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Abstract Theories of ageing predict that early repro-

duction should be associated with accelerated reproductive

senescence and reduced longevity. Here, the influence of

age of first reproduction on reproductive senescence and

lifespan, and consequences for lifetime reproductive suc-

cess (LRS), were examined using longitudinal reproductive

records of male and female blue-footed boobies (Sula

nebouxii) from two cohorts (1989 and 1991). The two

sexes showed different relationships between age of first

reproduction and rate of senescent decline: the earlier

males recruited, the faster they experienced senescence in

brood size and breeding success, whereas in females,

recruiting age was unrelated to age-specific patterns of

reproductive performance. Effects of recruiting age on

lifespan, number of reproductive events and LRS were

cohort- and/or sex-specific. Late-recruiting males of the

1989 cohort lived longer but performed as well over the

lifetime as early recruits, suggesting the existence of a

trade-off between early recruitment and long lifespan. In

males of the 1991 cohort and females of both cohorts,

recruiting age was apparently unrelated to lifespan, but

early recruits reproduced more frequently and fledged more

chicks over their lifetime than late recruits. Male boobies

may be more likely than females to incur long-term costs of

early reproduction, such as early reproductive senescence

and diminished lifespan, because they probably invest

more heavily than females. In the 1991 cohort, which faced

the severe environmental challenge of an El Niño event in

the first year of life, life-history trade-offs of males may

have been masked by effects of individual quality.

Keywords Cost of reproduction � Life-history � Southern

Oscillation Index (SOI) � Sula nebouxii � Trade-off

Introduction

A trade-off between reproduction and survival is a major

assumption of life-history theory (Stearns 1992). Iterop-

arous breeders should maximize their fitness by allocating

energy and resources between current and future repro-

duction (Schaffer 1974; Partridge 1992), as demonstrated

in diverse taxa (e.g., Partridge and Farquhar 1981;

Gustafsson and Pärt 1990; Nussey et al. 2006). The benefits

of early recruitment can include an increased number of

reproductive events over the lifespan and shortening of

generation time; the costs can include a reduction in sur-

vival or future reproduction (Blondel et al. 1992; Oli et al.

2002) and accelerated senescence. Therefore, the trade-offs

together with selective processes on timing of recruitment

should shape the life-history of organisms (Roff 2002).

Evolutionary theories of ageing are based on the idea

that mutations whose effects are expressed at later ages will

have a lower impact on fitness. Two non-mutually exclu-

sive mechanisms have been proposed for the evolution of

senescence: accumulation of mutations (Medawar 1952)

and antagonistic pleiotropy (Williams 1957). According to

the first, senescence occurs due to an accumulation of late-

acting deleterious mutations because the strength of natural
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selection declines with advancing age. According to the

second, senescence can be promoted by selection favoring

genes that improve early-life performance but have adverse

effects in later life. In the phenotypic level, such genes

could favor resource allocation to early reproduction over

somatic maintenance, and consequently promote acceler-

ated reproductive senescence in later life and reduced

longevity (disposable soma; Kirkwood 1977; Kirkwood

and Rose 1991).

Empirical exploration of effects of early reproduction on

individual life-histories is limited. Early reproduction was

associated with accelerated reproductive senescence of red

deer (Cervus elaphus) and common guillemots (Uria aal-

ge) (Nussey et al. 2006; Reed et al. 2008), and increased

reproductive effort early in life was associated with

accelerated senescence in fertility of collared flycatchers

(Ficedula albicollis) (Gustafsson and Pärt 1990). The

effects of recruiting age (age at first reproduction) on

lifespan, senescence and lifetime reproductive success

(LRS) have seldom been tested in a long-lived species,

which requires measuring components of life-histories over

entire individual lifespans (Viallefont et al. 1995). In two

long-lived bird species, the western gull (Larus occiden-

talis) and the greater flamingo (Phoenicopterus rubber

roseus), recruiting age of females was positively related to

survival, suggesting a trade-off between early recruitment

and lifespan, but fitness consequences of recruiting age

were not measured (Pyle et al. 1997; Tavecchia et al.

2001).

Trade-offs are difficult to detect because individual

differences in age-specific reproductive performance, life-

span and lifetime fitness can arise from individual strategic

decisions regarding recruiting age, genetic variation in

recruiting age and individual variation in environmental

constraints. Where life-history data are available for

marked individuals, trade-offs between early reproduction

and senescence or lifespan can be difficult to detect when

individual quality varies (Cam et al. 2002). Indeed, some

studies of short-lived birds found that earlier recruits had

higher LRS, and this association was interpreted as an

effect of breeder quality (Newton 1985). Associations

between breeder quality and life-history traits can mask

trade-offs between early reproduction and senescence or

lifespan, particularly when breeders adjust their early

reproductive investment to current conditions or when

breeder quality varies greatly with cohort or sex.

