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Abstract 33 

Early-life conditions can have long-lasting effects and organisms that experience a 34 

poor start in life are often expected to age at a faster rate. Alternatively, individuals 35 

raised in high-quality environments can overinvest in early-reproduction resulting in 36 

rapid ageing. Here we use a long-term experimental manipulation of early-life 37 

conditions in a natural population of collared flycatchers (Ficedula albicollis), to show 38 

that females raised in a low-competition environment (artificially reduced broods) 39 

have higher early-life reproduction but lower late-life reproduction than females 40 

raised in high-competition environment (artificially increased broods). Reproductive 41 

success of high-competition females peaked in late-life, when low-competition 42 

females were already in steep reproductive decline and suffered from a higher 43 

mortality rate. Our results demonstrate that “silver-spoon” natal conditions increase 44 

female early-life performance at the cost of faster reproductive ageing and increased 45 

late-life mortality. These findings demonstrate experimentally that natal environment 46 

shapes individual variation in reproductive and actuarial ageing in nature. 47 

  48 
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Introduction 49 

Ageing, a physiological deterioration with advancing age, is a complex and highly 50 

variable trait that is widespread across the tree of life (Jones et al. 2014; Shefferson 51 

et al. 2017) and affects organismal fitness in nature (Bouwhuis et al. 2012; Nussey et 52 

al. 2013). Theory maintains that ageing evolves because selection gradients on traits 53 

decline with age (Medawar 1952; Williams 1957; Hamilton 1966), favouring alleles 54 

that increase early-life fitness even at the cost of negative pleiotropic fitness effects 55 

in late-life. While a large body of evidence supports these theoretical predictions on 56 

the population level, very little is known about the individual variation in ageing rates. 57 

There is a general agreement in the field that early-life environmental conditions can 58 

shape the life-history of an adult organism and explain much of the individual 59 

variation in ageing rates (Monaghan 2008; Marshall et al. 2017; Cooper & Kruuk 60 

2018), but there is little consensus regarding the direction of the effect. Good 61 

environmental conditions during development can result in lifelong positive effects on 62 

physiology, reproduction and longevity (Lindström 1999; van de Pol et al. 2006a; 63 

Nussey et al. 2007; Hayward et al. 2013; Cooper & Kruuk 2018) (“silver-spoon” 64 

hypothesis – Grafen 1990). Alternatively, organisms raised in good natal 65 

environments can invest heavily in growth and early-life reproduction, resulting in 66 

accelerated senescence in late-life (Hunt et al. 2004; Bonduriansky & Brassil 2005; 67 

Hooper et al. 2017; Marshall et al. 2017) (“live-fast die-young” hypothesis – 68 

Promislow & Harvey 1990). These studies suggest that organisms can allocate 69 

resources to reproduction and somatic maintenance depending on their early-life 70 

environmental conditions, and that high latent costs of increased early-life growth 71 

and reproduction, under favourable conditions, can result in accelerated ageing 72 

(Adler et al. 2016; Hooper et al. 2017). 73 
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Previous studies emphasised the role of sexual selection in the evolution of 74 

resource allocation strategies that can result in rapid ageing under favourable natal 75 

conditions. Males, for example, are predicted to invest in costly secondary sexual 76 

traits and risky behaviours, trading-off with investment in somatic maintenance and 77 

late-life performance (Hunt et al. 2004; Bonduriansky & Brassil 2005; Nussey et al. 78 

2007; Hooper et al. 2017). However, recent studies also show that early-life 79 

investment in reproduction trades-off with late-life fitness in females in natural 80 

populations (reviewed in Lemaître et al. 2015) and in the laboratory (Travers et al. 81 

2015). This suggests that “silver-spoon” females could allocate more resources to 82 

early-life reproduction and suffer from faster senescence later in life, while females 83 

experiencing early-life stress could reduce their investment in early-life reproduction 84 

and delay senescence. Interestingly, mild stress results in reduced early but 85 

improved late breeding performance in captive female Zebra Finches (Taeniopygia 86 

guttata) (Marasco et al. 2018). Overall, it is possible that two related processes 87 

shape the expression of age-specific life-histories in response to differences in early-88 

life conditions. First, poor conditions in early-life constrain the amount of resources 89 

that can be allocated to reproduction, which delays the reproductive peak. Second, 90 

the cumulative effect of investment in early-life reproduction under good early-life 91 

conditions accelerates senescence. For example, a recent model specifically 92 

suggested that the cost of reproduction decreases the variance in lifetime 93 

reproductive success and organisms that start to reproduce earlier will also senesce 94 

earlier (Coste et al. 2017). However, whether females do indeed make similar 95 

reproductive decisions under natural conditions remains largely unknown. 96 

We studied the long-lasting effects of natal environment on age-specific survival and 97 

reproduction in female Collared Flycatchers (Ficedula albicollis) from a natural 98 
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population on the Swedish island of Gotland. Competition is an important aspect of 99 

early environment and earlier studies have shown that experimental increase of 100 

brood size results in reduced body mass at fledgling and increased offspring 101 

mortality (Alatalo et al. 1990; Tinbergen & Boerlijst 1990; de Kogel 1997; Sendecka 102 

et al. 2007). We experimentally manipulated the brood size of hundreds of nesting 103 

pairs across 26 breeding seasons (i.e. 1983-2009) to create either artificially high-104 

competition (increased) or low-competition (reduced) broods. The nests were paired 105 

by matching hatching dates and two nestlings were transferred from a nest to the 106 

other for the reduced and enlarged broods or exchanged between nests for the 107 

control broods. Individuals from nests with a reduced brood size experience a “silver-108 

spoon” upbringing and grow to a larger body size, a proxy for body condition, at 109 

fledgling (Voillemot et al. 2012), allowing us to test directly whether experimentally 110 

improved developmental conditions decelerate or accelerate reproductive and 111 

actuarial ageing. To our knowledge, this is the first study that directly investigates the 112 

consequences of individual heterogeneity in early-life condition for ageing in an 113 

experimentally manipulated natural population. 114 

 115 

Methods 116 

Study species and study area 117 

Collared flycatchers (Ficedula albicollis) are small (~ 13g), migratory, insectivorous, 118 

cavity-nesting passerines, that breed in deciduous and mixed forests of eastern and 119 

central Europe (and southwestern Asia). Females incubate four to eight eggs (mean 120 

