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ABSTRACT 

 In this dissertation, I use phenotypic data on age and life-history trait expression 

from long-lived Nazca boobies (Sula granti, a seabird) breeding in Galápagos to 

understand cause and effect relationships underlying variation in reproduction, survival, 

and ageing patterns.  In the first chapter, age-specific demographic data spanning the loss 

of a preferred prey item were used to forecast the response of the Nazca booby 

population to future exclusion of the key prey species (sardines, Sardinops sagax), by 

ocean warming, from the foraging envelope.  Breeding success was dramatically reduced 

when sardines were not available.  Adult female survival increased, but not enough to 

keep the population growth rate from falling below 1, indicating a shrinking population.  

Population growth may not recover because predicted ocean warming around Galápagos 

should displace sardines permanently from the boobies’ island-constrained foraging 

range.  In the second chapter, I test the expectation, made by the life history theories of 

ageing, that increased senescence should follow relatively high reproductive effort.  In 

Nazca boobies, females recruit earlier and breed more often, predicting more intense 

actuarial and reproductive senescence in that sex.  Females did show stronger senescence 

for survival and offspring production, but a causal link between sex differences in early-

reproduction and sex-differences in ageing was not supported because, within each sex, 

individual reproductive effort positively predicted late-life performance.  Absent 

evidence for early reproductive effort trading off with late-life performance, patterns of 

sex differences in senescence may result from age- and condition-dependent mate-choice 

interacting with this population’s male-biased sex ratio and mate rotation.  Finally, in the 

third chapter, I show that age and current environment may interact to determine breeding 
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responses to environmental change.  Young and old Nazca booby females had lower 

performance than middle-age birds for all reproductive traits, and these age effects 

sometimes increased under a challenging environment.  Environmental quality was 

assessed with respect to the El Niño-Southern Oscillation (ENSO).  Surprisingly, Nazca 

booby responses to the ENSO were not in step with ENSO-forced changes in primary 

productivity within the boobies’ foraging envelope.  Instead, trophic interactions with 

subsurface predators may influence Nazca booby responses to oceanographic variables.  

As a whole, this dissertation shows the ability of long-term, individual-based, ecological 

studies to address important topics from ecology and evolutionary biology, including 

ageing, trophic interactions, and the responses of individuals and populations to 

environmental change.   
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INTRODUCTION 

 In this dissertation, I use phenotypic data on age and life-history trait expression 

from long-lived Nazca boobies (Sula granti, a seabird) to understand cause and effect 

relationships underlying variation in reproduction, survival, and ageing patterns within 

the context of their present marine habitat and future climate changes, this species’ life 

history, and both proximate and ultimate explanations for age differences in trait 

expression.  Nazca boobies have delayed maturity (Maness & Anderson 2013; 

Champagnon et al. 2018), high adult survival (Townsend & Anderson 2007), a small 

clutch size (Anderson 1990), a brood size of one (Anderson 1990; Humphries et al. 

2006), and slow nestling growth (Apanius, Westbrock & Anderson 2008; Maness et al. 

2011).  This demographic syndrome implies a life history defined by relatively high 

resource allocation toward self-maintenance, and relatively low resource allocation 

toward reproduction (Goodman 1974, Saether et al. 1993, Moreno 2003).  Following 

expectations from life-history theory, costs of reproduction are largely borne by offspring 

(Apanius et al. 2008; Maness & Anderson 2013), but also by adult breeders (Townsend 

& Anderson 2007; Apanius et al. 2008), at least in some years.  Early work assumed that 

a fixed reproductive investment would allow seabird parents to avoid costs of 

reproduction (Ricklefs 1987, 1992; Saether et al. 1993), but evidence now supports a 

flexible adjustment of reproductive effort and reproductive costs in seabirds (e.g., Golet 

et al. 2004; Weimerskirch, Le Corre & Bost 2008; Erikstad et al. 2009).  Under the new 

paradigm, stochastic variation in environmental quality increases the value of 

reproductive effort spent when conditions favor offspring production, predicting that 

parents make high reproductive investments, despite costs, when conditions exceed some 
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threshold and favor breeding (Erikstad et al. 1998).  Under the paradigm of behavioral 

flexibility, breeding parameters (e.g., clutch size, brood size, fledging success) are 

expected to closely track resource availability, and costs of reproduction (paid in terms of 

future survival or reproductive success) are expected to track reproductive investment.    

