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ABSTRACT 10 

There is growing evidence of important variation in how animals age, in particular in 11 

how the expression of traits changes with age among different species and 12 

populations.  However, less is known about variation within populations, which may 13 

include variation in ageing patterns between different types of individuals (e.g. sexes 14 

or distinct polymorphisms) and between different types of traits (e.g. general traits 15 

versus those used in social signalling contexts). We used six years of longitudinal data 16 

to examine age-related changes in trait expression in a captive population of Gouldian 17 

finches (Erythrura gouldiae), a socially monogamous songbird with genetically 18 

determined colour morphs that differ in behaviour and physiology. We contrasted 19 

ageing patterns of different types of traits (social signalling versus size-related) in 20 

both sexes and in two colour morphs, using a mixed model approach to account for 21 

both within- and between-individual effects. We found pronounced sex differences in 22 

the change in social signalling traits with age, showing a quadratic pattern in males, 23 

but not changing with age in females. In contrast, we observed no sex-specific ageing 24 

patterns in size traits. We also found subtle morph differences in how size-related 25 

traits changed with age, with black morphs stable or increasing with age while red 26 

morphs showing a decline with age. Finally, we found interesting sex by morph 27 

interactions in the measures in one important social signal (headband width). These 28 

results highlight the importance of using within-individual approaches to understand 29 

ageing patterns across types of individuals (sex, morph, etc.) and the need for further 30 

research on the ageing patterns of traits that experience different selective pressures. 31 

32 



  33 
 34 

INTRODUCTION 35 

There is growing evidence that animals, especially vertebrates, exhibit age-related 36 

changes in the level of trait expression (Jones et al. 2008; Monaghan et al. 2008; 37 

Nussey et al. 2013). It is also clear that there is huge variation between populations 38 

and species in those ageing patterns (Clutton-Brock and Isvaran 2007; Jones et al. 39 

2008; Monaghan et al. 2008; Nussey et al. 2013). However, less is known about 40 

variation within populations: between different types of trait (e.g. under natural 41 

versus sexual selection) or different types of individual (e.g. the two sexes). Further, 42 

species with phenotypic morphs that exhibit different life history strategies offer a 43 

particularly interesting angle for examining the role of life history in shaping ageing 44 

patterns, and an especially powerful way of testing for the implications of investment 45 

in traits that are important for social competition versus survival.  46 

 47 

Considerable theoretical and empirical work has sought to understand whether and 48 

how trait expression changes with age. For traits important in social competition and 49 

reproductive contexts, some hypotheses predict that the net benefits of increased 50 

investment in reproductive effort increase with age (Kirkwood and Rose 1991), thus 51 

allocation of resources to traits that increase reproductive success (sexually-selected 52 

traits, competitive traits, fecundity, etc.) should also increase with age, e.g. terminal 53 

investment (Clutton-Brock 1984). However, because such traits are expected to be 54 

costly and condition-dependent (Zahavi 1975; Hamilton and Zuk 1982; Andersson 55 

1994; Nussey et al. 2009), they may also be especially sensitive to senescent declines 56 

in physiology (Møller and de Lope 2002; Nussey et al. 2009; Evans et al. 2011; 57 

Kervinen et al. 2015), and thus may be the first traits to exhibit declines late in life, 58 

and these constraints may drive the observed decrease in reproductive performance. 59 

Other models argue that in many taxa, a reduction of investment in reproductive 60 

traits in animals is beneficial (McNamara et al. 2009). In these models, it is condition, 61 

rather than age that limits future performance, and by reducing investment in 62 

reproduction (which lowers condition), individuals can prolong their reproductive 63 



lifespan (McNamara et al. 2009). Thus in this model, reductions in reproductive trait 64 

investment are adaptive, rather than driven by constraints. For instance, in zebra 65 

finches, age is unrelated to bill redness, but in the final year of life, males show a 66 

terminal decline just before death, but no increase or decline prior to that point 67 

(Simons et al. 2016). In contrast, general morphological traits, which often experience 68 

different selective pressures than reproductive or competitive traits, are favoured to 69 

follow a different pattern of age-related change (Galván and Møller 2009; Evans et al. 70 

2011; Nussey et al. 2013).  71 

 72 

Trait differences in ageing patterns have important implications for understanding 73 

the evolution of senescence. Researchers have recently begun to investigate 74 

differences in age-related in multiple traits, e.g. rutting behaviour and antler size in 75 

red deer (Cervus elaphus) (Nussey et al. 2009) and an array of sexually selected traits 76 

in black grouse (Tetrao tetrix) (Kervinen et al. 2015). However, there are few data 77 

contrasting the ageing patterns in different types of traits, i.e. ornaments or signals 78 

used in social contexts and general morphological traits (but see Galván and Møller 79 

2009; Evans et al. 2011). Males and females often face sex-specific selective pressures 80 

(Trivers 1972; Stearns 1992). These differences could favour differences in age-81 

related trait expression, particularly for traits that are important in reproductive 82 

contexts or experience sex-specific selection (Clutton-Brock and Isvaran 2007; 83 

Bonduriansky et al. 2008; Nussey et al. 2009; Kervinen et al. 2015). For example, 84 

males might benefit from increased allocation to traits important for sexual or social 85 

competition (signalling traits hereafter), while females that invest heavily in 86 

signalling traits may suffer due to reduced energy available for investment in 87 

offspring production, or may benefit, due to increased resource access (Cain & 88 

Rosvall, 2014). However, relatively little is known about the ubiquity of sex 89 

differences in how trait expression changes with age. If female expression of 90 

signalling traits is due to shared genetics and strong selection on males (Lande 91 

1980a), and thus regulated by the same mechanisms, males and females would be 92 

expected to age in a similar fashion.  However, if the traits are independently shaped 93 



by sex-specific selective pressures, we may see the sexes ageing differently, 94 

particularly in traits that serve sex-specific roles.  95 

 96 

Species with distinct behavioural or morphological morphs that use contrasting life-97 

history strategies offer a particularly powerful way of examining the effect of life 98 

history strategies on ageing patterns and senescence (Sinervo and Svensson 1998; 99 

Sinervo and Zamudio 2001). Heavy investment in competition or signalling traits 100 

often comes at a cost in terms of survival (Williams 1966), which may favour different 101 

ageing patterns or even differences in longevity. In many polymorphic species, one 102 

morph often invests more in competitive traits (ornaments, aggression, etc.) (Lank et 103 

al. 1995; Comendant et al. 2003; Tuttle 2003; Pryke and Griffith 2009b). This 104 

difference may lead to morph-specific differences in ageing patterns that are as 105 

strong, or stronger, than sex differences. Such differences may be important in 106 

understanding how different life-history strategies can coexist, and how a less 107 

competitive morph can persist in the face of a morph with a competitive advantage 108 

(Sinervo and Svensson 1998; Comendant et al. 2003; Kokko et al. 2014).  109 

 110 

At the population level, average values of performance and trait expression generally 111 

increase with age, reach a maximum, and then decline later in life (Kirkwood and Rose 112 

1991; Jones et al. 2008; Bouwhuis et al. 2009). There are two non-mutually exclusive 113 

processes that could explain this general pattern. First, population level changes may 114 

be due to within-individual changes in trait expression. In this scenario, individuals 115 

increase trait investment as they age, either because they have better access to 116 

resources, or optimal resource allocation favours increased investment late in life 117 

(Kirkwood and Rose 1991; Balbontin et al. 2007; Bouwhuis et al. 2009; Monaghan et 118 

al. 2008; Jones et al. 2008). The other process is selective disappearance: individuals 119 

that vary in quality may appear or disappear from the population in a non-random, 120 

selective manner (van de Pol and Verhulst 2006; Hayward et al. 2012; Salmón et al. 121 

2017). For example, animals with low levels of trait expression may be lower quality, 122 

and die or leave the population sooner. As a result, only animals with high levels of 123 

trait expression live to old age. Selective disappearance can drive population-level 124 



associations between age and trait expression due to between-individual effects, 125 

rather than within-individual effects, and can mask within-individual changes or 126 

senescence (van de Pol and Verhulst 2006; van de Pol and Wright 2009; Bouwhuis et 127 

al. 2009; Nussey et al. 2009; Kervinen et al. 2015). Consequently, it is important to 128 

test for such between-individual changes in trait expression in order to understand 129 

the mechanisms driving population-level observations.  130 

 131 

Here we use longitudinal data on several morphological traits from six years of a 132 

large, captive population of Gouldian finches (Erythrura gouldiae) to address these 133 

issues. The Gouldian finch is a small, brightly coloured, tropical, Australian estrildid 134 

finch with a socially monogamous mating system and a relatively short lifespan 135 

(Brush and Seifried 1968; Woinarski and Tidemann 1992; Tidemann et al. 1999). In 136 

the wild, individuals are rarely observed for more than one breeding season (~15 137 

months), though this may be because they are highly nomadic, but in captivity, they 138 

can live up to six years (this study, Tidemann 2010). In Gouldian finches, both sexes 139 

have a bright yellow belly, an ultraviolet/violet breast, a blue/ultraviolet headband, 140 

and green wings and back (Figure 1) (Brush and Seifried 1968; Pryke et al. 2007). 141 

Although both sexes are colourful, males display brighter plumage and longer tail 142 

streamers, which provide benefits in mate attraction (Pryke and Griffith 2006). It is 143 

currently unclear whether females possess bright plumage and tail streamers to 144 

advertise quality, to signal to competitors, or because of strong between-sex genetic 145 

correlations. Both sexes also occur in three discrete, genetically-determined head-146 

colour morphs (Figure 1, red, black or yellow) (Brush and Seifried 1968; Tidemann 147 

et al. 1999, Kim et al. 2019). Red or black morph is determined by the Red locus on 148 

the Z-chromosome, with alleles R/r:  the R allele is dominant, such that red males can 149 

be either homozygous (ZR/ZR) or heterozygous (ZR/Zr), and black males are ZrZr; 150 

red females are ZR and black females Zr (Pryke 2010; Kim et al. 2019). The yellow 151 

morph is a very rare in free-living populations (<0.1%; Brush & Seifried, 1968; 152 