± sd = 6.3 ± 0.65) during a 14-day period and rear a single brood each year. 121 
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Juveniles are fed by both parents and fledge 14 to 18 days after hatching (for further 122 

details on population and methods see (Gustafsson 1989)). 123 

 124 

Isolated from their main breeding grounds, additional breeding populations have 125 

been established on the Swedish islands of Gotland and Öland in the Baltic Sea. 126 

The collared flycatcher population on the island of Gotland (57° 10´, 18° 20´) has 127 

been well studied since 1980. Each year, new individuals (i.e. both adults and 128 

offspring) are measured and ringed, to allow individual identification throughout their 129 

lifetime and enable the assessment of yearly reproductive success. The females are 130 

caught at the nest during incubation or the chick provisioning period and the males 131 

only during the chick provisioning period. Further details of the breeding region, and 132 

ecology have been collected using standard methods (Gustafsson 1989; Pärt & 133 

Gustafsson 1989). 134 

 135 

Collared flycatchers in general and the long-term studied Gotland population in 136 

specific, are particularly suitable for the study of life history trade-offs in nature due to 137 

their high degree of site fidelity, limited dispersal and preference for nest boxes over 138 

natural cavities, which allows accurate age and survival estimation (Pärt & 139 

Gustafsson 1989). 140 

Treatments and data selection  141 

Since 1983, multiple brood size manipulation experiments have been conducted in 142 

the Gotland population (Gustafsson & Sutherland 1988; Nordling et al. 1998; Doligez 143 

et al. 2002; Sendecka et al. 2007), to examine various aspects of parental 144 

investment, the costs of increased reproductive effort and the trade-off between 145 

reproductive investment and immune function. To investigate the effects of early-life 146 
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natal conditions on individual life histories, we collected data from individuals raised 147 

in manipulated nests, where brood size was increased or reduced by two offspring. 148 

In addition, we accounted for possible translocation effects by including a control 149 

treatment, in which offspring were swapped between nests without alteration of the 150 

initial total number (Fig. 1). The distribution of brood size after treatment was flatter 151 

but the number of nestlings remained in the range of the natural variation. The 152 

average brood size (mean ± S.E.) for reduced broods was 4.33 ± 0.05, for enlarged 153 

broods was 8.31 ± 0.04 and for control broods was 6.18 ± 0.05. We monitored the 154 

entire life-history of 943 collared flycatchers, which were raised in such manipulated 155 

nests, but eventually focused on females, due to the degree of male extra-pair 156 

paternity (~15% − Sheldon & Ellegren 1999) that makes the process of estimating 157 

male reproductive values challenging.  158 

The experimental reduction of the brood size resulted in increased body mass at 159 

fledgling (15.12 ± 0.12, χ2 = 10.69, P < 0.01, Fig. 2A), while there was no effect of 160 

body size measured as tarsus length (19.56 ± 0.05, χ2 = 0.52, P = 0.77, 161 

Supplementary Fig. S1). This suggests that brood reduction indeed improved natal 162 

environment and body condition of the offspring, rather than simply their structural 163 

size. In support of these findings,  previous studies showed that experimental 164 

increase of brood size results in reduced body mass at fledgling and increases 165 

offspring mortality (Alatalo et al. 1990; Tinbergen & Boerlijst 1990; de Kogel 1997; 166 

Sendecka et al. 2007). 167 

Reproductive and survival data were collected for 514 females born between 168 

1983 and 2009. 122 females were raised in nests with reduced broods (“low 169 

competition”), 215 females were raised in controlled nests (“control”) and 177 170 

females were raised in nests with increased broods (“high competition”). For each 171 
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female, we recorded their reproductive success, as the number of recruits (i.e. 172 

offspring that returned to Gotland to breed the following years, after overwintering in 173 

Africa; Fig. 1) during each reproductive season. Females failing to breed on a given 174 

year were attributed a reproductive success of 0.  175 

 176 

This individual-based monitoring provides access to age-specific reproductive 177 

success (annual number of recruits), lifetime reproductive success (sum of recruits 178 

produced over lifetime) and the rate-sensitive individual fitness λind, which 179 

encompasses the number of offspring, as well as their timing (Brommer et al. 2002; 180 

Lind et al. 2016) and is analogous to the intrinsic rate of population growth (Stearns 181 

1992). 182 

 183 

Over the years, some of our focal females (N = 205) were involved in additional 184 

experiments addressing different questions (Nordling et al. 1998; Doligez et al. 2002; 185 

Pitala et al. 2009). We made the hypothesis that these experiments do not have a 186 

strong impact on survival, and kept all the females for survival analyses, so the data 187 

set included the 514 monitored females. In turn these experiments directly influence 188 

reproductive success. When investigating reproductive success, we excluded the 189 

current and/or future reproductive values of each affected bird, depending on the 190 

nature of these additional experimental manipulations and the effect they may have 191 

on the female’s reproduction. Due to these experiments, the full data set for age-192 

specific reproductive success included 783 observations of 435 females. The data 193 

set for lifetime reproductive success restricted to females that were never 194 

manipulated during their lifetime included 534 observations of 307 females (i.e. we 195 
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excluded 205 females that participated in the additional experiments and 2 more 196 

females that had missing values in their life histories) . 197 

 198 

The age-specific reproductive patterns were similar in both the full (Nfemales = 199 