Life-history trade-offs and selection may also be affec-

ted by environmental conditions experienced by individu-

als. The environment experienced early in life can affect

life-history traits by influencing individual condition at

recruitment and reproduction (breeder quality; Moyes et al.

2009) and the cost of early reproduction (Sedinger et al.

1995; Lindström 1999; Descamps et al. 2008). In the

long-lived common guillemot, a harsh early-life environ-

ment was associated with accelerated senescent decline in

breeding success (Reed et al. 2008). When different

cohorts encounter different early environments they can

face different trade-offs between recruiting age and

senescence/lifespan and respond by recruiting at different

ages. When the recruiting age of a cohort is closely related

to individual condition, any trade-off between life-history

traits is likely to be masked by effects of breeder condition.

Research on life-history trade-offs is often confined to

a single sex, but life-history differences between the sexes

are to be expected (Rice and Chippindale 2001) and the

sexes may differ in selective advantages and as to how

recruiting age trades off against lifespan and senescence,

especially when the cost of early reproduction is greater

for one sex. Firm evidence for sexual asymmetry in costs

of reproduction is lacking in socially monogamous spe-

cies (Tavecchia et al. 2001), but is available for polyga-

mous species in which males and females differ greatly in

the relative effort they put into mating versus parental

care (e.g., Michener and Locklear 1990). A number of

studies of socially monogamous species suggest that

females invest more than males in egg laying and brood

care (Monaghan et al. 1998) while males incur greater

costs than females during competition for territories and

mates (Bonduriansky et al. 2008), particularly when the

operational sex ratio is male-biased (Ahnesjö et al. 2001).

Different developmental trajectories could result in males

and females being ready for reproduction at different

ages.

In this study, we analyze longitudinal data on the blue-

footed booby (Sula nebouxii Milne-Edwards), a long-lived

tropical seabird. Blue-footed boobies are socially monog-

amous and both sexes contribute to care of eggs and chicks

(Nelson 2005; Guerra and Drummond 1995). However, in

the study population, competition for mates may be par-

ticularly severe among males since the operational sex ratio

appears to be male biased despite absence of a bias in the

sex ratio at recruitment (51% males in the period

1988–2004; Oro et al. 2010). Throughout the breeding

cycle, both sexes spend a similar time caring for eggs and

chicks but females, which are larger and heavier than

males, provide a greater mass of food to chicks (Guerra and

Drummond 1995). However, male boobies assume most of

the costs of establishing a territory in the highly competi-

tive colony environment (Nelson 2005). Boobies feed on

epipelagic fish, and therefore their reproductive success

and early development are closely tied to oceanographic

conditions, particularly the El Niño Southern Oscillation

(Anderson 1989; Nelson 2005). Survival rate of yearlings

in the study population varies from 0.535 to 0.755

depending on sea surface temperature during the winter

(Oro et al. 2010).
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We examined the reproduction and survival of two

cohorts of male and female fledglings over 17 years of life,

particularly how recruiting age trade-offs against repro-

ductive senescence and lifespan. If recruiting age con-

strains other life-history traits, as predicted by the

antagonistic pleiotropy theory of ageing (Kirkwood and

Rose 1991), early recruits should experience faster senes-

cent decline in reproductive performance and live shorter

lives than late recruits. However, LRS should not be

influenced by recruiting age unless strong effects of indi-

vidual quality mask life-history trade-offs. We also studied

sexual and environmental effects on the selection of early

recruitment by examining the relationship between

recruiting age and LRS.

Materials and methods

Study system and general field procedures

We studied the colony of blue-footed boobies on Isla

Isabel, Nayarı́t (21�520N, 105�540W), off the Pacific coast

of Mexico. Since 1989, the reproductive performance of all

breeders in two study areas measuring 20,800 and

6,089 m2 and roughly 400 m apart has been recorded. The

majority of males and females recruit at age 2–6 years, and

females recruit on average nearly half a year earlier than

males (Osorio-Beristain and Drummond 1993; Drummond

et al. 2003; Oro et al. 2010).

Every year, all nests with a clutch or brood in the study

areas were marked with wooden stakes and fledglings were

marked with steel rings. Brood sizes and chick survival

were recorded during roughly 20 weeks by surveying all

nests every few days from shortly after the start of hatching

until each chick reached age 70 days, close to fledging, the

last chicks doing so in July (Drummond et al. 2003).