Franklin & Dostine, 2000) and occurs due to an interaction between the Red locus and 153 

an autosomal gene that regulates carotenoid deposition (Pryke 2007). The morphs 154 

exhibit different life-history patterns: red morphs of both sexes are more aggressive 155 



and dominant to the other morphs in competitive scenarios, but also show reductions 156 

in parental care and elevated androgens and glucocorticoids in these contexts 157 

(Brazill-Boast et al. 2012; Pryke and Griffith 2006; Pryke 2007; Pryke et al. 2007; 158 

Pryke and Griffith 2009b; Pryke et al. 2012; Cain and Pryke 2017a, b). Gouldian 159 

finches also show sex and morph specific responses to energetically demanding 160 

conditions (heatwaves and moult; Fragueira et al. 2019), and sex and morph specific 161 

differences in risk-taking behaviours (Fragueira and Beaulieu 2019; O’Reilly et al. 162 

2019), although there is no difference between red and black-headed males in either 163 

resting or maximal metabolic rate (Buttemer et al 2021).  164 

 165 

The existence of bright plumage in both sexes makes this species an excellent model 166 

for investigating sex-specific and morph-specific, age-dependent expression of 167 

secondary sexual traits, something that would not be possible in a species with sex-168 

limited trait expression. Here, we determine whether traits change across age, and 169 

whether those changes differ according to sex or morph, and whether changes are 170 

due to within-individual variation over time, or the selective disappearance of some 171 

phenotypes over cohorts of different age (between-individual effects). 172 

 173 

METHODS 174 

Study species 175 

The Gouldian finch (family Estrildidae) is an endangered, endemic Australian finch 176 

found in savannah woodlands of tropical Northern Australia (Pryke and Griffith 177 

2007). The data used here were compiled from monitoring of six years (and nearly 178 

5,000 individuals) of captive wild-type Gouldian finches housed in captivity at the 179 

Save the Gouldian Fund Research Facility in Martinsville, Australia, from 2005 to 180 

2011. The initial population was founded in 2005 from 278 wild-type individuals 181 

acquired from aviculturists located throughout Australia (Pryke and Griffith 2007). 182 

In this analysis we included only birds born in captivity. Birds left the study due to 183 

death or rehoming with aviculturists. Birds were bred in large free-flight aviaries 184 

(15m long, 5.5m wide, 3.8m high) in small groups, or in breeding cages (1.2 m3). A 185 

complete pedigree has been constructed for other analyses and preliminary analysis 186 



suggests inbreeding was not an issue in this population (K. Cain, unpubl. data). All 187 

birds were provided with artificial nest boxes designed to mimic the hollows used in 188 

the wild and with ad libitum access to dry seed and various fresh food supplements. 189 

All aspects of the study were approved by Animal Ethics Committees at the University 190 

of New South Wales (2005-2008) or Macquarie University (2008-2011).  191 

 192 

 193 

Figure 1: Male and female Gouldian finches of the black and red colour morphs 194 

illustrating limited sexual dichromatism, colour morphs, and signalling traits.  195 

 196 

  197 

Gouldian finches occur in three colour morphs: red, yellow, and black. However, as 198 

yellow is very rare in the wild (<1%) and in our captive populations, we focus on the 199 

two common morphs. The genotypes for females and black males can be directly 200 

inferred from the phenotype (i.e., red females – ZR, black females – Zr, black males - 201 

ZrZr); red male genotypes (either ZRZR or ZRZr) were determined from pedigrees 202 

UV blue 
headband

FEMALE MALEMALE FEMALE

Tail 
streamers

BLACK MORPH RED MORPH

Tarsus

No measurable 
headband



and knowledge of parental phenotype (Pryke 2010, Pryke et al. 2010). The study 203 

population was used for a number of experiments examining the role of colour in 204 

social dominance (behavioural observation studies) and mate choice contexts, and 205 

the effects of diet, hormone levels or disassortative pairing on reproductive 206 

investment, all in the context of the colour morphs. We describe these experiments 207 

and test for their effect on trait expression in the supplemental material (Appendix 1 208 

Experimental effects).  209 

 210 

 211 

Trait measures 212 

For each individual in the dataset, we measured a range of morphological traits. At 213 

least once each year, we measured four size-related traits (‘size traits’, Fig 1): tarsus 214 

length and culmen (beak) length, to the nearest 0.1mm, wing length, to the nearest 215 

0.5mm, and body mass to the nearest 0.1g. We did not expect large changes in tarsus 216 

length with age, although in some songbirds tarsus length does show age related 217 

changes (Smith et al. 1986). We also measured four plumage (or ‘signalling’) traits 218 

related to social signalling (Fig 1, (Pryke and Griffith 2006; Pryke 2007; Pryke and 219 

Griffith 2009b). Total tail length was estimated from the average of the two tail 220 

pinfeathers. The width of the blue/UV headband (to the nearest 0.1mm) was 221 

measured using callipers (headband width). Spectral reflectance of the ultraviolet 222 

(UV)/blue headband was determined using a spectrometer, and from this we 223 

calculated headband hue (spectral location) and headband chroma (spectral purity) 224 

(see Pryke 2001, Pryke and Griffith 2006; Pryke 2007). Generally, the morphological 225 

and plumage measures were taken just prior to the breeding season each year (~ 226 

October/November) and before any natural or experimental pairing. Offspring were 227 

typically banded in Jan/Feb of each year. Traits were generally highly repeatable:  228 

Table S2 provides estimates of the proportion of variance that was explained by ID 229 

after accounting for the fixed effects. 230 

 231 

 232 



 A large portion of females (~900 of 1444) had headbands that were not too small to 233 

measure accurately. Whether or not a female had a measurable headband in a given 234 

year did not change across her lifetime: of 2144 records of headband presence or 235 

absence, females switched from present (>1mm wide) to absent (<1mm in width) 236 

only 9 times (0.4%), and there were no cases of switching from absent to present. 237 

Black morph females were more likely to have a measurable headband (41% vs 35%; 238 

Chi-sq test, X2 = 7.5, df=1, p =0.006).  239 

 240 

 241 

Statistical analysis 242 

To reduce the number of traits examined, we used principal components analysis 243 

(PCA) using the correlation matrix. Because theory predicts that traits used in 244 

signalling contexts should vary with age and sex more than those that are not known 245 

to be important in social contexts, we examine the two types of traits (‘signalling’  and 246 

‘size’ respectively) independently. We performed two PCAs: one for the size traits, 247 

and one for the signalling traits, and extracted the two main principal components 248 

(PC1 & PC2) for each. Loadings and eigenvalues for both PCAs are reported in Table 249 

S1. Briefly, tarsus length and mass loaded on Size PC1 (eigenvalue 1.1, 32% of 250 

variance explained), whereas wing and beak length after tarsus and mass were 251 

accounted for, loaded on Size PC2 (eigenvalue 1.0, 25% of variance explained). 252 

Signalling PC1 was largely determined by the three measures of the blue headband 253 

(width, hue, chroma) (eigenvalue 1.65, 63% of variance explained), whereas 254 

Signalling PC2 reflected the length of tail streamers, after the colour effects, 255 

(eigenvalue 0.84, 18% of variance explained). We then tested for correlations 256 

between Signalling and Size PCs, to investigate associations between the two types of 257 

traits (Figure 1). We used individuals’ PC values to address our questions. Because 258 

only a portion of females had measurable headbands, only that portion of females 259 

received Signalling PC scores.  260 



 261 

 262 
 263 
Fig 2 – Correlation matrices of male (Panel A) and female (Panel B) traits used in 264 
principal component analyses illustrating relationships between traits and PC 265 
scores (PC 1 and 2 for size traits; SPC 1 and 2 for signalling traits); asterisks indicate 266 
p-value (*** for P<0.001, ** for P< 0.01, * for P< 0.05). Neither Size P2 was related to 267 
either Signalling PC in either sex. The presence/absence of a headband was 268 
unrelated to either Size PC score in females (t-tests, p > 0.05 in both cases).  269 
 270 
 271 
 272 

To determine how different types of traits age, and whether there are sex or morph 273 

differences in those ageing patterns, we built a series of linear mixed models with 274 

Gaussian error distributions. The 4 PC scores were set as response variables, fitted 275 

models that included  sex, morph (red or black), age, age squared (quadratic), and age 276 

they left the population (disappearance), as well as interactions between sex and age 277 

measures, and morph and age measures.  278 

 279 

To account for the repeated measures, year (2006-2011) and individual ID were 280 

included as random factors. We also ran similar models using each original trait that 281 

was used in the PCA analysis (Table S2). Because we wanted to determine whether 282 

the observed age-related changes in trait expression were due to within-individual 283 

A) Male correlation Matrix B) Female correlation Matrix



differences, we controlled for selective disappearance by including an estimate of 284 

each individual’s total number of years present in the population as a covariate in 285 

these models (van de Pol and Verhulst, 2006). The last year that a bird was measured 286 

was used to estimate its age when it left the population. Including disappearance tests 287 

for between-individual effects, excluding disappearance from the model could lead to 288 

false conclusions about how individuals age if individuals leave the populations in a 289 

non-random manner. In our study, birds left the population either due to death, or to 290 

being transferred to other breeding populations. ‘Disappearance’ may therefore not 291 

be biologically meaningful, so we do not assign any biological relevance to effects of 292 

this variable. However, including it allows us to distinguish between within-293 

individual levels of change in trait expression and between individual effects caused 294 

by animals leaving the population. Ideally, we would have also included a random 295 

slopes term in the model to account for individuals having different relationships 296 

between trait expression and age (van de Pol and Verhulst, 2006; Schielzeth & 297 

Forstmeir 2009), but doing so resulted in models that repeatedly failed to converge. 298 