435) and the restricted dataset Nfemales = 307), so we only present results for the full 200 

data set. When analysing lifetime reproductive success and the rate-sensitive 201 

individual fitness (λind), any female who had been involved in an experiment affecting 202 

breeding success during her lifetime should be excluded from the dataset, thus we 203 

only used the restricted dataset. 204 

Statistical analysis 205 

Reproductive success analysis: 206 

Age-specific reproductive success 207 

To analyse the effects of the brood size manipulation on the age-specific 208 

reproduction, we used both a frequentist and a Bayesian framework, which yielded 209 

similar results. Thus, we describe below the frequentist approach, but see 210 

Supplementary Methods for further details on the Bayesian approach. We 211 

constructed a generalised linear mixed-effects model (GLMM) with Poisson 212 

distribution and log link function. We accounted for the non-independence of data by 213 

including individual identity, nest of origin identity and year of annual reproduction as 214 

random effects. Furthermore, we included an observation-level random effect to 215 

control for overdispersion (Harrison 2014). As fixed effects, we included the 216 

treatment (increased, reduced and control broods), as well as a linear and a 217 

quadratic term of age (Age and Age2), to test for non-linear variation of reproductive 218 

value with age. In addition, we included the Age of First Reproduction (AFR) and 219 

Age at Last Reproduction (ALR) in our models, to control for selective appearance 220 
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and selective disappearance (van de Pol et al. 2006b). All continuous predictor 221 

variables were mean centered and standardised (mean = 0 and SD = 1). Centering 222 

to the mean allows to give a natural meaning to the intercept, because the intercept 223 

is the predicted value when all fixed effects are set to 0. Furthermore, scaling to unit 224 

variance allows to obtain estimates of coefficients that can be compared across 225 

variables i.e. an interpretation of relative effect sizes. We initially run a complete 226 

model including all fixed effects and up to three-way interactions when biologically 227 

meaningful (Full model, Eq. 1).  228 

 229 

𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 =  𝜇𝜇 + 𝛼𝛼1𝑇𝑇𝑖𝑖 + 𝛼𝛼2𝐴𝐴𝑖𝑖𝑖𝑖 + 𝛼𝛼3𝐴𝐴𝑖𝑖𝑖𝑖2 + 𝛼𝛼4𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 + 𝛼𝛼5𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 +  𝛼𝛼6𝑇𝑇𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖 +  𝛼𝛼7𝑇𝑇𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖2 +230 

 𝛼𝛼8𝑇𝑇𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 +  𝛼𝛼9𝑇𝑇𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 + 𝛼𝛼10𝐴𝐴𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 + 𝛼𝛼11𝐴𝐴𝑖𝑖𝑖𝑖2 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 + 𝛼𝛼10𝐴𝐴𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 + 𝛼𝛼11𝐴𝐴𝑖𝑖𝑖𝑖2 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 +231 

𝛼𝛼12𝑇𝑇𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 + 𝛼𝛼13𝑇𝑇𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖2 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 + 𝛼𝛼12𝑇𝑇𝑖𝑖𝐴𝐴𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖 + 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑗𝑗 + 𝜀𝜀𝑖𝑖𝑗𝑗  (1) 232 

Where the breeding success of female 𝑖𝑖 in year 𝑗𝑗 is explained by several fixed 233 

effects: early life conditions (treatment, 𝑇𝑇𝑖𝑖), age 𝐴𝐴𝑖𝑖𝑖𝑖 and age-squared 𝐴𝐴𝑖𝑖𝑖𝑖2  of female 𝑖𝑖 234 

in year 𝑗𝑗, age at first (𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) and last breeding (𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖) of female 𝑖𝑖, and their 235 

interactions. To take into account the non-independence of data collected on the 236 

same female and the same year, we included female identity (𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) and year (𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑖𝑖) 237 

as random effects. The final term in equation 1 is the residual error term 𝜀𝜀𝑖𝑖𝑖𝑖.  238 

We then evaluated which interaction to retain based on the conservative Akaike 239 

Information Criterion for small sample sizes (AICc). Three of these models had the 240 

smallest AICc values (with a difference of less than 2 points), indicating best model fit 241 

(models 17, 24 and 31; for models details and differences see Supplementary 242 

Material and Supplementary Table S4). They all gave similar outcomes and we 243 

therefore only present here the most comprehensive model (model 17) that includes 244 
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most variables, but see supplementary material for the output of the other two 245 

models (Supplementary Table S5). 246 

 247 

All analyses were performed in R version 3.3.1 (R Development Core Team 248 

2017). Statistical models were fitted using the lme4 package (v.1.1-14 − Bates et al. 249 

2015) and the MCMCglmm package (v.2.23 − Hadfield 2010). For generalized linear 250 

mixed models (Poisson error structure), we ensured an appropriate fit using the 251 

DHARMa package (v. 0.1.2) for diagnostic tests of model residuals (Hartig 2016). 252 

We found no evidence of zero-inflation. We used the package AICcmodavg (v. 2.1-0 253 

− Mazerolle 2016) to compute the Akaike’s Information Criterion for small sample 254 

sizes (AICc). To test for significance of model terms we used the Anova function of 255 

the car package (v. 2.1-3) with Type III Wald chi-square tests. Post-hoc comparisons 256 

were performed with the emmeans function in the emmeans package (v. 1.4.4). 257 

 258 

Lifetime reproductive success 259 

For the lifetime number of recruits, we tested the treatment effect using a GLMM with 260 

Poisson distribution and log link function. We included nest of origin identity and year 261 

of birth as random effects to control for cohort effects (Supplementary Table S2). 262 

 263 

Finally, for the analysis of rate-sensitive individual fitness, we first estimated λind 264 

by solving the Euler-Lotka equation of age-specific recruit number and survival for 265 

each individual using the lambda function in the popbio package (v 2.4.4 − Stubben 266 

& Milligan 2007). Then we tested for the effect of treatment on the log of λind in a 267 

linear mixed model (LMM) including the nest of origin and year of birth were used as 268 

random factors to control for cohort effects (Supplementary Table S3). 269 
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Survival analysis: 270 