Exceptionally, in 1989, chick survival was surveyed until

each chick fledged fully (completed plumage development;

mean age = 86 days for males and 90.5 days for females;

Drummond et al. 1991). Date of laying of the first egg in

each clutch was recorded when it occurred during the

survey period or estimated from the ulna and culmen

lengths of the chick at first encounter. We analyzed brood

size rather than clutch size because many clutches were not

observed for the first time until days or weeks after laying

(i.e., after possible egg loss). Each breeder’s ring number

was confirmed by independent readings on up to 3 days.

Sampling and environmental conditions

To examine effects of recruiting age on age-specific

reproductive performance, lifespan, number of reproduc-

tive events during the lifetime and LRS, we analyzed all

breeding records up to age 17 years of all male and female

fledglings from the1989 and 1991 cohorts that recruited

into the colony. No fledglings were ringed in 1990, and in

1992, few chicks fledged due to a severe El Niño event.

Blue-footed boobies show long-term fidelity to their first

breeding neighborhoods, and long-distance natal and

breeding dispersal from the study colony seems rare (Kim

et al. 2007b), so we were able to record complete life-

histories of marked recruits to the breeding colony.

To examine the effects of recruiting age on annual

breeding success, lifespan and LRS, we limited the sample

to birds that recruited at ages 2–6 years. Among male and

female recruits fledged in the 1989 and 1991 cohorts,

11.2% were recorded breeding for the first time at greater

ages, between 7 and 16 years. Some of these extremely late

recruits may have bred earlier but escaped sampling; first-

time breeders often fail early in incubation due to inex-

perience and they escape sampling whenever they abandon

their clutches before we can read their rings. The majority

(73.8%) of these extremely late recruits were transients

(birds that breed only once during the lifetime). Therefore,

birds that recruited at [6 years were excluded from our

analyses because they provide insufficient breeding records

to examine longitudinal patterns of reproductive perfor-

mance over the lifetime. Strictly, our conclusions apply

only to birds that recruit in the first 6 years of life and may

not apply to the poorest quality individuals. Systematic

variation in probability of detecting marked animals can

bias estimates of age-specific patterns (Boulinier et al.

1997). However, we have no data to evaluate whether

recapture failure was related to age (see also Oro et al.

2010).

Environmental conditions experienced early in life by

the two cohorts are indexed by the Southern Oscillation

Index (SOI, Australian Bureau of Meteorology, http://

www.bom.gov.au/climate/current/soihtm1.shtml) and the

mean annual breeding success of the booby colony. During

El Niño episodes in the Pacific Ocean, which are charac-

terized by unusually warm surface temperatures, the SOI

has a large negative value and upwelling of the cold,

nutrient-rich waters that sustain large fish populations, and

thence seabirds, is reduced. During La Niña episodes,

which are characterized by cold surface temperatures in the

Pacific, the SOI has a positive value. The two focal cohorts

experienced different levels of environmental stress early

in life. The 1991 cohort fledged in a year when breeding

success of the colony was poor (Fig. 1) and in their first

year these birds lived through the locally most severe

El Niño episode of our 27-year population study (in 1992,

few birds nested and nest success for the whole colony was

zero; Drummond et al. 2003; Fig. 1). In contrast, the 1989

cohort fledged in a year of high colony breeding success

late in a La Niña episode and did not experience a severe
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El Niño episode until 3 years old. Only two individuals of

the 1989 cohort recruited during the 1992 El Niño episode,

although normally many individuals recruit at age 3 years

(e.g., Drummond et al. 2003).

Statistical analyses

Laying dates were expressed as proportional rank among

all breeding pairs in our study areas in each year (0

the earliest breeder, 1 the latest breeder), as timing of the

breeding season (Julian date) varied across years and the

distribution differed from normal (Kim et al. 2007a). Mean

brood size (number of chicks that hatched) and breeding

success (number of chicks that survived until age 70 days)

of all breeding pairs in the study areas varied among

years between 1991 and 2008 (ANOVA: brood size:

F17,18,200 = 237.16, P \ 0.001; breeding success:

F17,18,200 = 318.21, P \ 0.001). Therefore, brood size and

breeding success of individuals in any season were stan-

dardized within years by the z-transformation (mean = 0,

SD = 1) prior to analysis, using the annual population-

wide mean and SD performance of all observed breeding

pairs (not solely known-age breeders). Lifespan of recruits

was their age at the last observed breeding record up to

2006 and 2008 for the 1989 and 1991 cohorts, respectively

(maximum age 17 years). LRS was the total number of

chicks fledged during each recruit’s lifetime up to age

17 years. Although at least 5% of birds from the 1989 and

1991 cohorts were still alive at age 17 years, these mea-

sures provide approximate lifespan and LRS of most

individuals. Lifespan calculated as age at the last observed

reproduction is possibly inaccurate in those birds that

survived until age 17 years, but a better estimate of life-

span is unlikely to diminish the pattern observed in our

results because the positive correlation between recruiting

age and lifespan may be underestimated in our analysis

(see ‘‘Results’’).