Red males may be homo- or heterozygous at the Red locus, thus we repeated the PC 299 

score analysis using genotype instead of morph for males only (Table S3).  300 

 301 

Throughout, we report results from full models with all variables; there was no model 302 

selection or variable removal. All analyses and figure generation (except Figure 1) 303 

were completed in R (3.6.3) using the following packages: AICcmodavg (Mazerolle 304 

2020), lme4 (Bates et al. 2014),  effects (Fox 2018), ggdist (Kay 2021), corrplot (Wei, 305 

2021), and ggplot2 (Wickham 2016). 306 

 307 

RESULTS 308 

Ageing patterns differ according to sex  309 

There was no evidence of sex differences in age-related changes in either of the two 310 

Size PCs (Figure 3A and B, Table 1a). In contrast, both Signalling PC1 and PC2 showed 311 

significant interactions between sex and age measures (Table 1b), reflecting 312 

differences in the degree of change with age, i.e. there were greater age-related 313 

increases in males than in females (Figure 3C and D). Signalling PC1 also showed sex 314 



differences in the quadratic relationship with age: decreasing with the quadratic term 315 

for age in males but not in females. These effects were significant after controlling for 316 

sex-specific selective disappearance. Females with higher Signalling PC scores and 317 

higher Size PC1 scores left the population earlier than lower scoring females. 318 

 319 

These patterns were generally supported when looking at specific traits (Table S2). 320 

Tarsus, beak, mass and wing showed no sex differences in aging patterns. Headband 321 

width also showed no sex differences in aging patterns and no age related changes in 322 

general. However, chroma, hue and tail length all showed some sex differences in 323 

aging, increasing overall in males, and showing a decrease with quadratic age in male 324 

chroma and tail length.  325 

  326 



 327 

Figure 3: Changes in the expression of size and signalling traits across age, according 328 

to sex (F, Female: orange, dashed line; M, male: blue, solid line). Raw data is shown 329 

using violin plots (similar to a boxplot, but includes the full distribution of the data) 330 

for each age group. Lines are generated using predicted values from models (Table 1) 331 

and include age, quadratic age, last age measured (disappearance) and random 332 

effects. These lines indicate within-individual change as individuals age, while the 333 

violin plots show population level changes in trait levels with age (between-334 

individual effects). Panels A and B illustrate size traits; panels C and D illustrate 335 

signalling traits.  336 

 337 

A) B)

C) D)



 338 

Some ageing patterns differ according to morph  339 

 340 

We observed morph differences in age-related changes in both of the Size PCs, 341 

increasing early in life in red morphs, followed by a steep decline, while black morphs 342 

increased later in life (Figure 4A and B, Table 1a). In contrast, neither Signalling PC1 343 

or PC2 showed significant interactions between morph and age measures (Table 1b). 344 

These effects were significant after controlling for non-random selective 345 

disappearance. 346 

 347 

The morph specific ageing patterns in Size PCs were driven by wing length changes 348 

with age. In black morphs, there was a slight decrease followed by an increase with 349 

age. In contrast, red morphs showed an initial increase followed by a decrease (Figure 350 

3, Table S2). Morph genotype is sex-linked; all females are homozygous while males 351 

can be homozygous black, homozygous red or heterozygous red. When we examined 352 

genotype differences in males, we found a similar pattern – black males increasing 353 

across age, homozygous red male decreasing across age and heterozygous red males 354 

showing little change – though the effects were subtle (Figure S1, Table S3).  355 

 356 

Though headband width showed no age-related change, we did observe a significant 357 

interaction between morph and sex. In males, black morphs had large headbands, 358 

while in females, red morphs had larger headbands (Figure 4C, Table S2).  359 

 360 



  361 

Figure 4 – Panels A and B: Morph differences in age-related changes in trait 362 

expression; sexes plotted together (2071 observations of black morphs, 2897 363 

observations of red morphs). Lines are generated using predicted values from 364 

models (Table 1) and include age, quadratic age and last age measured 365 

(disappearance), and ID as a random effect; for visual clarity the y-axis is 366 

constrained (-2.5 to 2.5). These lines indicate how traits change as individuals age, 367 

after accounting for selective disappearance:  black solid lines are black morphs, red, 368 

dashed lines are red morphs. Note the scale of the y-axis is different from Figure 2, 369 

and differs across panels. Panel C illustrates sex by morph interaction in headband 370 

width (see Table 1) using boxplots and raincloud plots (half-density distribution 371 

A) B)

C)



plot – similar to histogram or violin plot), points are individual data points. Females 372 

without measurable headbands were excluded (796 observations of females, 2769 373 

observations of males). Illustration of morphs by IG Moran. 374 

 375 

DISCUSSION   376 

 377 

We tested for morph and sex differences in how expression of size and signalling 378 

traits changed across life in a polymorphic songbird. We found no evidence of sex-379 

difference in how size-related traits change across age, but found substantial sex 380 

differences in how signalling traits changed with age, indicating increases in males 381 

and no change in females. We also observed morph differences in how size traits 382 

changed with age, while in females there was some evidence of morph differences in 383 

signalling traits and how they age. Finally, there were sex difference in how morphs 384 

express headband width – larger in red females and black males. By using longitudinal 385 

data, we were able to determine which population-level age differences were due to 386 

within-individual changes in trait expression rather than simply selective 387 

disappearance of high/low quality individuals.  388 

 389 

 Age-related changes in trait expression 390 

Classic theory on ageing generally argues that changes with age are due to 391 

coordinated changes in physiological function across the phenotype (Williams 1957; 392 

Hamilton 1966). More recent data suggest that different physiological systems might 393 

follow different patterns (Herndon et al. 2002; Amdam and Page 2005; Grotewiel et 394 

al. 2005; Burger and Promislow 2006).  Our findings add to this pattern and suggest 395 

that not all traits change in a coordinated fashion. We observed only limited age-396 

related changes in size traits, and no sex differences in the way those traits change 397 

across age. However, signalling traits showed marked sex-dependent changes with 398 

age – increasing with age in males, but not changing in females. Female expression of 399 

ornaments may be partially driven by cross-sex genetic correlations in trait 400 

expression, however, the observed sex difference in ageing patterns suggests that 401 

male and female trait expression are sufficiently independent to follow different 402 



ageing trajectories. Together, these two findings provide rare evidence that the 403 

physiological systems that underlie senescence of different traits may be uncoupled 404 

(Nussey et al. 2013). 405 

 406 

Age-related changes in signalling traits in males 407 

In males, the expression of sexually selected traits is often higher in older individuals 408 

(Andersson 1994), and theoretical models suggest that an increase in the expression 409 

of sexually selected traits is favoured in a wide range of contexts (Kokko 1997). 410 

Empirical studies have reported the predicted increases in signalling traits across age, 411 

including in structural colouration (blue, metallic, or UV reflective feathers) (Keyser 412 

and Hill 2000; Komdeur et al. 2005; Siefferman and Hill 2005; Delhey and 413 

Kempenaers 2006; Bitton and Dawson 2008). However, these population-level 414 

patterns may be due to age-related changes in trait expression, i.e. males becoming 415 

more elaborate as they age (Doucet et al. 2007), or to between-individual differences 416 

in survival, i.e. high-quality males surviving longer (Jennions et al. 2001; van de Pol 417 

and Wright 2009), or both. In our longitudinal study, we found evidence that male 418 

signalling trait expression showed significant within-individual increases with age as 419 

well as non-random disappearance of less ornamented males and more ornamented 420 

females (Fig 4).  421 

 422 

Though we observed increases in signalling trait expression with age, in very old 423 

males trait expression stabilised or decreased (Table 1, S2), suggesting that 424 

senescence plays a role (Møller and de Lope 2002; Jones et al. 2008; Nussey et al. 425 

2008; Galván and Møller 2009). Many studies have reported declines in male 426 

reproductive function late in life, but in most cases, sexually selected traits such as 427 

ornaments and armaments appear to plateau rather than decline: e.g. in male red deer 428 

(Cervus elaphus), antler size is relatively unaffected by age in late life (Nussey et al. 429 

2009), male barn swallows increase plumage melanisation consistently across age 430 

(Galván and Møller 2009), in collared flycatchers (Ficedula albicollis), an ornamental 431 

trait (white wing patch) increased across age in both sexes (Evans et al. 2011), and in 432 

houbara bustards (Chlamydotis undulata), male display effort appears to remain 433 



stable throughout life (Preston et al. 2011). In contrast, senescent declines in 434 

signalling traits following a peak in middle age have been reported in two studies: in 435 

male black grouse (Tetrao tetrix), both morphological and behavioural traits 436 

associated with sexual competition declined late in life (Kervinen et al. 2015) and in 437 

barn swallows, tail length decreased at old age (Balbontin et al. 2011). Further 438 

research is clearly needed, in a variety of taxa and mating systems, to determine when 439 

and why we observe senescent declines in some traits and species, but not others.  440 

 441 

 442 

Age-related changes in signalling traits in females 443 

There has been considerable work done on female reproductive investment, and how 444 

that might change with age (e.g., Bérubé et al. 1999; Bowen et al. 2006; Nussey et al. 445 

2006; Cooper et al. 2020). However, relatively little empirical data is available on how 446 

female morphological traits might change with age, and even less has focused on 447 

female expression of signalling or competitive traits with age; e.g. song, armaments, 448 

and ornaments (West-Eberhard 1979; Riebel et al. 2005; Cain and Ketterson 2012; 449 

Cain and Ketterson 2013; Tobias et al. 2012; Cain and Rosvall 2014; Doutrelant et al. 450 

2019). The few studies that have examined female colouration across age report 451 

conflicting results. Some studies report a lack of change in blue plumage, e.g. in 452 

bluebirds (Siefferman et al.  2005), blue tits (Henderson et al. 2013), and blue-throats 453 