To investigate how early-life developmental conditions affect mortality rates of 271 

female collared flycatchers, we performed capture-mark-recapture (CMR) survival 272 

analysis on our data (Lebreton et al. 1992). Age‐specific mortality trends was 273 

inferred using the Bayesian Survival Trajectory Analysis framework (BaSTA 274 

package, v. 1.9.5) (Colchero et al. 2012). BaSTA is a powerful package to fit age-275 

specific mortality function on CMR data where information about the exact age of 276 

death is missing (right-censored data) (Colchero & Clark 2012). 277 

The survival analyses were performed on individual encounter histories. 278 

Models assume no dispersal, which could bias the effect of natal environment on 279 

actuarial senescence. Indeed, collared flycatchers show high site fidelity and very 280 

limited dispersal (Pärt & Gustafsson 1989). Given that the year of birth is known for 281 

all individuals, our CMR analyses correspond to the classical Comark-Jolly-Seber 282 

(CJS) framework (Lebreton et al. 1992). To ensure that the CJS assumptions about 283 

trap-dependency and transience are met and models adequately fit the data, we first 284 

performed a goodness of fit analysis with the U-care Program (Choquet et al. 2009). 285 

Then, we found the best model that describes the recapture rate (see 286 

Supplementary Methods for all details). The probability to recapture individuals in our 287 

data was found to be constant and equal to 60% (Supplementary Table S10). 288 

We explored actuarial age-specific mortality rates using Weibull, Gompertz 289 

and Logistic functions, with either a simple shape or one of the more complex 290 

Makeham (Pletcher 1999) or bathtub (Siler 1979) shapes. The nine previous models 291 

were compared to a model without senescence (exponential model with a simple 292 

shape). The age-specific mortality curves were fitted starting from one year old, the 293 
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minimum age of reproduction (Supplementary Methods). We performed four parallel 294 

simulations that each model for 1 200 000 iterations, used a burn-in of 200 000 295 

iterations and took a model sample each 500 iterations. The model parameters likely 296 

converged on the most optimal mode and showed low serial autocorrelations (<5%) 297 

and robust posterior distributions (with N= 2 000). For the model comparison, we 298 

used the lowest deviance information criterion (DIC), which is similar to the Akaike 299 

Information Criterion (AIC) in non-Bayesian models. Comparison of the DIC values 300 

(Millar 2009) revealed that the Logistic model with the bathtub shape (Eq. 2) is the 301 

most appropriate mortality function (Supplementary Table S9). Mortality rate:  302 

𝜇𝜇0(𝑥𝑥|𝒃𝒃,𝒂𝒂, 𝑐𝑐) = 𝑦𝑦𝑎𝑎0−𝑎𝑎1𝑥𝑥 + 𝑐𝑐 + 𝑒𝑒𝑏𝑏0+𝑏𝑏1x

1+𝑏𝑏2
𝑒𝑒𝑏𝑏0
𝑏𝑏1

�𝑒𝑒𝑏𝑏1x−1�
   (2) 303 

The bathtub structure used in the BaSTA package adds a declining Gompertz 304 

function and a constant to the basic logistic mortality function. Therefore, the two 305 

alpha parameters (a0 and a1) describe the exponential decline that may be observed 306 

very early in life and the constant (c) describe the lowest point of the mortality 307 

function. The beta parameters (b0, b1 and b2) describe different parts of the logistic 308 

increase in mortality rates with age (i.e. initial exponential increase in mortality that 309 

decelerates until it reaches a plateau). More specifically, b0 is the age-independent or 310 

baseline mortality, b1 describes the initial exponential increase in mortality with age 311 

and b2 describes the degree of deceleration in mortality with age and the level of the 312 

asymptote.  313 

 314 

To assess the differences among the posterior distributions of our brood size 315 

manipulation treatments we used the Kullback-Leibler divergence calibration (KLDC) 316 

(Kullback & Leibler 1951; McCulloch 1989; Karabatsos 2006; Boonekamp et al. 317 
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2014; Atema et al. 2016; Rodríguez-Muñoz et al. 2019), which show the mean 318 

Kullback-Leibler discrepancies (KL) between two distributions. Values closer to 0.5 319 

imply that there is minimal difference among the distributions and values closer to 1 320 

imply major differences (Kullback & Leibler 1951; McCulloch 1989). We considered a 321 

KLDC value > 0.85 to indicate a substantial difference between the two posterior 322 

distributions that are compared (Fig. 5). 323 

 324 

Results  325 

While the high-competition treatment decreased body mass at fledgling when 326 

considering all fledglings (Voillemot et al. 2012, overall: 15.02 ± 0.09, χ2 = 36.35, P < 327 

0.01, high-competition vs control: post hoc Tukey: P = 0.015; Fig. 2B), this effect 328 

disappears when restricting the analysis to recruited females (overall: 15.12 ± 0.12, 329 

χ2 = 10.73, P < 0.01, high-competition vs control: post hoc Tukey: P = 0.989, Fig 2A).  330 

 331 

Overall, the quality of the natal environment had no significant effect on 332 

lifetime reproduction (χ2 = 0.99, P = 0.610; Fig. 3C, Supplementary Table S2) or 333 

individual fitness λind (χ2 = 1.07, P = 0.585; Fig. 3D, Supplementary Table S3) in this 334 

study. In terms of age-specific reproductive success, females from the low-335 

competition treatment had a high success during the early years of their life, 336 

reaching a peak in their second year of breeding (Fig. 3A-B, Table 1). In contrast, 337 

females raised in the high-competition treatment started with a lower reproductive 338 

success, but steadily increased their performance reaching a peak in their third year 339 

and enjoyed a later onset of senescence (Fig. 3A-B, Table 1). More specifically, 340 

while the raw data suggest that individuals from high-competition nests maintained 341 
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high reproductive performance in their fifth year (Fig. 3A), taking into account 342 

selective appearance (measured as age at first reproduction) and disappearance 343 

(measured as age at last reproduction) reveals a reproductive decline after year four 344 

(Fig. 3B). Nevertheless, high-competition females showed a delayed reproductive 345 

peak and started to senesce later than their counterparts from low-competition nests 346 

for whom senescence started a year earlier. Females raised in control nests started 347 

at intermediate level of reproduction, maintained relatively steady reproductive 348 

performance during the first three years of their life and declined at the fourth year.  349 

 350 

Natal environment also had profound effects on age-specific mortality rates 351 

(Fig. 4, see Table S11 for age specific survival probabilities and reproductive rates). 352 