To examine effects of cohort and sex on recruiting age,

we used a Generalized Linear Model (GLM) with a

Poisson error distribution and a log link function.

We used linear mixed effect models (LMEs) for male

and female breeders to examine effects of recruiting age,

lifespan and current age on components of breeding per-

formance such as laying date, brood size and breeding

success. Individual identity (ring number) was included as

a random effect in LMEs since most birds bred repeatedly.

By analyzing males and females separately in the indi-

vidual-based models, we avoided replication of data points

from paired birds. Since not all birds in the study area were

ringed, we could not include identities of breeding partners

in the models. The duration of pair bonds is short (on

average 1.7 years, unpublished data) and ages of mated

breeders were not correlated (r = 0.08, P = 0.07, 537

pairs in 2007, unpublished data) in the study population.

Therefore, the degree of non-independence due to corre-

lation of female and male identity across the duration of the

pair bond and assortative mating by age was minor.

Cross-sectional studies may wrongly estimate the abil-

ities of young breeders by including low-quality, poorly

performing individuals that die young or individuals that

invest heavily in reproduction and survive few breeding

seasons (Reid et al. 2003; Velando et al. 2006a; Kim et al.

2007a; Nussey et al. 2008); and conditions during year of

birth may affect reproduction throughout the lifetime.

Therefore, we initially included lifespan (age at the last

observed breeding event) and cohort in LMEs (van de Pol

and Verhulst 2006; van de Pol and Wright 2009). A qua-

dratic term for current age was included in LMEs because

reproductive performance declines at advanced ages in our

study species (e.g., after age 10–11 years; Velando et al.

2006a). However, a quadratic age effect may be driven by

improvement early in life even when performance merely

levels off rather than declining. Therefore, we additionally

fitted piecewise regression models to estimate a threshold

where senescent decline starts and slopes before and after

the threshold. Piecewise linear regression allows multiple

linear models to be fit to the data for different ranges of

independent variable, and a threshold is the value where

the slope of the linear function changes. The value of the

unknown threshold and slopes were estimated by interac-

tive Marquardt method that optimizes the residual sum of

squares regressing the residuals onto the partial derivatives

of the model with respect to the parameters until the esti-

mates converge (SAS Institute 1999). Whenever the

interaction between recruiting age and age was significant

in a LME, a piecewise regression model was fitted to

subsamples of each recruiting age (see Fig. 2).
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Fig. 1 Monthly Southern Oscillation Index (SOI) and mean annual

breeding success (number of chicks fledged) in the Isla Isabel blue-

footed booby (Sula nebouxii) colony between 1988 and 1992. SOI

were obtained from the Bureau of Meteorology, Australia (http://

www.bom.gov.au/climate/current/soihtm1.shtml)
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To examine effects of recruiting age, cohort and sex on

lifespan up to maximum age 17 years, number of repro-

ductive events over the lifetime and LRS, we used GLMs

with a quasi-Poisson error distribution and a log link

function rather than Poisson errors to account for over-

dispersion (recommended by Crawley 2007). Here,

recruiting age was standardized by cohort and sex prior to

the analyses to avoid colinearity between independent

variables.

Initially, all explanatory variables and two- and three-

way interactions of interest were fitted in a maximal model,

then non-significant interactions and main terms were

dropped sequentially to simplify the model. To compare

the simplified minimal adequate model with the model

including a non-significant term or with the model

excluding a significant term, we used likelihood ratio tests

for LMEs and F tests for GLMs (Crawley 2007). We

present the simplified minimal adequate models with esti-

mates and SEs of each parameter. All LMEs and GLMs

were fitted using R (v. 2.7.2; R Development Core Team

2008) and piecewise regression models were fitted using

PROC NLIN procedure in SAS (SAS Institute 1999).
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Results

Age of recruitment

A total of 645 chicks fledged and were ringed in 1989; a

total of 429 chicks survived until age 70 days and were

ringed in 1991. Of the marked fledglings, 57.0% of the

1989 cohort and 32.2% of the 1991 cohort recruited to the

colony. A total of 208 males and 181 females recruited to

the study area, showing similar recruiting success for

fledglings of the two sexes (Chi-square test: v1
2 = 1.12,

P = 0.29) on the basis of the observed fledgling sex ratio

of the 1989 cohort (326 males and 246 females; Torres and

Drummond 1999). Among fledglings of the 1991 cohort,

69 males and 69 females recruited.