(Luscinia s. svecic) (Amundsen et al. 1997). In contrast, in pied flycatchers (Ficedula 454 

hypoleuca), ornamentation in the form of white plumage patches and mantle colour 455 

increased with age in both sexes (Evans et al. 2011; Potti et al. 2014). Similar data 456 

exists in other signalling traits. For instance, female song is an important social signal 457 

related to reproductive success in female superb fairywrens (Malurus cyaneus; Cain 458 

et al 2016) and New Zealand bellbirds (Anthornis melanura; Brunton et al. 2016), and 459 

song diversity has been shown to increase with age in both sexes in superb starlings 460 

(Lamprotornis superbus; Keen et al 2016), but repertoire size declined with age in 461 

European starlings (Sturnus vulgaris;  Pavlova  et al. 2010).  Further investigation into 462 

ageing patterns in female signalling traits is clearly needed.  463 

 464 



Morph differences 465 

Unexpectedly, we observed morph differences in how some size-related traits 466 

changed with age. The effects were subtle, but black morphs showed initially lower 467 

measures, followed by a steady increase through life. In contrast, red morphs 468 

measures increased initially but then declined. These patterns were mirrored in the 469 

homozygous red and black males, but not the heterozygous red males. These 470 

differences may reflect different life-history strategies. Red morphs are generally 471 

dominant to black, and can outcompete black morphs for breeding cavities (Brazill-472 

Boast et al 2013), and pigment based traits, especially carotenoid based colours, are 473 

signals in contests (Young et al. 2016). However, red morphs (males) suffer in terms 474 

of more intense physiological responses to challenges, including hormone and 475 

immune function, and reductions in parental care (Pryke et al. 2012), although there 476 

are no differences in either basal or maximal metabolic rate in the two morphs 477 

(Buttemer et al 2021). The differences observed between the two morphs may 478 

counter some of the adaptive benefits of competitive trait expression observed in 479 

previous studies of this species (Brazill-Boast et al. 2013; Kokko et al. 2015; Pryke 480 

and Griffith 2006, 2009b; Pryke 2007; Pryke et al. 2012), and so may be important in 481 

contributing to the maintenance of polymorphism and variation in this species.  482 

 483 

Interestingly, though we generally did not find strong morph differences in signalling 484 

trait expression, we did observe a significant sex-specific difference between morphs 485 

in headband width. Red females had significantly larger headband measures than 486 

black females; black males had larger headbands than red males. The role of the 487 

headband in Gouldian finches, and thus the relevance of morph differences in 488 

headband width, is currently unclear. Generally blue colours are structurally 489 

produced and considered a potential indicator of quality (Keyser & Hill, 1999). 490 

Understanding whether and how blue plumage plays a role in social signalling in this 491 

species is necessary before we can speculate as to the importance of this finding.  492 

 493 

Experimental effects on ageing and selective disappearance  494 



We found some effects of experiments on trait expression, especially hormonal 495 

implants, though the direction and strength of the effect was dependent on sex and 496 

the type of implant. Corticosterone is often referred to as the stress hormone, but it is 497 

also closely tied to metabolism and involved in trade-offs in the investment of 498 

resources to reproductive versus self-maintenance (Hau et al. 2010, Almasi et al. 499 

2013). Further, previous correlative and experimental studies have shown that there 500 

are links between corticosterone levels and ornament expression (Dupont et al. 2011, 501 

Lendvai et al. 2013, Fairhurst et al. 2014). Thus, it is perhaps not surprising that the 502 

effects we observed were in the expression of signalling traits, which are often 503 

regarded as condition dependent, and influence reproductive outcomes. However, as 504 

these experiments were not designed to test for these effects, we advise caution and 505 

suggest further research before any conclusions are drawn.  506 

 507 

In many of our analyses, we found evidence that selective disappearance played an 508 

important role. This finding underscores the importance of testing for within-509 

individual ageing patterns, instead of using population-level associations between 510 

age and trait expression. If selective disappearance is indicative of early death, such a 511 

result would suggest the more ornamented females had lower longevity, while more 512 

ornamented males had greater longevity. Both would have important consequences 513 

for understanding life-history trade-offs, and the costs and benefits or signalling trait 514 

expression in the two sexes. However, an important caveat here is that individuals 515 

left the study population either because they had died, or because they were removed 516 

from the study population and were rehomed with aviculturists, and we were unable 517 

to determine individual fate for all of the individuals in the dataset 518 

 519 

Conclusions 520 

 521 

Understanding the degree and timing of investment in different types of traits is a 522 

critical goal for biologists interested in ageing. This study provides insight into how 523 

males vs females, and black vs red morphs, differ in trait expression investment across 524 

the lifespan of a polymorphic songbird. We found important sex differences in how 525 



signalling traits age, but not more general size traits. Together, these data illustrate 526 

that traits age differently, and that the sexes can age differently, two important 527 

findings for researchers interested in ageing. We also report surprising morph 528 

differences in how some traits change with age, suggesting that differences in how 529 

individuals manage trade-offs between competition and survival might have 530 

consequences for how traits change with age.  Although previous studies have 531 

reported similar cross-sectional age patterns in other species, few have 532 

simultaneously examined within and between individual variation. Finally, these 533 

results point to the critical lack of comparable analyses of ageing patterns in traits 534 

that experience different selective pressures, particularly sex comparisons.  535 

 536 

 537 

Acknowledgements 538 

Special thanks to N Svedin, S Hoobler and C Young for assistance in bird care and 539 

maintenance, and Mike Fidler for providing facilities, birds and avicultural expertise.  540 

The original studies this paper is based on were funded by a New South Global 541 

Postdoctoral Fellowship (to S.R.P.), an Australian Research Council Linkage grant (to 542 

S.C.G., S.R.P., and W.A. Buttemer), an Australian Research Council Discovery grant 543 

(Australian Postdoctoral Fellowship; to S.R.P.), and the Save The Gouldian Fund. This 544 

work would not have been possible without years of research by S.R. Pryke.  545 

  546 



LITERATURE CITED 547 

 548 

Almasi, B., A. Roulin, and L. Jenni. 2013. Corticosterone shifts reproductive behaviour 549 

towards self-maintenance in the barn owl and is linked to melanin-based coloration 550 

in females. Horm. Behav. 64: 161–71.  551 

Amdam, G. V., & Page, R. E., Jr. 2005. Intergenerational transfers may have decoupled 552 

physiological and chronological age in a eusocial insect. Ageing Res. Rev. 4:398-408. 553 

doi: 10.1016/j.arr.2005.03.007.  554 

Amundsen, T. T., E. E. Forsgren, and L. T. T. Hansen. 1997. On the function of female 555 

ornaments: male bluethroats prefer colourful females.  Proc. R. Soc. B 264:1579–556 

1586.  557 

Andersson, M. 1994. Sexual Selection. Princeton University Press, Princeton. 558 

Balbontin, J., F. de Lope, I. G. Hermosell, T. A. Mousseau, and A. P. Møller. 2011. 559 

Determinants of age-dependent change in a secondary sexual character. J. Evol. Biol. 560 

24:440–448. 561 

Balbontin, J., I. G. Hermosell, and A. Marzal. 2007. Age-related change in breeding 562 

performance in early life is associated with an increase in competence in the 563 

migratory barn swallow Hirundo rustica. J. Anim. Ecol. 76:915-25. doi: 564 

10.1111/j.1365-2656.2007.01269.x. 565 

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2014. lme4: linear mixed-effects 566 

models using Eigen and S4. R Package, version 1.1-7. http://CRAN.R-567 

project.org/packageplme4. 568 

Bérubé, C. H., M. Festa-Bianchet and J. T. Jorgenson. 1999. Individual differences, 569 

longevity, and reproductive senescence in bighorn ewes. Ecol. 80:2555-2565. 570 

Bitton, P., & R. D. Dawson. 2008. Age-related differences in plumage characteristics of 571 

male tree swallows Tachycineta bicolor: hue and brightness signal different aspects 572 

of individual quality. J. Avian Biol. 39:446–452. 573 



Bonduriansky, R., A. Maklakov, F. Zajitschek, and R. Brooks. 2008. Sexual selection, 574 

sexual conflict and the evolution of ageing and life span. Funct. Ecol. 22:443–453. 575 

Bouwhuis S., B. C. Sheldon, S. Verhulst and A. Charmantier. 2009. Great tits growing 576 

old: selective disappearance and the partitioning of senescence to stages within the 577 

breeding cycle. Proc. R. Soc. B. 276:2769–2777 578 

Bowen, W. D., S. J. Iverson, J. I McMillan and D. J. Boness. 2006. Reproductive 579 

performance in grey seals: age-related improvement and senescence in a capital 580 

breeder. J. Anim Ecol. 75:1340-1351. 581 

Brazill-Boast, J., S. C. Griffith, and S. R. Pryke. 2013. Morph-dependent resource 582 

acquisition and fitness in a polymorphic bird. Evol. Ecol. 27:1189-1198, doi: 583 

10.1007/s10682-013-9651-1. 584 

Brunton D. H., M. M. Roper and A. M. T. Harmer. 2016. Female song rate and structure 585 

predict reproductive success in a socially monogamous bird. Front. Ecol. Evol. 4:13. 586 

doi: 10.3389/fevo.2016.00013 587 

Brush, A. H., and H. Seifried. 1968. Pigmentation and feather structure in genetic 588 

variants of the Gouldian finch, Poephila gouldiae. Auk. 85:416–430.  589 

Burger, J. M. and D. E. Promislow. 2006. Are functional and demographic senescence 590 

genetically independent? Exp Gerontol. 41:1108-1116. 591 

Buttemer, W. A., V. Careau, M. A. Chappell and S. C. Griffith. 2021. Metabolic rates of 592 

aggressive and submissive phenotypes are colour blind in the polymorphic Gouldian 593 

finch. J Exp Biol 224, jeb242577. doi:10.1242/jeb.242577 594 

Cain, K. E., and E. D. Ketterson. 2012. Competitive females are successful females; 595 

phenotype, mechanism, and selection in a common songbird. Behav. Ecol. Sociobiol. 596 

