which
only 13% of individuals survive. It is likely that these
instances of reproductive senescence could be identified
only because of the magnitude of our sample sizes and
longevity of the study. This finding highlights the diffi-
culty in confidently assessing late-life aging patterns in
wild animal populations. Continuing long-term data col-
lection from individual-based studies is thus especially
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valuable for investigating senescence patterns in the wild
(Charmantier et al. 2014).
Our study adds to the increasing body of literature that

demonstrates that traits do not age in unison and suggests
that the pattern of aging in each trait will be molded by
unique selection pressures. The exact nature of these se-
lection pressures may be difficult to infer because of the
complexity of potential evolutionary and ecological forces
acting on any one trait. Key to making progress in this
field is the ability to compare aging across traits, popula-
tions, and studies. We have presented here a comprehen-
sive analytical approach to quantifying aging patterns in
traits that follow very different aging trajectories and
to assessing differences in the key parameters of early-
adulthood rates of maturation, onset of senescence, and
later-life rates of senescence. This approach could be used
for multitrait comparisons within other populations and
for comparisons across populations. To facilitate this, we
have provided annotated code of our methods (see the
code tutorial in the zip file) with the hope of increasing
the number of future studies that use standardized aging
analyses.
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