Among birds of the 1989 cohort, 0, 2, 115, 57 and 13

males and 10, 0, 101, 40 and 12 females recruited when 2,

3, 4, 5 and 6 years old, respectively. Among birds of the

1991 cohort, 16, 22, 14 and 7 males and 36, 17, 5 and 1

females recruited when 3, 4, 5 and 6 years old, respec-

tively. Birds of the 1989 cohort recruited at older ages (on

average half a year older) than those from the 1991 cohort

(GLM: deviance1 = 5.35, P = 0.02). Recruiting age was

independent of sex and cohort 9 sex (sex: devi-

ance1 = 2.45, P = 0.12; cohort 9 sex: Deviance1 = 1.79,

P = 0.18).

Age-specific annual reproductive performance

A total of 246 males and 222 females nested up to maxi-

mum ages of 17 years, performing 1,477 and 1,409

breeding events, respectively. Both males and females

produced progressively earlier clutches and progressively

greater brood sizes and breeding success up to age

8–11 years; beyond that age, they laid progressively later,

with declining brood sizes and breeding success up to age

17 years, as shown by significant quadratic effects of age

and piecewise regressions (Tables 1 and 2; Fig. 2). Cohort,

cohort 9 age, cohort 9 age2, recruitage 9 cohort 9 age

and recruitage 9 cohort 9 age2, and also lifespan, were

nonsignificant in all LMEs, so these terms were excluded

from the minimal adequate models of both sexes (Table 1).

The recruitage 9 age interaction was significant for

brood size of males and the recruitage 9 age2 interaction

Table 1 Summary of minimal adequate LMEs with breeder identity

as a random effect examining the effects of recruiting age (recruitage)

and breeding age (up to age 17 years) on laying date (proportional

rank by year), brood size and breeding success (standardized by year)

of male and female blue-footed boobies (Sula nebouxii) from the

1989 and 1991 cohorts on Isla Isabel (males: n = 1,477 reproduc-

tions; females: n = 1,409 reproductions)

Males Females

Fixed effects Estimate ± SE v1
2 P Estimate ± SE v1

2 P

Laying date

Intercept 0.807 ± 0.049 0.754 ± 0.044

Age -0.076 ± 0.011 23.10 \0.001 -0.079 ± 0.010 2.85 0.092

Age2 0.003 ± 0.001 33.95 \0.001 0.004 ± 0.001 57.64 \0.001

Brood size

Intercept -2.076 ± 0.972 -0.842 ± 0.151

Recruitage 0.295 ± 0.235 3.55 0.060 NS

Age 0.665 ± 0.214 5.95 0.015 0.258 ± 0.035 7.88 0.005

Age2 -0.037 ± 0.011 30.62 \0.001 -0.013 ± 0.002 45.95 \0.001

Recruitage 9 age -0.102 ± 0.051 4.06 0.044 NS

Recruitage 9 age2 0.006 ± 0.003 5.55 0.018 NS

Breeding success

Intercept -2.141 ± 1.001 -0.819 ± 0.156

Recruitage 0.307 ± 0.242 8.00 0.005 NS

Age 0.654 ± 0.220 4.41 0.036 0.253 ± 0.037 46.83 \0.001

Age2 -0.033 ± 0.011 33.92 \0.001 -0.013 ± 0.002 43.85 \0.001

Recruitage 9 age -0.098 ± 0.052 3.56 0.059 NS

Recruitage 9 age2 0.005 ± 0.003 3.82 0.051 NS

Full model: recruitage ? age ? age2 ? cohort ? lifespan ? recruitage 9 cohort ? recruitage 9 age ? recruitage 9 age2 ? cohort 9 age ?

cohort 9 age2 ? recruitage 9 cohort 9 age ? recruitage 9 cohort 9 age2

NS P [ 0.05 and term dropped from model
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was significant for brood size of males and marginally

significant for breeding success of males (Table 1; Fig. 2),

suggesting different senescence patterns among different

recruiting age classes. In additional piecewise regression

models fitted separately to males that recruited at ages 3, 4

and 5 years, the lifetime peak in brood size appeared at

ages 9, 11 and 8 years, respectively, but the model with a

threshold did not converge in males that recruited at age

6 years (Table 2). The peak in breeding success for males

that recruited at ages 3, 4, 5 and 6 appeared at ages 9, 8,

and 10 years, respectively (Table 2). After the pick, male

brood size and breeding success decreased with age, but the

decline was faster in early recruits (Table 2).