66:241–252.  597 



Cain, K. E., and E. D. Ketterson. 2013. Costs and benefits of competitive traits in 598 

females: aggression, maternal care and reproductive success. PLoS ONE 8:e77816. 599 

Cain, K. E., and K. A. Rosvall. 2014. Next steps for understanding the selective 600 

relevance of female-female competition. Front. Ecol. Evol. 2:1–3. 601 

Cain, K. E., A. Cockburn and N. E. Langmore. 2015. Female song rates in response to 602 

simulated intruder are positively related to reproductive success. Front. Ecol. Evol. 603 

3:119. doi: 10.3389/fevo.2015.00119 604 

Cain, K. E., and S. R. Pryke. 2017a. Testosterone production ability predicts breeding 605 

success and tracks breeding stage in male finches. J. Evol. Biol. 30:430-436 606 

Cain, K. E., and S. R. Pryke. 2017b. Testosterone production in response to exogenous 607 

gonadotropin releasing hormone (GnRH challenge) depends on social environment 608 

and color polymorphism. Gen. Comp. Endocrinol. 244:77–85. 609 

Clutton-Brock, T. H. 1984. Reproductive effort and terminal investment in 610 

iteroparous animals. Am. Nat.  123:2, 212-229 611 

Clutton-Brock, T. H., and K. Isvaran. 2007. Sex differences in ageing in natural 612 

populations of vertebrates.  Proc. R. Soc. B. 274:3097–3104. 613 

Comendant, T., B. R. Sinervo, E. I. Svensson, and J. Wingfield. 2003. Social competition, 614 

corticosterone and survival in female lizard morphs. J. Evol. Biol. 16:948–955. 615 

Cooper, E., T. Bonnet, H. L. Osmond, A. Cockburn, and L. E. B. Kruuk. 2021. Ageing and 616 

senescence across reproductive traits and survival in superb fairy-wrens (Malurus 617 

cyaneus). Am. Nat. 197:111-127 618 

Delhey, K., and B. Kempenaers. 2006. Age differences in blue tit Parus caeruleus 619 

plumage colour: within-individual changes or colour-biased survival? J. Avian Biol. 620 

37:339–348.  621 



Doucet, S. M., D. B. McDonald, M. S. Foster, R. P. Clay, and D. B. Lank. 2007. Plumage 622 

development and molt in long-tailed manakins (Chiroxiphia linearis): variation 623 

according to sex and age. Auk 124:29–43.  624 

Doutrelant, C., A. Fargevieille, and A.  Grégoire. 2020.  Evolution of female coloration: 625 

What have we learned from birds in general and blue tits in particular. Adv. Study. 626 

Behav.  52: 123-202. 627 

Dupont, S. M., J. K. Grace, F. Brischoux, and F. Angelier. 2019. Post-natal corticosterone 628 

exposure affects ornaments in adult male house sparrows (Passer domesticus). Gen. 629 

Comp. Endocrinol. 276: 45–51.  630 

Evans, S. R., L. Gustafsson, and B. C. Sheldon. 2011. Divergent patterns of age-631 

dependence in ornamental and reproductive traits in the collared flycatcher. Evol. 632 

65:1623–1636.  633 

Fairhurst, G.D., R.D. Dawson, H. van Oort, and G. R. Bortolotti. 2014. Synchronizing 634 

feather-based measures of corticosterone and carotenoid-dependent signals: what 635 

relationships do we expect? Oecol. 174:689-98.  636 

Fox J., and S. Weisberg. 2018. Visualizing fit and lack of fit in complex regression 637 

models with predictor effect plots and partial residuals. J. Stat. Softw. 87:1–27. doi: 638 

10.18637/jss.v087.i09 639 

Fragueira, R. and M. Beaulieu. 2019. Red does not always outperform black: morph-640 

specific behavioural variation in response to environmental changes. Anim. Behav. 641 

148, 81-91. doi:10.1016/j.anbehav.2018.12.006  642 

Fragueira R., S. Verhulst and M. Beaulieu. 2019. Morph-and sex-specific effects of 643 

challenging conditions on maintenance parameters in the Gouldian finch. J. Exp. Biol. 644 

222(7):jeb196030. 645 



Franklin, D. C., P. J. Whitehead, G. Pardon, J. Matthews, P. McMahon and D. McIntyre. 646 

2005. Geographic patterns and correlates of the decline of granivorous birds in 647 

northern Australia. Wildl. Res. 32:399-408. 648 

Galván, I., and A. P. Møller. 2009. Different roles of natural and sexual selection on 649 

senescence of plumage colour in the barn swallow. Funct. Ecol. 23:302–309. 650 

Griffith, S. C., S. R. Pryke, and W. A. Buttemer. 2011. Constrained mate choice in social 651 

monogamy and the stress of having an unattractive partner.  Proc. R. Soc. B 278:2798–652 

2805. 653 

Grotewiel, M. S., I. Martin, P. Bhandari, and E. Cook-Wiens. 2005. Functional 654 

senescence in Drosophila melanogaster. Ageing. Res. Rev. 4:372-397. 655 

Hamilton, W. D., and M. Zuk. 1982. Heritable true fitness and bright birds: a role for 656 

parasites? Science 218:384–387. 657 

Hau, M., R. E. Ricklefs, M. Wikelski, K. A. Lee, and J. D. Brawn. 2010. Corticosterone, 658 

testosterone and life-history strategies of birds. Proc. R. Soc. B. 277: 3203–12.  659 

Hayward, A. D., A. J. Wilson, J. G. Pilkington, T. H. Clutton-Brock, J. M. Pemberton, and 660 

L. E. B. Kruuk. 2012. Reproductive senescence in female Soay sheep: variation across 661 

traits and contributions of individual ageing and selective disappearance. Funct. Ecol. 662 

27:184–195. 663 

Henderson, L. J., B. J. Heidinger, N. P. Evans, and K. E. Arnold. 2013. Ultraviolet crown 664 

coloration in female blue tits predicts reproductive success and baseline 665 

corticosterone. Behav. Ecol. 24:1299–1305. 666 

Herndon L. A., P. J. Schmeissner, J. M. Dudaronek, P. A. Brown, K. M. Listner, Y. Sakano, 667 

M. C. Paupard, D. H. Hall, M. Driscoll. 2002. Stochastic and genetic factors influence 668 

tissue-specific decline in ageing C. elegans. Nature. 419:808-14. doi: 669 

10.1038/nature01135. PMID: 12397350. 670 



Hsu, Y.-H., M.J.P. Simons, J. Schroeder, A. Girndt, I. S. Winney, T. Burke and S. 671 

Nakagawa. 2017. Age-dependent trajectories differ between within-pair and extra-672 

pair paternity success. J. Evol. Biol., 30: 951-959. https://doi.org/10.1111/jeb.13058 673 

Jennions, M. D., A. P. Møller, and M. Petrie. 2001. Sexually selected traits and adult 674 

survival: a meta-analysis. Q. Rev. Biol. 3–36. 675 

Jones, O. R., J.-M. Gaillard, S. Tuljapurkar, J. S. Alho, K. B. Armitage, P. H. Becker, P. Bize, 676 

J. Brommer, A. Charmantier, M. Charpentier, T. H. Clutton-Brock, F. S. Dobson, M. 677 

Festa-Bianchet, L. Gustafsson, H. Jensen, C. G. Jones, B.-G. Lillandt, R. McCleery, J. 678 

Merilä, P. Neuhaus, M. A. C. Nicoll, K. Norris, M. K. Oli, J. Pemberton, H. Pietiäinen, T. H. 679 

Ringsby, A. Roulin, B.-E. Saether, J. M. Setchell, B. C. Sheldon, P. M. Thompson, H. 680 

Weimerskirch, E. Jean Wickings, and T. Coulson. 2008. Senescence rates are 681 

determined by ranking on the fast-slow life-history continuum. Ecol Lett. 11:664–682 

673. 683 

Kay M. 2021. ggdist: Visualizations of Distributions and Uncertainty. doi: 684 

10.5281/zenodo.3879620, R package version 3.0.0, 685 

https://mjskay.github.io/ggdist/. 686 

Keen S., C. D. Meliza, J. Pilowsky and D. R. Rubenstein. 2016. Song in a social and sexual 687 

context: vocalizations signal identity and rank in both sexes of a cooperative breeder. 688 

Front. Ecol. Evol. 4:46. doi: 10.3389/fevo.2016.00046 689 

Kervinen, M., C. Lebigre, R. V. Alatalo, H. Siitari, and C. D. Soulsbury. 2015. Life-history 690 

differences in age-dependent expressions of multiple ornaments and behaviors in a 691 

lekking bird. Am. Nat. 185:13–27. 692 

Keyser, A. J., and G. E. Hill. 2000. Structurally based plumage coloration is an honest 693 

signal of quality in male blue grosbeaks. Behav. Ecol. 11:202–209. 694 

Kim, K. W., B. C. Jackson, H. Zhang, D. P. L. Toews, S. A. Taylor, E.  I. Greig, I. J. Lovette, 695 

M. M. Liu, A. Davison, S. C. Griffith, K.  Zeng and T. Burke. 2019. Genetics and evidence 696 



for balancing selection of a sex-linked colour polymorphism in a songbird. Nat. 697 

Commun. 10, 1852. https://doi.org/10.1038/s41467-019-09806-6 698 

Kirkwood, T. B., and M. R. Rose. 1991. Evolution of senescence: late survival sacrificed 699 

for reproduction. Phil. Trans. R. Soc. B 332:15–24.  700 

Kokko, H. 1997. Evolutionarily stable strategies of age-dependent sexual 701 

advertisement. Behav. Ecol. Sociobiol. 41:99–107. 702 

Kokko, H., S. C. Griffith, and S. R. Pryke. 2014. The hawk-dove game in a sexually 703 

reproducing species explains a colourful polymorphism of an endangered bird.  Proc. 704 