Low-competition females had substantially lower initial acceleration in mortality rate 353 

(smaller early-life acceleration parameter b1 with KLDC > 0.85 – Fig. 4, Fig. 5 and 354 

Supplementary Table S10) than both control and high-competition females, 355 

suggesting that “silver-spoon” natal environment is beneficial for survival. However, 356 

while the mortality rates of control and high-competition females strongly decelerated 357 

in late-life and reached a plateau around four years of age, the mortality rate of low-358 

competition females continued to increase and reached a higher plateau around the 359 

fifth year (smaller late-life deceleration parameter b2 with KLDC > 0.85 – Fig. 4, Fig. 360 

5 and Supplementary Table S10).  361 

 362 

Discussion 363 

We found that females experiencing a low-competition natal environment fledge at 364 

higher body mass, start to reproduce at a higher rate, have an earlier reproductive 365 
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peak and have a lower acceleration of mortality rate than their counterparts raised in 366 

high-competition nests. However, low-competition females also show earlier signs of 367 

reproductive senescence and suffer from increased mortality rate in the last years of 368 

their lives. Thus, our results provide an experimental demonstration of condition-369 

dependent ageing in a natural population. Specifically, these findings support the 370 

hypothesis that high-condition females raised in “silver-spoon” natal environment 371 

allocate their resources to early-life reproduction, but pay a cost in terms of 372 

accelerated ageing in late-life. 373 

 374 

 There has been a sustained interest in how resource availability affects age-375 

specific life histories but, remarkably, both theoretical and empirical studies to date 376 

are focused exclusively on the role of sexual selection in driving rapid ageing in high-377 

condition males (i.e. “live-fast die-young” hypothesis) (Kokko 1998; Radwan & 378 

Bogacz 2000; Hunt et al. 2004; Bonduriansky & Brassil 2005; Bonduriansky et al. 379 

2008; Preston et al. 2011; Adler et al. 2016; Hooper et al. 2017, 2018). This is, in 380 

part, because of the striking absence of studies showing that high-condition females 381 

may also trade-off early-life reproduction for accelerated ageing (but see Travers et 382 

al. 2015). Here, we used an experimental manipulation of early-life environment to 383 

show that “silver-spoon” (i.e. low-competition) females indeed benefit from elevated 384 

early-life reproductive success, but suffer from an earlier onset of reproductive 385 

ageing and increased mortality late in life. Thus, our findings call for a re-appraisal of 386 

the idea that “live-fast die-young” strategy applies primarily to males when faced with 387 

increased sexual competition (Bonduriansky et al. 2008; Hooper et al. 2018).  388 
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Furthermore, our results suggest, that we should look beyond a simple 389 

negative correlation between net reproduction and longevity when investigating the 390 

long-term fitness consequences of early-life conditions. Specifically, in this study 391 

“silver-spoon” females did not live shorter, nor reproduced more, but rather had 392 

different age-specific mortality and reproduction rates. It is possible that stochastic 393 

natural environment masks the effect of our brood size manipulation on total 394 

reproduction of the recruits and that the addition of several more years of data 395 

collection could show that high-condition females actually have higher fitness. At this 396 

point, however, we can only state that a “silver-spoon” early-life environment results 397 

in increased early-life but reduced late-life performance. High-competition females 398 

fledge at lower body mass then low-competition birds and the control birds but those 399 

that survive to come back and reproduce have the same body mass as control birds. 400 

This suggests that high-competition treatment resulted in increased mortality of birds 401 

that had low body mass as fledglings.    402 

 403 

Our results are in line with the “disposable soma” theory of ageing, which 404 

maintains that early-life investment in growth and reproduction results in reduced 405 

late-life fitness due to an increased amount of unrepaired cellular damage (Kirkwood 406 

& Holliday 1979; Kirkwood 2002, 2017). However, such patterns can also emerge 407 

directly from upregulation of nutrient-sensing molecular signalling pathways in 408 

“silver-spoon” females that received more food during development, resulting in 409 

increased cellular hypertrophy and accelerated cellular senescence in late life (Gems 410 

& Partridge 2013; Maklakov and Chapman 2019). Future research should focus on 411 

understanding the physiological and molecular underpinnings of the phenomenon 412 

that improved early-life conditions lead to detrimental effects in late-life. 413 

 17 



Acknowledgments 414 

We thank everyone involved in collecting the flycatcher data over the years. This 415 

work has been supported by the ERC Starting Grant AGINGSEXDIFF 260885 and 416 

the ERC Consolidator Grant GermlineAgeingSoma 724909 to A.A.M. The long-term 417 

field study have been supported continuously by grants from the Swedish Research 418 

Council (VR) to L.G. 419 

 420 

Competing Interests statement 421 

The authors declare no competing interests. 422 

  423 

 18 



References 424 

Adler, M.I., Telford, M. & Bonduriansky, R. (2016). Phenotypes optimized for early‐life 425 

reproduction exhibit faster somatic deterioration with age, revealing a latent cost of 426 

high condition. J. Evol. Biol., 29, 2436–2446. 427 

Alatalo, R.V., Gustafsson, L. & Lundberg, A. (1990). Phenotypic Selection on Heritable Size 428 

Traits: Environmental Variance and Genetic Response. Am. Nat., 135, 464–471. 429 

Atema, E., Noordwijk, A.J. van, Boonekamp, J.J. & Verhulst, S. (2016). Costs of long-term 430 

carrying of extra mass in a songbird. Behav. Ecol., arw019. 431 

Bates, D., Mächler, M., Bolker, B. & Walker, S. (2015). Fitting linear mixed-effects models 432 

using lme4. J. Stat. Softw., 67, 1–48. 433 

Bonduriansky, R. & Brassil, C.E. (2005). Reproductive ageing and sexual selection on male 434 

body size in a wild population of antler flies (Protopiophila litigata): Ageing and sexual 435 

selection. J. Evol. Biol., 18, 1332–1340. 436 

Bonduriansky, R., Maklakov, A., Zajitschek, F. & Brooks, R. (2008). Sexual selection, sexual 437 

conflict and the evolution of ageing and life span. Funct. Ecol., 22, 443–453. 438 