Lifespan, number of reproductions and lifetime

reproductive success

The interaction between recruiting age, cohort and sex

(recruitage 9 cohort 9 sex) was significant for number of

reproductions and marginally significant for LRS, while

only a two-way interaction, recruitage 9 cohort, was sig-

nificant for lifespan (Table 3). Lifespan (age at last

reproduction) was positively correlated with recruiting age

in males from the 1989 cohort but not in males from the

1991 cohort (Fig. 3a). However, the interaction between

recruiting age and cohort was less evident in females

(Fig. 3a). Recruiting age was unrelated to either total

number of reproductive events over the lifetime or LRS in

males from the 1989 cohort, but was negatively correlated

to both traits in males from the 1991 cohort and females of

both cohorts (Fig. 3b, c). Thus, in the (environmentally

favored) 1989 cohort, males that recruited later apparently

lived longer but with no reproductive pay-off; whereas in

the (environmentally disfavored) 1991 cohort, late male

recruits reproduced less often and less successfully overall

over a lifetime that was not prolonged by delaying repro-

duction. In females from both the 1989 and 1991 cohorts,

early recruits reproduced more often and more successfully

over a lifetime.

Discussion

Effects of recruiting age on reproductive senescence

Our analyses of long-lived individuals of two cohorts that

experienced different environmental conditions in early life

show that, after reaching their reproductive peak at age

8–11 years, both male and female blue-footed boobies

experience reproductive senescence; and that senescence

involves delayed egg laying, diminishing brood sizes (a

function of clutch size and hatching success) and declining

annual breeding success. Similarly, initial increase in

annual breeding success followed by senescent decline was

shown when the sample was limited to males that survived

to at least age 13 years (Velando et al. 2006a) and females

that survived to at least age 16 years (Beamonte-Barrientos

et al. 2010). Males presumably influence laying date, clutch

Table 2 Effects of age on laying date, brood size and breeding success of male and female blue-footed boobies from the 1989 and 1991 cohorts

Model Estimate ± SE (95% CI) P

Intercept Slope1 Threshold Slope2

Males

Laying date 0.662 ± 0.036 -0.029 ± 0.005 (-0.040, -0.019) 10.00 ± 0.61 0.017 ± 0.006 (0.005, 0.029) \0.001

Brood size -0.472 ± 0.140 0.098 ± 0.023 (0.053, 0.143) 8.75 ± 0.65 -0.049 ± 0.017 (-0.082, -0.016) \0.001

Recruitage = 3 -0.786 ± 0.332 0.159 ± 0.056 (0.049, 0.270) 9.35 ± 1.33 -0.116 ± 0.065 (-0.244, 0.012) 0.008

Recruitage = 4 -0.251 ± 0.126 0.065 ± 0.018 (0.029, 0.101) 10.72 ± 0.75 -0.113 ± 0.038 (-0.189, -0.038) \0.001

Recruitage = 5 -0.840 ± 0.529 0.151 ± 0.089 (-0.024, 0.327) 7.90 ± 1.14 -0.041 ± 0.026 (-0.091, 0.009) 0.028

Recruitage = 6a -0.500 ± 0.322 0.058 ± 0.031 (-0.003, 0.119) – – 0.062

Breeding success -0.576 ± 0.144 0.116 ± 0.024 (0.070, 0.162) 8.51 ± 0.54 -0.060 ± 0.017 (-0.094, -0.026) \0.001

Recruitage = 3 -0.974 ± 0.405 0.217 ± 0.074 (0.070, 0.364) 8.52 ± 1.15 -0.114 ± 0.057 (-0.227, -0.002) 0.003

Recruitage = 4 -0.661 ± 0.224 0.139 ± 0.041 (0.058, 0.219) 7.84 ± 0.71 -0.052 ± 0.020 (-0.092, -0.013) \0.001

Recruitage = 5 -0.736 ± 0.528 0.132 ± 0.089 (-0.044, 0.307) 7.91 ± 1.21 -0.050 ± 0.026 (-0.100, 0.000) 0.056

Recruitage = 6 -0.389 ± 0.932 0.057 ± 0.127 (-0.196, 0.309) 9.96 ± 5.13 -0.027 ± 0.061 (-0.149, 0.094) 0.902

Females

Laying date 0.587 ± 0.033 -0.025 ± 0.005 (-0.035, -0.015) 9.93 ± 0.55 0.027 ± 0.006 (0.015, 0.039) \0.001

Brood size -0.367 ± 0.113 0.094 ± 0.018 (0.060, 0.129) 9.84 ± 0.56 -0.083 ± 0.021 (-0.124, -0.042) \0.001

Breeding success -0.508 ± 0.135 0.122 ± 0.023 (0.077, 0.166) 8.31 ± 0.54 -0.061 ± 0.018 (-0.095, -0.026) \0.001

Parameter estimates (slope1 slope before the threshold, slope2 slope after the threshold) from the best fit piecewise regression models
a A convergence problem occurred when fitting a piecewise regression model with a threshold
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size and brood size through the timing and quality of the

territories and mates they obtain, by investing in territory

and incubation, and by inducing investment by their mates

(Reid et al. 2002; Velando et al. 2006b). Age-specific

reproductive performance was not related to lifespan,

suggesting that progressive improvement of young adults

was real and not due to poor quality breeders dying young.