R. Soc. B 281: 20141794. 705 

Komdeur, J., M. Oorebeek, T. Van Overveld, and I. C. Cuthill. 2005. Mutual 706 

ornamentation, age, and reproductive performance in the European starling. Behav. 707 

Ecol. 16:805–817.  708 

Lande, R. 1980. Sexual dimorphism, sexual selection, and adaptation in polygenic 709 

characters. Evol. 34:292–305.  710 

Lank, D. B., C. M. Smith, O. Hanotte, T. Burke, and F. Cooke. 1995. Genetic 711 

polymorphism for alternative mating behavior in lekking male ruff Philomachus 712 

pugnax. Nature 378:59–62. 713 

Lendvai, Á. Z., M. Giraudeau, J. Németh, V. Bakó, and K. J. McGraw. 2013. Carotenoid-714 

based plumage coloration reflects feather corticosterone levels in male house finches 715 

(Haemorhous mexicanus). Behav. Ecol. Sociobiol. 67: 1817–24.  716 

Mazerolle, M.J. 2020. AICcmodavg: Model selection and multimodel inference based 717 

on (Q)AIC(c). R package version 2.3-1, https://cran.r-718 

project.org/package=AICcmodavg. 719 

Monaghan, P., A. Charmantier, D. H. Nussey, and R. E. Ricklefs. 2008. The evolutionary 720 

ecology of senescence. Funct. Ecol. 22:371–378. 721 



Møller, A. P., and F. de Lope. 2002. Senescence in a short-lived migratory bird: age-722 

dependent morphology, migration, reproduction and parasitism. J. Anim. Ecol. 723 

68:163–171.  724 

Nussey, D. H., H. Froy, J.-F. Lemaitre, J.-M. Gaillard, and S. N. Austad. 2013. Senescence 725 

in natural populations of animals: widespread evidence and its implications for bio-726 

gerontology. Ageing. Res. Rev. 12:214–225.  727 

Nussey, D. H., L. E. B. Kruuk,  A. Donald, M. Fowlie, and T. H. Clutton-Brock. 2006. The 728 

rate of senescence in maternal performance increases with early-life fecundity in red 729 

deer. Ecol. Lett. 9: 1342-1350. 730 

Nussey, D. H., L. E. B. Kruuk, A. Morris, M. N. Clements, J. M. Pemberton, and T. H. 731 

Clutton-Brock. 2009. Inter- and intrasexual variation in aging patterns across 732 

reproductive traits in a wild red deer population. Am. Nat. 174:342–357. 733 

Nussey, D. H., T. Coulson, M. Festa-Bianchet, and J. M. Gaillard. 2008. Measuring 734 

senescence in wild animal populations: towards a longitudinal approach. Funct. Ecol. 735 

22:393–406. 736 

O’Reilly, A. O., G. Hofmann and C. Mettke-Hofmann. 2019. Gouldian finches are 737 

followers with black-headed females taking the lead. PloS One. 14:e0214531. 738 

Pavlova, D. Z., R. Pinxten and M. Eens. 2010. Age-related changes of song traits in 739 

female European starlings (Sturnus vulgaris). Anim. Biol. 60:43-59. 740 

http://dx.doi.org/10.1163/157075610X12610595764138.  741 

Potti, J., D. Canal, and C. Camacho. 2014. Ontogenetic variation in the plumage colour 742 

of female European pied flycatchers Ficedula hypoleuca. Ibis 156:879–884. 743 

Preston, B. T., M. S. Jalme, Y. Hingrat, F. Lacroix, and G. Sorci. 2011. Sexually 744 

extravagant males age more rapidly. Ecol. Lett. 14:1017–1024. 745 



Pryke, S. R. 2007. Fiery red heads: female dominance among head color morphs in the 746 

Gouldian finch. Behav. Ecol. 18:621–627. 747 

Pryke, S. R. 2010. Sex chromosome linkage of mate preference and color signal 748 

maintains assortative mating between interbreeding finch morphs. Evol. 64: 1301-749 

1310. 750 

Pryke, S. R., and S. C. Griffith. 2006. Red dominates black: agonistic signalling among 751 

head morphs in the colour polymorphic Gouldian finch.  Proc. R. Soc. B. 273:949–957. 752 

Pryke, S. R., and S. C. Griffith. 2007. The relative role of male vs. female mate choice in 753 

maintaining assortative pairing among discrete colour morphs. J. Evol. Biol. 20:1512–754 

1521. 755 

Pryke, S. R., and S. C. Griffith. 2009a. Postzygotic genetic incompatibility between 756 

sympatric color morphs. Evol. 63:793–798. 757 

Pryke, S. R., and S. C. Griffith. 2009b. Socially mediated trade-offs between aggression 758 

and parental effort in competing color morphs. Am. Nat. 174:455–464. 759 

Pryke, S. R., L. A. Rollins, and S. C. Griffith. 2011. Context-dependent sex allocation: 760 

Constraints on the expression and evolution of maternal effects. Evol. 65:2792–2799.  761 

Pryke, S. R., L. A. Rollins, and S. C. Griffith. 2010. Females use multiple mating and 762 

genetically loaded sperm competition to target compatible genes. Science 329:964–763 

967. 764 

Pryke, S. R., L. A. Rollins, S. C. Griffith and W. A. Buttemer. 2015. Retracted: 765 

Experimental evidence that maternal corticosterone controls adaptive offspring sex 766 

ratios. Func. Ecol.29.6: 861-861. 767 

Pryke, S. R., L. B. Astheimer, S. C. Griffith and W.  A. Buttemer. 2012. Covariation in life-768 

history traits: differential effects of diet on condition, hormones, behavior, and 769 

reproduction in genetic finch morphs. Am. Nat. 179:375–390.  770 



Pryke, S. R., L. B. Astheimer, W. A. Buttemer, and S. C. Griffith. 2007. Frequency-771 

dependent physiological trade-offs between competing colour morphs. Biol. Lett. 772 

3:494–497. 773 

Riebel, K., M. L. Hall, and N. E. Langmore. 2005. Female songbirds still struggling to be 774 

heard. Trends Ecol. Evol. 20:419–420. 775 

Roff, D. A., S. Mostowy, and D. J. Fairbairn. 2002. The evolution of trade-offs: testing 776 

predictions on response to selection and environmental variation. Evol. 56:84–95. 777 

Salmón, P., J. F. Nilsson, H . Watson, S. Bensch and C. Isaksson. 2017. Selective 778 

disappearance of great tits with short telomeres in urban areas. Proc. R. Soc. B. 779 

284:20171349 780 

Schielzeth, H. and W. Forstmeier. 2009. Conclusions beyond support: overconfident 781 

estimates in mixed models. Behav. Ecol. 20: 416-420 782 

Siefferman, L., and G. E. Hill. 2005. UV-blue structural coloration and competition for 783 

nestboxes in male eastern bluebirds. Anim. Behav. 69:67–72. 784 

Siefferman, L., G. E. Hill, and F. S. Dobson. 2005. Ornamental plumage coloration and 785 

condition are dependent on age in eastern bluebirds Sialia sialis. J. Avian Biol. 36:428–786 

435. 787 

Simons, M.J.P., M. Briga, and S. Verhulst. 2016. Stabilizing survival selection on 788 

presenescent expression of a sexual ornament followed by a terminal decline. J. Evol. 789 

Biol., 29: 1368-1378. https://doi.org/10.1111/jeb.12877 790 

Sinervo, B. R., and E. Svensson. 1998. Mechanistic and selective causes of life history 791 

trade-offs and plasticity. Oikos 83:432–442. 792 

Sinervo, B. R., and K. R. Zamudio. 2001. The evolution of alternative reproductive 793 

strategies: fitness differential, heritability, and genetic correlation between the sexes. 794 

J. Hered. 92:198–205. 795 



Smith, J. N. M., P. Arcese and D. Schluter. 1986. Song sparrows grow and shrink with 796 

age. Auk 103:210-212  797 

Stearns, S. C. 1992. The Evolution of Life Histories. Oxford University Press on 798 

Demand. 799 

Tidemann, S. C. 2010. Causes of the decline of the Gouldian Finch Erythrura gouldiae. 800 

Bird Conserv. Int. 6:49–61. 801 

Tidemann, S. C., C. Lawson, R. Elvish, J. Boyden, and J. Elvish. 1999. Breeding biology 802 

of the Gouldian finch Erythrura gouldiae, an endangered finch of northern Australia. 803 

Emu 99:191. 804 

Tobias, J. A., R. Montgomerie, and B. E. Lyon. 2012. The evolution of female ornaments 805 

and weaponry: social selection, sexual selection and ecological competition. Phil. 806 

Trans. Roy. Soc. B 367:2274–2293. 807 

Trivers, R. 1972. Parental Investment and Sexual Selection. Pp. 136–179 in B. 808 

Campbell, ed. Sexual selection and the descent of man 1871 – 1971. Aldine, Chicago. 809 

Tuttle, E. M. 2003. Alternative reproductive strategies in the white-throated sparrow: 810 

behavioral and genetic evidence. Behav. Ecol. 14:425–432.  811 

van de Pol, M., and J. Wright. 2009. A simple method for distinguishing within- versus 812 

between-subject effects using mixed models. Anim. Behav. 77:753–758.  813 

van de Pol, M., and S. Verhulst. 2006. Age-dependent traits: a new statistical model to 814 

separate within-and between-individual effects. Am. Nat. 167:766–773.  815 

Wei T., Simko V. 2021. R package 'corrplot': Visualization of a Correlation Matrix. 816 

(Version 0.90), https://github.com/taiyun/corrplot. 817 

West-Eberhard, M. J. 1979. Sexual selection, social competition, and evolution. Proc. 818 

Am. Phil. Soc. 222–234. 819 



Wickham H. 2016. ggplot2: Elegant graphics for data analysis. Springer-Verlag New 820 

York. ISBN 978-3-319-24277-4, https://ggplot2.tidyverse.org. 821 

Williams, G. C. 1966. Natural selection, the costs of reproduction, and a refinement of 822 

Lack's principle. Am. Nat. 100:687-690. 823 

Woinarski, J.C.Z. and S. Tidemann. 1992. Survivorship and some population 824 

parameters for the endangered Gouldian finch Erythrura gouldiae and two other finch 825 

species at two sites in tropical Northern Australia. Emu 92:33-38, DOI: 826 

10.1071/MU9920033  827 

Young, C. M., K. E. Cain, N. Svedin, P. R. Y. Backwell and S. R. Pryke. 2016. The role of 828 

pigment based plumage traits in resolving conflicts. J. Avian Biol. 47:167-175. 829 

https://doi.org/10.1111/jav.00742 830 

Zahavi, A. 1975. Mate selection-a selection for a handicap. J. Theor. Biol. 53:205–214.831 



 832 
Table 1: Results from linear mixed models examining sex and morph differences in age related changes in trait expression. Shown 

are parameter estimates with standard errors and significance (P <0.05 in bold). All models were fitted using Maximum Likelihood, and 
Gaussian error distributions with identity links. Loaded traits indicates the traits which loaded most strongly for the relevant principal 

component (PC). 