Boonekamp, J.J., Salomons, M., Bouwhuis, S., Dijkstra, C. & Verhulst, S. (2014). 439 

Reproductive effort accelerates actuarial senescence in wild birds: an experimental 440 

study. Ecol. Lett., 17, 599–605. 441 

Bouwhuis, S., Choquet, R., Sheldon, B.C. & Verhulst, S. (2012). The forms and fitness cost 442 

of senescence: age-specific recapture, survival, reproduction, and reproductive value 443 

in a wild bird population. Am. Nat., 179, E15–E27. 444 

Brommer, J.E., Merilä, J. & Kokko, H. (2002). Reproductive timing and individual fitness. 445 

Ecol. Lett., 5, 802–810. 446 

 19 



Choquet, R., Lebreton, J.-D., Gimenez, O., Reboulet, A.-M. & Pradel, R. (2009). U-CARE: 447 

Utilities for performing goodness of fit tests and manipulating CApture–REcapture 448 

data. Ecography, 32, 1071–1074. 449 

Colchero, F. & Clark, J.S. (2012). Bayesian inference on age-specific survival for censored 450 

and truncated data. J. Anim. Ecol., 81, 139–149. 451 

Colchero, F., Jones, O.R. & Rebke, M. (2012). BaSTA: an R package for Bayesian 452 

estimation of age-specific survival from incomplete mark-recapture/recovery data 453 

with covariates: BaSTA - Bayesian Survival Trajectory Analysis. Methods Ecol. Evol., 454 

3, 466–470. 455 

Cooper, E.B. & Kruuk, L.E.B. (2018). Ageing with a silver-spoon: A meta-analysis of the 456 

effect of developmental environment on senescence. Evol. Lett., 2, 460–471. 457 

Coste, C.F.D., Austerlitz, F. & Pavard, S. (2017). Trait level analysis of multitrait population 458 

projection matrices. Theor. Popul. Biol., 116, 47–58. 459 

Doligez, B., Clobert, J., Pettifor, R.A., Rowcliffe, M., Gustafsson, L., Perrins, C.M., et al. 460 

(2002). Costs of reproduction: assessing responses to brood size manipulation on 461 

life-history and behavioural traits using multi-state capture-recapture models. J. Appl. 462 

Stat., 29, 407–423. 463 

Gems, D. & Partridge, L. (2013). Genetics of longevity in model organisms: Debates and 464 

paradigm shifts. Annu. Rev. Physiol., 75, 621–644. 465 

Grafen, A. (1990). Biological signals as handicaps. J. Theor. Biol., 144, 517–546. 466 

Gustafsson, L. (1989). Collared flycatcher. In: Lifetime reproduction in birds (ed. Newton, I.). 467 

London: Academic Press, pp. 75–88. 468 

Gustafsson, L. & Sutherland, W.J. (1988). The costs of reproduction in the collared 469 

flycatcher Ficedula albicollis. Nature, 335, 813–815. 470 

Hadfield, J.D. (2010). MCMC Methods for multi-response generalized linear mixed models: 471 

The MCMCglmm R package. J. Stat. Softw., 33, 1–22. 472 

 20 



Hamilton, W.D. (1966). The moulding of senescence by natural selection. J. Theor. Biol., 12, 473 

12–45. 474 

Harrison, X.A. (2014). Using observation-level random effects to model overdispersion in 475 

count data in ecology and evolution. PeerJ, 2, e616. 476 

Hartig, F. (2016). DHARMa: residual diagnostics for hierarchical (multi-level/mixed) 477 

regression models. R Package Version 010. 478 

Hayward, A.D., Rickard, I.J. & Lummaa, V. (2013). Influence of early-life nutrition on 479 

mortality and reproductive success during a subsequent famine in a preindustrial 480 

population. Proc. Natl. Acad. Sci., 110, 13886–13891. 481 

Hooper, A.K., Lehtonen, J., Schwanz, L.E. & Bonduriansky, R. (2018). Sexual competition 482 

and the evolution of condition‐dependent ageing. Evol. Lett., 2, 37–48. 483 

Hooper, A.K., Spagopoulou, F., Wylde, Z., Maklakov, A.A. & Bonduriansky, R. (2017). 484 

Ontogenetic timing as a condition-dependent life history trait: High-condition males 485 

develop quickly, peak early, and age fast. Evolution, 71, 671–685. 486 

Hunt, J., Brooks, R., Jennions, M.D., Smith, M.J., Bentsen, C.L. & Bussiere, L.F. (2004). 487 

High-quality male field crickets invest heavily in sexual display but die young. Nature, 488 

432, 1024–1027. 489 

Jones, O.R., Scheuerlein, A., Salguero-Gómez, R., Camarda, C.G., Schaible, R., Casper, 490 

B.B., et al. (2014). Diversity of ageing across the tree of life. Nature, 505, 169–173. 491 

Karabatsos, G. (2006). Bayesian nonparametric model selection and model testing. J. Math. 492 

Psychol., Special Issue on Model Selection: Theoretical Developments and 493 

Applications, 50, 123–148. 494 

Kirkwood, T.B.L. (2002). Evolution of ageing. Mech. Ageing Dev., The Biology of Ageing, 495 

123, 737–745. 496 

 21 



Kirkwood, T.B.L. (2017). The Disposable Soma Theory. In: The Evolution of Senescence in 497 

the Tree of Life (eds. Jones, O.R., Shefferson, R.P. & Salguero-Gómez, R.). 498 

Cambridge University Press, Cambridge, pp. 23–39. 499 

Kirkwood, T.B.L. & Holliday, R. (1979). The evolution of ageing and longevity. Proc. R. Soc. 500 

Lond. B Biol. Sci., 205, 531–546. 501 

de Kogel, C.H. (1997). Long-term effects of brood size manipulation on morphological 502 

development and sex-specific mortality of offspring. J. Anim. Ecol., 66, 167–178. 503 

Kokko, H. (1998). Good genes, old age and life-history trade-offs. Evol. Ecol., 12, 739–750. 504 