There was a marked sexual difference (but no cohort

effect) in the relationship between recruiting age and rate

(and onset) of senescent decline. The earlier males

recruited, the faster they experienced senescence in brood

size and breeding success, suggesting a trade-off between

recruiting age and reproductive senescence as predicted by

the antagonistic pleiotropy theory of ageing. In contrast,

recruiting age of females was unrelated to age-specific

patterns of reproductive performance. These are the first

observations on birds suggesting that beginning reproduc-

tion early in life results in accelerated reproductive

senescence, and interestingly, this pattern was evident only

in males. Senescence is expected to be influenced by

reproductive effort (Beckman and Ames 1998), and

acceleration of senescence could result from increased

energy expenditure on reproduction at early ages

(Kirkwood and Rose 1991; Partridge 1992; Metcalfe and

Monaghan 2001; Reed et al. 2008).

Negative effects of recruiting age on rate of senescence in

males but not females could arise because male blue-footed

boobies incur a higher cost of breeding than females, par-

ticularly at early ages. Females deliver a greater mass of food

to the brood than males, but since this difference is appar-

ently related to their larger body size rather than longer

foraging stints (Anderson and Ricklefs 1992; Guerra and

Drummond 1995), it does not necessarily imply greater

investment (Evans 1990) in chick provisioning by females.

Costs of egg production may be relatively low, since most

clutches are of one or two eggs and represent only 3.5–6.9%

of female body mass (Castillo-Alvarez and Chavez-Peón

1983; but see Monaghan et al. 1998). Male blue-footed

boobies, on the other hand, invest more heavily than females

in establishing territories and competing for mates (Nelson

2005). Furthermore, experimental analysis of changes in

body mass in relation to parental effort suggests that whereas

Table 3 Summary of minimal adequate GLMs with a quasi-Poisson

error distribution and a log link examining the effect of recruiting age,

cohort and sex on lifespan (age at last breeding), number of

reproductive events during lifetime and lifetime reproductive success

(=total number of chicks fledged during lifetime) of male and female

blue-footed boobies from the 1989 and 1991 cohorts (males: n = 246;

females: n = 222)

Estimate ± SE Deviance1 P

Lifespan

Intercept 2.337 ± 0.021

Recruitage 0.048 ± 0.021 2.15 0.242

Cohort 0.053 ± 0.041 2.75 0.185

Recruitage 9 cohort -0.108 ± 0.042 10.72 0.009

Number of reproductions

Intercept 1.787 ± 0.042

Recruitage 0.018 ± 0.042 23.89 \0.001

Cohort -0.016 ± 0.088 2.41 0.272

Sex 0.023 ± 0.062 2.08 0.308

Recruitage 9 cohort -0.299 ± 0.091 11.13 0.018

Recruitage 9 sex -0.153 ± 0.060 5.28 0.104

Cohort 9 sex 0.121 ± 0.122 0.76 0.537

Recruitage 9 cohort 9 sex 0.299 ± 0.127 10.93 0.019

Lifetime reproductive success

Intercept 1.527 ± 0.059

Recruitage -0.005 ± 0.059 25.52 0.003

Cohort 0.067 ± 0.119 6.78 0.130

Sex 0.103 ± 0.084 7.37 0.114

Recruitage 9 cohort -0.317 ± 0.123 9.31 0.076

Recruitage 9 sex -0.123 ± 0.082 1.17 0.529

Cohort 9 sex 0.054 ± 0.163 0.00 0.993

Recruitage 9 cohort 9 sex 0.327 ± 0.170 10.86 0.055

Full model: recruitage ? cohort ? sex ? recruitage 9 cohort ? recruitage 9 sex ? cohort 9 sex ? recruitage 9 cohort 9 sex
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female blue-footed boobies are flexible and sometimes

allocate resources preferentially to self-maintenance, males

work at their physiological maximum (Velando and Alonso-

Alvarez 2003). Energetic costs of reproduction are greater

for first-time breeders than for experienced breeders (Hadley

et al. 2007), particularly in species such as the blue-footed

booby whose site- and mate-fidelity are likely to reduce costs

of settlement and pairing after the first breeding experience

(Kim et al. 2007a). The more heavily investing sex (here,

males) may be especially likely to incur long-term costs such

as early reproductive senescence and diminished lifespan

when it reproduces first at a young age.