 
(a) General traits 

N observations: 4,281 
N individuals: 2,941 

(b) Signalling traits 
N observations: 3,094 
N individuals: 2,193 

PC score 
Loaded traits (PCA)  

Size PC1 
Tarsus, mass 

Size PC2 
Wing, beak 

Signalling PC 1 
Colour 

Signalling PC 2 
Tail 

Intercept 0.174 (0.102) -0.042 (0.099) -2.261 (0.133) -0.016 (0.125) 
 p = 0.088 p = 0.671 p <0.0001 p = 0.899 

Sex (female) -0.307 (0.119) 0.407 (0.115) 2.057 (0.145) -1.145 (0.142) 
 p = 0.010 p = 0.0005 p <0.0001 p <0.0001 

Morph (black) -0.149 (0.120) -0.186 (0.116) 0.022 (0.137) 0.051 (0.134) 
 p = 0.215 p = 0.108 p = 0.872 p = 0.705 

Age (years) -0.013 (0.038) -0.057 (0.066) -0.134 (0.113) 0.104 (0.110) 
 p = 0.726 p = 0.386 p = 0.238 p = 0.348 

Age (quadratic) 0.0005 (0.009) 0.003 (0.016) 0.018 (0.025) -0.014 (0.025) 
 p = 0.959 p = 0.826 p = 0.481 p = 0.579 

Disappearance -0.054 (0.051) 0.017 (0.044) -0.123 (0.051) 0.011 (0.049) 
 p = 0.290 p = 0.701 p = 0.016 p = 0.830 

Sex x Morph 0.119 (0.089) -0.029 (0.076) -0.061 (0.086) 0.047 (0.083) 
 p = 0.184 p = 0.700 p = 0.476 p = 0.569 

Morph x Age 0.110 (0.048) 0.191 (0.080) -0.025 (0.117) -0.014 (0.115) 
 p = 0.021 p = 0.017 p = 0.835 p = 0.903 

Morph x Quadratic age -0.024 (0.011) -0.041 (0.019) 0.025 (0.027) 0.007 (0.027) 
 p = 0.028 p = 0.027 p = 0.358 p = 0.787 

Morph x Disp. 0.003 (0.056) 0.0003 (0.049) -0.021 (0.047) -0.039 (0.045) 
 p = 0.956 p = 0.995 p = 0.661 p = 0.389 



Sex x Age -0.037 (0.048) -0.136 (0.081) 1.049 (0.137) 0.428 (0.134) 
 p = 0.440 p = 0.094 p <0.0001 p = 0.002 

Sex x Quadratic age 0.013 (0.011) 0.034 (0.019) -0.122 (0.032) -0.058 (0.031) 
 p = 0.252 p = 0.069 p = 0.0002 p = 0.064 

Sex x Disp. 0.113 (0.055) -0.060 (0.049) 0.122 (0.055) 0.291 (0.053) 
 p = 0.041 p = 0.217 p = 0.026 p <0.0001 

 Variance components  

Individual var. 1.33 0.86 0.41 0.38 
Year var.  0.0 0.001 0.009 0.002 
Residual variance 0.05 0.15 0.24 0.23 

  833 
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 836 
Figure S1 – Genotype differences in age-related changes in trait expression in male Gouldian finches. Lines are generated 837 
using predicted values from models (Table S3) and include age, quadratic age and last age measured (disappearance), and ID 838 
as a random effect. These lines indicate how traits change as individuals age, after accounting for selective disappearance:  839 
black solid lines are black morphs, Orange solid lines are heterozygous red males, red, dashed lines are homozygous red 840 
morphs. Note the scale of the y-axis is different from Figure 2, and differs across panels.  841 



 842 
Table S1: Loadings for principal components analysis using correlations of traits, including both sexes. The first analysis is of 843 
size-related traits, and the second is of signalling traits.  844 
 845 

 Trait PC1 PC2 

Size traits PCA 

Tarsus length (mm) 0.568 -0.396 
Wing length (mm) 0.272 0.835 
Beak length (mm) 0.467 0.303 

Mass (g) 0.620 -0.232 
Eigenvalue 1.139 1.00 

Proportion of variance 32.5% 24.9% 
Cumulative proportion  57.4% 

Signalling traits PCA 

Tail length (mm) 0.383 0.923 
Hue (spectral location) 0.532 -0.218 

Chroma (spectral purity) 0.536 -0.241 
Headband width (mm) 0.532 -0.203 

Eigenvalue 1.65 0.840 
Proportion of variance 68.3% 17.6% 
Cumulative proportion  85.8% 

  846 
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Table S2: Sex and morph differences in individual traits aging patterns 
  

 General Signalling 

 
N obs 
N indv 

Wing 
4591 
3121 

Beak 
4353 
2974  

Tarsus 
4590 
3121 

Mass 
4519 
3092 

Headband 
3230 
2267 

Hue 
3178 
2230 

Chroma 
3178 
2230 

Tail 
4460 
3081 

Intercept 
66.59 (0.132) 11.78 (0.060) 14.97 (0.078) 14.525 (0.153) 1.273 (0.112) 0.211 (0.021) 0.174 (0.022) 46.649 

(0.720) 
p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000 p = 0.000 

Sex  
(female) 

0.473 
(0.155) 

-0.131 (0.070) -0.047 (0.088) -0.379 (0.177) 3.861 (0.125) 0.215 
(0.024) 

0.202 (0.025) -1.867 
(0.858) 

p = 0.003 p = 0.062 p = 0.593 p = 0.032 p <0.0001 p <0.0001 p <0.0001 p = 0.030 

Morph (black) 
-0.082 (0.155) -0.174 (0.070)0.065 (0.089) -0.177 (0.178) 0.001 (0.126) -0.010 

(0.023) 
0.001 (0.024) 0.228 (0.853) 

p = 0.599 p = 0.014 p = 0.469 p = 0.322 p = 0.992 p = 0.663 p = 0.971 p = 0.789 

Age  
(years) 

-0.073 (0.095) -0.025 (0.022) -0.002 (0.019) 0.047 (0.062) 0.006 (0.042) -0.017 
(0.020) 

-0.011 (0.019) 1.131 (0.664) 

p = 0.446 p = 0.263 p = 0.927 p = 0.450 p = 0.881 p = 0.408 p = 0.567 p = 0.089 

Age (quadratic) 
0.007 (0.023) 0.004 (0.005) 0.001 (0.005) -0.009 (0.015) 0.001 (0.009) 0.002 (0.005) 0.002 (0.004) -0.255 (0.158) 

p = 0.761 p = 0.491 p = 0.833 p = 0.535 p = 0.899 p = 0.622 p = 0.685 p = 0.106 

Disapp. 
0.150 

(0.057) -0.138 (0.030)0.093 (0.040) -0.134 (0.075) -0.160 
(0.059) 

-0.015 
(0.008) -0.013 (0.009) -0.401 (0.265) 

p = 0.009 p = 0.00001 p = 0.019 p = 0.076 p = 0.008 p = 0.061 p = 0.146 p = 0.131 

Sex x  
Morph 

0.042 (0.098) -0.005 (0.053) 0.061 (0.069) 0.246 (0.131) -0.230 
(0.101) 

0.0001 
(0.013) 

-0.010 (0.015) -0.237 (0.448) 

p = 0.668 p = 0.920 p = 0.379 p = 0.060 p = 0.023 p = 0.995 p = 0.492 p = 0.598 

Morph x  
Age 

0.268 
(0.118) 

0.015 (0.028) -0.021 (0.024) 0.113 (0.077) 0.055 (0.044) 0.018 (0.021) -0.013 (0.020) 0.378 (0.816) 

p = 0.023 p = 0.587 p = 0.376 p = 0.141 p = 0.210 p = 0.401 p = 0.531 p = 0.643 



Morph x Quad 
age 

-0.058 
(0.028) -0.002 (0.006) 0.003 (0.006) -0.025 (0.018) -0.016 (0.010) -0.002 

(0.005) 0.006 (0.005) -0.024 (0.190) 

p = 0.037 p = 0.727 p = 0.627 p = 0.169 p = 0.128 p = 0.761 p = 0.207 p = 0.899 

Morph x Disapp. 
-0.099 (0.064) 

0.083 
(0.033) -0.039 (0.043) 0.012 (0.083) 0.048 (0.052) 

-0.003 
(0.007) -0.0003 (0.008)-0.303 (0.299) 

p = 0.123 p = 0.012 p = 0.357 p = 0.887 p = 0.351 p = 0.664 p = 0.972 p = 0.312 

Sex x  
Age 

-0.164 (0.119) 0.023 (0.028) -0.001 (0.024) -0.048 (0.078) -0.011 (0.051) 
0.098 

(0.025) 0.134 (0.024) 
5.672 

(0.826) 
p = 0.167 p = 0.416 p = 0.963 p = 0.538 p = 0.822 p = 0.0001 p <0.0001 p <0.0001 

Sex x  
Quad age 

0.042 (0.028) -0.002 (0.006) 
-0.0002 
(0.006) 0.013 (0.018) 0.001 (0.012) 

-0.007 
(0.006) 

-0.016 
(0.006) 

-0.542 
(0.193) 

p = 0.130 p = 0.714 p = 0.976 p = 0.464 p = 0.918 p = 0.204 p = 0.005 p = 0.006 

Sex x  
Disapp. 