Kullback, S. & Leibler, R.A. (1951). On information and sufficiency. Ann. Math. Stat., 22, 79–505 

86. 506 

Lebreton, J.-D., Burnham, K.P., Clobert, J. & Anderson, D.R. (1992). Modeling Survival and 507 

Testing Biological Hypotheses Using Marked Animals: A Unified Approach with Case 508 

Studies. Ecol. Monogr., 62, 67–118. 509 

Lemaître, J.-F., Berger, V., Bonenfant, C., Douhard, M., Gamelon, M., Plard, F., et al. 510 

(2015). Early-late life trade-offs and the evolution of ageing in the wild. Proc. R. Soc. 511 

Lond. B Biol. Sci., 282, 20150209. 512 

Lind, M.I., Zwoinska, M.K., Meurling, S., Carlsson, H. & Maklakov, A.A. (2016). Sex-specific 513 

tradeoffs with growth and fitness following life-span extension by rapamycin in an 514 

outcrossing nematode, Caenorhabditis remanei. J. Gerontol. Ser. A, 71, 882–890. 515 

Lindström, J. (1999). Early development and fitness  in birds and mammals. Trends Ecol. 516 

Evol., 14. 517 

Maklakov, A. A. and Chapman, T. (2019). Evolution of ageing as a tangle of trade-offs: 518 

energy versus function. Proc. R. Soc. Lond. B Biol. Sci., 286, 20191604. 519 

Marasco, V., Boner, W., Griffiths, K., Heidinger, B. & Monaghan, P. (2018). Environmental 520 

conditions shape the temporal pattern of investment in reproduction and survival. 521 

Proc. R. Soc. B Biol. Sci., 285, 20172442. 522 

 22 

https://doi.org/10.1098/rspb.2019.1604


Marshall, H.H., Vitikainen, E.I.K., Mwanguhya, F., Businge, R., Kyabulima, S., Hares, M.C., 523 

et al. (2017). Lifetime fitness consequences of early‐life ecological hardship in a wild 524 

mammal population. Ecol. Evol., 7, 1712–1724. 525 

Mazerolle, M.J. (2016). AICcmodavg: Model selection and multimodel inference based on 526 

(Q)AIC(c). R Package Version 21-0. 527 

McCulloch, R.E. (1989). Local model influence. J. Am. Stat. Assoc., 84, 473–478. 528 

Medawar, P.B. (1952). An unresolved problem of biology. London: H.K. Lewis. 529 

Millar, R.B. (2009). Comparison of hierarchical bayesian models for overdispersed count 530 

data using DIC and Bayes’ factors. Biometrics, 65, 962–969. 531 

Monaghan, P. (2008). Early growth conditions, phenotypic development and environmental 532 

change. Philos. Trans. R. Soc. Lond. B Biol. Sci., 363, 1635–1645. 533 

Nordling, D., Andersson, M., Zohari, S. & Gustafsson, L. (1998). Reproductive effort reduces 534 

specific immune response and parasite resistance. Proc. R. Soc. Lond. B Biol. Sci., 535 

265, 1291–1298. 536 

Nussey, D.H., Froy, H., Lemaitre, J.-F., Gaillard, J.-M. & Austad, S.N. (2013). Senescence in 537 

natural populations of animals: Widespread evidence and its implications for bio-538 

gerontology. Ageing Res. Rev., 12, 214–225. 539 

Nussey, D.H., Kruuk, L.E.B., Morris, A. & Clutton-Brock, T.H. (2007). Environmental 540 

conditions in early life influence ageing rates in a wild population of red deer. Curr. 541 

Biol., 17, R1000–R1001. 542 

Pärt, T. & Gustafsson, L. (1989). Breeding dispersal in the collared flycatcher (Ficedula 543 

albicollis): Possible causes and reproductive consequences. J. Anim. Ecol., 58, 305–544 

320. 545 

Pitala, N., Ruuskanen, S., Laaksonen, T., Doligez, B., Tschirren, B. & Gustafsson, L. (2009). 546 

The effects of experimentally manipulated yolk androgens on growth and immune 547 

 23 



function of male and female nestling collared flycatchers Ficedula albicollis. J. Avian 548 

Biol., 40, 225–230. 549 

Pletcher, S.D. (1999). Model fitting and hypothesis testing for age-specific mortality data. J. 550 

Evol. Biol., 12, 430–439. 551 

van de Pol, M., Bruinzeel, L.W., Heg, D., Van Der Jeugd, H.P. & Verhulst, S. (2006a). A 552 

silver spoon for a golden future: long-term effects of natal origin on fitness prospects 553 

of oystercatchers ( Haematopus ostralegus ). J. Anim. Ecol., 75, 616–626. 554 

van de Pol, M., Verhulst, S., Pfister, A.E.C.A. & DeAngelis, E.D.L. (2006b). Age‐dependent 555 

traits: A new statistical model to separate within‐ and between‐individual effects. Am. 556 

Nat., 167, 766–773. 557 

Preston, B.T., Jalme, M.S., Hingrat, Y., Lacroix, F. & Sorci, G. (2011). Sexually extravagant 558 

males age more rapidly. Ecol. Lett., 14, 1017–1024. 559 

Promislow, D.E.L. & Harvey, P.H. (1990). Living fast and dying young: A comparative 560 

analysis of life-history variation among mammals. J. Zool. 561 

R Development Core Team. (2017). R: A language and environment for statistical 562 

computing. R Found. Stat. Comput. Vienna Austria. 563 

Radwan, J. & Bogacz, I. (2000). Comparison of life-history traits of the two male morphs of 564 

the bulb mite, Rhizoglyphus robini. Exp. Appl. Acarol., 24, 115–121. 565 

Rodríguez-Muñoz, R., Boonekamp, J.J., Fisher, D., Hopwood, P. & Tregenza, T. (2019). 566 

Slower senescence in a wild insect population in years with a more female-biased 567 

sex ratio. Proc. R. Soc. B Biol. Sci., 286. 568 

Sendecka, J., Cichoń, M. & Gustafsson, L. (2007). Age-dependent reproductive costs and 569 

the role of breeding skills in the Collared flycatcher. Acta Zool., 88, 95–100. 570 