Cohort- and sex-specific effects of recruiting age

on life-history traits and LRS

Males of the 1989 cohort showed different relationships

between recruiting age and other life-history traits (life-

span, number of reproduction and LRS) from males of the

1991 cohort and females of the two cohorts. Late-recruiting

males of the 1989 cohort lived longer and generally per-

formed as well over their lifetime as early recruits, sug-

gesting the existence of a trade-off between early

recruitment and long lifespan. However, in males of the

1991 cohort and females, earlier recruits reproduced more

times and fledged more chicks over their lifetime. The

negative associations between recruiting age and number

of reproductions and LRS could be explained by variation

in individual quality: high-quality individuals may recruit

earlier (Forslund and Pärt 1995) and reproduce more fre-

quently and successfully over their lifetime. Trade-offs and

costs of early reproduction may exist only under particular

environmental conditions, manifesting a genotype (indi-

vidual quality) by environment interaction (van Noordwijk

and de Jong 1986; Reznick et al. 2000). The superior

performance of the presumed best-quality breeders was

largely due to reproducing more frequently. High quality

could be due to superior genes or more favorable circum-

stances during development (Lindström 1999). Our com-

parison of only two cohorts is probably insufficient to draw

a general conclusion regarding specific cohort effects on

life-history trade-offs. However, our results suggest that

life-history trade-offs vary with individual quality and

environmental conditions.

The two cohorts experienced the same fluctuations of

El Niño Southern Oscillation (ENSO) over the lifespan, but

at quite different ages. Birds of the 1991 cohort experienced

the stress of an exceptionally strong El Niño episode

throughout the first 2 years of life, and possibly even during

prenatal development, since female investment in egg mass

and composition varies between years with contrasting

breeding conditions (Dentressangle et al. 2008). Birds of the

1989 cohort did not confront that episode until they were

2 years old. Body condition at fledging and during early life

affect survival and recruitment of young birds (Reed et al.

2003), as demonstrated by fledglings of the 1989 cohort

being nearly twice as likely to recruit as those of the 1991

cohort. In males of the 1991 cohort, the expected trade-off

between recruiting age and lifespan may have been over-

ridden by a positive association between the two traits in

conditions where breeder quality is paramount. This would

suggest that individual quality is paramount when conditions

in infancy are sufficiently harsh to permanently prejudice the

general performance of lower quality individuals, setting

back their recruitment and annual reproductive success (i.e.,

a genotype by environment interaction). However, other age-
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specific environmental conditions over the lifetime could

also have resulted in the association between recruiting age

and other life-history traits being different in males of the two

cohorts.

Our results showed that LRS was not related to the age

at recruitment in males of the 1989 cohort. Variation within

the 1989 cohort in the recruiting ages of males could be due

to variation in particular conditions encountered or varia-

tion in individual potential. That is, individuals may have

been similar in potential but channelled into different life-

history strategies by fortuitous events (such as local

availability of territories and potential mates) that affected

their recruiting ages and consequently their subsequent

patterns of senescence and longevity. Alternatively, indi-

viduals may have differed in potential, some being suited

to early recruitment and others to late recruitment, with

each individual tending to recruit at the particular age that

maximized its LRS. Individual differences in potential and

strategy could arise from different genotypes or adaptive

phenotypic plasticity (Charmantier et al. 2006; Fordyce

2006). Conditions encountered during the embryonic,

nestling or post-fledging stages could calibrate each bird’s

trade-offs differently, such that LRS of some individuals is

maximized by recruiting early despite suffering an early

death, while that of others is maximized by recruiting late

and living long (Alonso-Alvarez et al. 2006).

Conclusions

Our results document differences in how age of recruitment

relates to lifespan and reproductive performance across the

lifespan in males and females of two cohorts. Early female

recruits of both cohorts showed higher reproductive suc-

cess. Thus, selection possibly favors early start of repro-

duction in females. Early female recruits are probably

high-quality breeders since they lived longer and repro-

duced more offspring. In contrast, males showed a more

complex (cohort-specific) pattern. In males, early recruit-

ment was positively related to LRS in the 1991 cohort, but

not in the 1989 cohort, suggesting cohort-specific selection

for recruiting age. Interestingly, trade-off between early

reproduction and late performance was detected only when

age of recruitment was unrelated to fitness, suggesting that

the apparent trade-off was not masked by individual

quality. Environmental- and sex-dependent selection may

explain how genetic variation in recruiting age (as dem-

onstrated in the blue-footed booby; Kim et al. 2011) is

maintained (Kruuk et al. 2008). Given the strong influence

of ENSO on populations of marine birds in the tropical

Pacific Ocean, including the blue-footed booby (Ancona S,

Sánchez-Colon S, Rodrı́guez MC and Drummond H,

unpublished data), it is at least plausible that differences

between the two cohorts shown here were largely due

to the different oceanographic conditions they faced during

the first 1 or 2 years of life. Future studies should explore

the role of ENSO on the maintenance of genetic variability

in life-history traits in tropic animal populations by ana-

lyzing several cohorts.
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