-0.051 (0.064) 0.033 (0.033) -0.014 (0.042) 0.179 (0.082) 0.147 (0.063) 
-0.005 
(0.008) -0.001 (0.009) 

2.737 
(0.298) 

p = 0.426 p = 0.310 p = 0.743 p = 0.030 p = 0.020 p = 0.519 p = 0.944 p <0.0001 

 Variance components 

Individual 1.41 0.46 0.85 2.9 0.83 0.008 0.12 21.89 
Residual  0.36 0.018 0.014 0.15 0.03 0.008 0.007 17.49 

Note: Sex is relative to female, morph is relative to black,  
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 851 
Table S3: Results from linear mixed models examining in age-related changes in male trait expression using genotype 852 
instead of morph. Shown are parameter estimates with standard errors and significance (P <0.05 in bold). All models were 853 
fitted using Maximum Likelihood, and Gaussian error distributions with identity links. Loaded traits refers to the measures 854 
which loaded strongly in the PCA (Table 1). 855 
 

 
a) Size traits 

 N observations (4,281) 
N individuals (2,941) 

a) Signalling traits 
 N observations (4,281) 

N individuals (2,941) 
PC score 

Loaded traits (PCA) 
Size PC1 

Tarsus, mass 
Size PC2 

Wing, beak 
Signalling PC 1 

Colour 
Signalling PC 2 

Tail 

Intercept -0.112 (0.122) 0.446 (0.126) -0.162 (0.131) -1.171 (0.113) 
 p = 0.358 p = 0.0005 p = 0.215 p = 0.000 
Genotype ZRZr 0.110 (0.172) -0.335 (0.169) 0.124 (0.173) 0.329 (0.161) 
 p = 0.523 p = 0.047 p = 0.475 p = 0.041 
Genotype ZRZR -0.163 (0.156) -0.202 (0.165) -0.236 (0.170) -0.056 (0.157) 
 p = 0.298 p = 0.222 p = 0.165 p = 0.724 
Age (years) -0.084 (0.046) -0.297 (0.084) 0.885 (0.117) 0.534 (0.107) 
 p = 0.069 p = 0.0005 p < 0.0001 p < 0.0001 
Age (quadratic) 0.022 (0.011) 0.054 (0.019) -0.100 (0.027) -0.073 (0.025) 
 p = 0.045 p = 0.005 p = 0.0003 p = 0.004 
Disappearance 0.067 (0.066) -0.025 (0.056) -0.008 (0.046) 0.311 (0.043) 
 p = 0.306 p = 0.655 p = 0.859 p < 0.0001 
ZRZr x Age 0.099 (0.073) 0.353 (0.126) -0.013 (0.179) -0.279 (0.166) 
 p = 0.175 p = 0.005 p = 0.940 p = 0.093 
ZRZR x Age 0.205 (0.066) 0.240 (0.115) 0.043 (0.162) 0.169 (0.150) 
 p = 0.003 p = 0.037 p = 0.789 p = 0.259 
ZRZr x Quadratic age -0.024 (0.016) -0.070 (0.028) 0.033 (0.040) 0.067 (0.037) 
 p = 0.138 p = 0.012 p = 0.413 p = 0.074 
ZRZR x Quadratic age -0.046 (0.015) -0.059 (0.026) 0.010 (0.036) -0.032 (0.034) 



 p = 0.003 p = 0.021 p = 0.780 p = 0.338 
ZRZr x Disp. -0.087 (0.103) 0.030 (0.089) -0.151 (0.073) -0.047 (0.068) 
 p = 0.400 p = 0.733 p = 0.038 p = 0.488 
ZRZR x Disp. 0.020 (0.080) -0.047 (0.077) 0.068 (0.066) -0.048 (0.062) 
 p = 0.801 p = 0.543 p = 0.300 p = 0.436 
 Variance components 

Individual var. 1.43 0.96 0.47 0.42 
Year var. 0.0 0.0 0.12 0.002 
Residual variance 0.045 0.13 0.30 0.26 
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 858 
 859 

Appendix 1 – Experimental Effects –  860 

As one of the goals of this study was to examine age-related changes in trait expression, we first determined whether any of 861 

these experiments affected sex differences in ageing patterns. Experiments include the following: low versus average quality 862 

diet (Diet, 343 birds); hormone manipulations in which birds were implanted with either corticosterone, which is important in 863 

stress response and metabolism (hereafter Cort 244 birds), or metyrapone,  which blocks corticosterone production (hereafter 864 

Mety, n=224 birds); and breeding experiments in which pairs were assigned by researchers to be a compatible colour match 865 

(same morph, Compatible, n=3467), an incompatible colour match, which is stress-inducing (black and red morph pairs, 866 

Incompatible, n=1373), or a perceived mismatch that was actually a genetic match  (red females were matched to compatible 867 

red males with blackened heads to appear incompatible, Blackened, n=128).  868 

 869 

Individuals were generally only used for one experimental manipulation, in their first breeding season, though in one study 870 

birds were matched to compatible/incompatible partners and implanted with Cort/Mety (Pryke et al. 2015), and thus 871 

experienced two treatments at the same time. Measurements were conducted in adult birds after breeding and the post-872 

breeding moult or for young birds, after they had moulted into their first adult plumage, and before their first breeding attempt 873 

(further details below). Experiments usually began after the birds were measured, so the experiments could not have affected 874 

the measures for that year, but may affect future measures. The Compatible/Incompatible/Blackened experiment may be 875 

relevant to the offspring of those manipulations, rather than the birds that experienced the manipulation themselves. For more 876 

information on experiments see references from Pryke and Griffith 2007-2011.  877 

 878 

Because some birds had been used in experiments that might influence trait expression we also tested for sex specific 879 

experimental effects (Diet, Compatibility (offspring from compatibility experiments), and Implant). These effects were applied 880 

to individuals for measures across all ages, though the effect only occurred in one year (usually the first breeding season), to 881 



determine if the experiment has consequences for how those individuals aged. These models include each PC score, sex, 882 

experimental effects and sex by experimental effect interactions.  Results from these models are reported in Table S4. We found 883 

minimal evidence that experiments had effects on ageing patterns and these experiments were not designed to test for these 884 

effect.  885 

 886 
Table S4: Experimental effects on traits. Results from linear mixed models examining sex and experimental effects on 
in age related changes in trait expression. Shown are parameter estimates with standard errors and significance (P <0.05 
in bold). All models were fitted using Maximum Likelihood, and Gaussian error distributions with identity links. Loaded 
traits refers to the measures which loaded strongly in the PCA (Table 1). 

 
 a) Size traits 

 N observations (4,281) 
N individuals (2,941) 

b) Signalling traits 
N observations  (3,094) 

N individuals (2,193) 

 Size PC1 
Tarsus, mass  

Size PC2 
Wing, beak 

Signalling PC 1 
Colour 

Signalling PC 2 
Tail 

Intercept 0.201 (0.191) 0.078 (0.163) -3.097 (0.511) -0.032 (0.500) 
 p = 0.293 p = 0.631 p = 0.000 p = 0.950 
Sex (female) -0.240 (0.269) -0.218 (0.230) 3.999 (0.529) -0.109 (0.517) 
 p = 0.372 p = 0.342 p = 0.000 p = 0.833 
Compatible parents     

Compatible -0.201 (0.186) -0.128 (0.159) 0.445 (0.509) 0.148 (0.498) 
 p = 0.280 p = 0.421 p = 0.382 p = 0.767 

Incompatible -0.213 (0.208) -0.216 (0.177) 0.503 (0.518) 0.110 (0.508) 
 p = 0.306 p = 0.223 p = 0.332 p = 0.830 
Hormone implants     

Cort Implant 0.178 (0.179) 0.094 (0.153) 0.472 (0.360) 0.110 (0.352) 
 p = 0.320 p = 0.539 p = 0.190 p = 0.754 

Mety Implant 0.177 (0.109) -0.201 (0.093) 0.440 (0.244) -0.013 (0.239) 
 p = 0.107 p = 0.032 p = 0.072 p = 0.958 
Low Quality Diet 0.061 (0.107) -0.142 (0.090) -0.031 (0.111) 0.056 (0.116) 



 p = 0.568 p = 0.113 p = 0.783 p = 0.631 
Sex x Compatible 0.200 (0.261) 0.267 (0.223) -0.551 (0.526) -0.048 (0.514) 

 p = 0.445 p = 0.232 p = 0.295 p = 0.926 
Sex x Incompatible 0.209 (0.285) 0.469 (0.243) -0.796 (0.536) -0.132 (0.525) 

 p = 0.464 p = 0.054 p = 0.138 p = 0.803 
Sex x Cort Implant -0.283 (0.212) 0.238 (0.181) -0.750 (0.368) -0.435 (0.360) 

 p = 0.182 p = 0.189 p = 0.042 p = 0.228 
Sex x Mety Implant -0.045 (0.219) 0.458 (0.187) -0.311 (0.278) -0.303 (0.273) 

 p = 0.837 p = 0.015 p = 0.265 p = 0.268 
Sex x Low Quality 

Diet 
0.020 (0.144) 0.201 (0.121) 0.192 (0.128) -0.024 (0.133) 

 p = 0.891 p = 0.098 p = 0.134 p = 0.854 

 Variance components 
Individual var. 1.33 0.86 0.26 0.42 
Residual variance 0.05 0.15 0.47 0.27 
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