Shefferson, R.P., Jones, O.R. & Salguero-Gómez, R. (2017). The Evolution of Senescence 571 

in the Tree of Life. Cambridge University Press. 572 

 24 



Sheldon, B.C. & Ellegren, H. (1999). Sexual selection resulting from extrapair paternity in 573 

collared flycatchers. Anim. Behav., 57, 285–298. 574 

Siler, W. (1979). A competing-risk model for animal mortality. Ecology, 60, 750–757. 575 

Stearns, S.C. (1992). The Evolution of Life Histories. Oxford University Press, Oxford. 576 

Stubben, C. & Milligan, B. (2007). Estimating and Analyzing Demographic Models Using the 577 

popbio Package in R. J. Stat. Softw., 22. 578 

Tinbergen, J.M. & Boerlijst, M.C. (1990). Nestling weight and survival in individual great tits ( 579 

Parus major ). J. Anim. Ecol., 59, 1113–1127. 580 

Travers, L.M., Garcia-Gonzalez, F. & Simmons, L.W. (2015). Live fast die young life history 581 

in females: evolutionary trade-off between early life mating and lifespan in female 582 

Drosophila melanogaster. Sci. Rep., 5, 15469. 583 

Voillemot, M., Hine, K., Zahn, S., Criscuolo, F., Gustafsson, L., Doligez, B., et al. (2012). 584 

Effects of brood size manipulation and common origin on phenotype and telomere 585 

length in nestling collared flycatchers. BMC Ecol., 12, 17. 586 

Williams, G.C. (1957). Pleiotropy, natural selection, and the evolution of senescence. 587 

Evolution, 11, 398–411. 588 

 589 

  590 

 25 



Figure 1. The graphical outline of the experimental design. The experimental brood size 591 

manipulation of the nest of origin is illustrated on the left and the age-specific reproductive 592 

data (i.e. number of recruits) collected from the nests of annual reproduction are illustrated 593 

on the right. 594 

 595 

 596 

 597 
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Figure 2. A) Body mass at fledgling (means ± SE) of the focal birds raised in the three 599 

manipulated natal environments. B) Body mass at fledgling (means ± SE) of all the birds 600 

raised in the three manipulated natal environments. Blue lines represent the increased low-601 

competition treatment, orange lines represent the control treatment and red lines represent 602 

the decreased high-competition treatment. 603 

 604 

 605 

 606 

 607 

 608 
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Figure 3. Reproduction of the three manipulated natal environments (Means ± SE). A) Age-610 

specific reproduction from the raw data. The sample sizes per age class are indicated with 611 

numbers in parentheses (Table S1); B) Age-specific reproduction from the model predictions 612 

based on all random and fixed effects included in model 17 (Table 1); C) Lifetime 613 

Reproductive Success; D) Individual fitness (λind). Blue lines represent the decreased low-614 

competition treatment, orange lines represent the control treatment and red lines represent 615 

the increased high-competition treatment. 616 

 617 

 618 
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Figure 4. Survival (A) and Mortality (B) curves with 95% confidence intervals for each 620 

treatment as fitted by the bathtub Logistic mortality model. On the left are the posterior 621 

distributions of the six model parameters (see Methods for details). Blue lines and 622 

distributions represent the low-competition treatment, orange represent the control treatment 623 

and red represent the high-competition treatment.  624 

 625 

 626 
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Figure 5. Values of the Kullback-Leibler divergence calibration (KLDC), which compare 629 

parameter posterior distributions of the bathtub Logistic mortality model, between the high-630 

competition, the control and the low-competition treatments. The values that are above the 631 

dotted line (KLDC = 0.85) show parameters that are substantially different between the two 632 

treatments in each group comparison. The parameters a0 and a1 describe the exponential 633 

decline that may be observed very early in life and c describe the lowest point of the 634 

mortality function. b0, b1 and b2 describe different parts of the logistic increase in mortality 635 

rates with age (see Methods for details).  636 
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Table 1. Generalized linear mixed effects model examining the effect of early life environmental 641 

conditions on age-specific reproduction in 434 females (Nobs = 781). The reference level for 642 

treatment is “Low-competition”. Significant effects are in bold. 643 

Variable Estimate  

± S.E. 

Z P-value 
(Z) 

χ2 df P-value 

 (χ2) 

Variance 

Model 17         

Intercept  -1.69 ± 0.26 -6.43 < 0.001 41.3 1 < 0.001  

Age  0.66 ± 0.27  2.49    0.012 6.20 1    0.013  

Age2 -0.47 ± 0.13 -3.68 < 0.001 13.52 1 < 0.001  

Age at First Repr. (AFR) -0.89 ± 0.17 -5.34 < 0.001 28.49 1 < 0.001  

Age at Last Repr. (ALR)  0.30 ± 0.19  1.60    0.111 2.53 1    0.111  

Nest Treatment    3.65 2    0.161  
Control Trt -0.34 ± 0.22 -1.59    0.120     
High-competition Trt -0.37 ± 0.22 -1.74    0.082     

Interaction (Age × ALR)  0.14 ± 0.12 1.10    0.272     

Interaction (Age × AFR)  0.89 ± 0.24  3.80 < 0.001 14.46 1 < 0.001  

Interaction (Age2 × AFR) -0.19 ± 0.10 -1.84    0.065 3.40 1    0.065  

Interaction (Age × Trt)    7.83 2    0.019  
Age × Control Trt  0.23 ± 0.28  0.80    0.421     
Age ×  
High-competition Trt 

 0.74 ± 0.28  2.67    0.008     

Interaction (ALR × Trt)    5.10 2    0.078  
ALR × Control Trt -0.54 ± 0.26 -2.08    0.037     
ALR ×  
High-competition Trt 

-0.47 ± 0.26 -1.83    0.067     

Random effects        

Female ID       0.00 
Nest ID       0.26 
Year of Annual Repr.       0.42 
Observation       0.19 
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