 Using decades of study on marked individuals, links between environmental 

variables and breeding traits can be uncovered, informing our understanding of species’ 

basic ecology, trophic interactions, behavioral flexibility, and, on the population level, 

vulnerability to environmental changes.  In this dissertation, I describe relationships 

between environment and reproductive parameters in Nazca boobies, testing the idea that 

reproductive parameters in this long-lived species are linked closely to changes in the 

marine environment.  Long-term individual-based studies permit a mechanistic 

understanding of population viability by connecting variation in all relevant vital rates to 

environmental change.  I take this approach in Chapter 1 with respect to a decadal-scale 

shift in diet, testing the idea that variation in the vital rates of this flexible predator in 

response to environmental change might avoid negative impacts on population growth 

after the loss of a preferred prey item.  Finally, life-history theory recognizes that 

organisms change throughout the lifespan along many axes correlated with age (e.g., 

breeding experience, physical condition), and that age may be an important factor 

shaping breeding responses to environmental quality (Stearns 1992).  I study ageing in 

Nazca boobies (all chapters), and evaluate the environmental-dependent of age effect, 

testing the prediction that young and old birds, disadvantaged by inexperience and 

senescence, respectively, will be affected more negatively by environmental challenges 

than middle-aged breeders will be.  
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Environmental setting 

 In chapters 1 and 3, I examine the environmental setting in detail.  I studied 

environmental effects on the breeding phenotypes of Nazca boobies at Punta Cevallos, 

Isla Española, in the Galápagos Islands.  From Punta Cevallos, foraging Nazca boobies 

head north-east to south-east into the pelagic waters of the equatorial “cold tongue” 

(Zavalaga et al. 2012), a protrusion of cold and productive waters upwelled along the 

equator from the coast of South America to the international date line (Lavín et al. 2006).  

Oceanographic conditions in the cold tongue, and the eastern tropical Pacific generally, 

vary seasonally: upwelling is strongest, sea surface temperature (SST) coldest, and 

surface waters are most productive in the Boreal late summer/fall (Fernández-Álamo & 

Färber-Lorda 2006; Pennington et al. 2006), while the Boreal winter/spring is 

characterized by less upwelling, warmer SST, and reduced productivity (reviewed in 

(Lavín et al. 2006).  Nazca boobies breed seasonally, laying eggs from October-

December (aligning with the end of the cold season, transitioning to warmer months) and 

fledging offspring from April-June (during the warm season).  Inter-annual variability is 

dominated by the El Niño-Southern Oscillation (ENSO), a globally important climate 

phenomenon cycling every 2-7 years (Fiedler 2002; McPhaden, Zebiak & Glantz 2006).  

El Niño warm events lie at one ENSO extreme.  Easterly trade winds slacken during El 

Niño, upwelling is reduced along the equator, and the warm waters of the western Pacific 

move east.  In the eastern equatorial Pacific, monthly mean SST warms by up to 3°C, and 

the thermocline, a steep vertical gradient in SST indicating a vertical separation of water 

masses, descends (Wang & Fiedler 2006).  In late 1982-83, an extreme El Niño warm 

event established causal relationships between oceanographic changes (surface warming, 
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deepening thermocline), reduced primary and secondary productivity (Feldman, Clark & 

Halpern 1984), and, some months later, dramatic reductions in catches of sardines 

(Sardinops sagax) and other small fishes in the ETP (Barber & Chavez 1983).  Food 

limitation was implicated in the reproductive failure of seabirds (Schreiber & Schreiber 

1984) and marine mammals (Trillmich, Limberger & Url 1985) in 1982-83 and 

subsequent studies further supported indirect effects of ENSO mediated through food 

availability (Anderson 1989; Jahncke & Goya 2000; Spear et al. 2007; Ancona, Calixto-

Albarrán & Drummond 2012).  Opposite El Niño, ENSO phase La Niña is characterized 

by stronger-than-normal easterly trade winds, anomalously cold SST, and enhanced 

upwelling and primary productivity (Pennington et al. 2006; although Strutton, Evans & 

Chavez 2008 conclude that primary productivity is not increased above ENSO-neutral 

years).   

 Nazca boobies on Española had similar reproductive success during the moderate 

1986/1987 El Niño and the two previous years, but their diet had changed.  Nazca 

boobies plunge dive for schooling pelagic forage fish (Anderson & Ricklefs 1987).  

During the El Niño, sardines almost disappeared from the diet, and females ate smaller 

flying fish (Exocoetidae), evidence of oceanographic changes affecting food resources.  

Eggs were laid approximately one month early during the El Niño.  In contrast, during 

the extreme 1997-98 El Niño, and the La Niña that followed, only a handful of nestlings 

were raised to independence (Maness & Anderson 2013).  Champagnon et al. (2018) 

found that adult survival is unaffected by the ENSO, but that juvenile survival peaks 

when SST anomalies are small or zero.  This surprising result was interpreted as the 

outcome of reduced food availability (during El Niño) and enhanced potential for 
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foraging alongside subsurface predators (during La Niña), which may come with some 

risks (Zavalaga et al. 2012) especially for inexperienced individuals.  Interpreting these 

results is difficult without knowing effects of El Niño/La Niña on traits expressed earlier 

in the breeding cycle, particularly given the hints that responses may be trait-specific and 

dependent on the magnitude of the warm and/or cool event (Anderson 1989, Maness & 

Anderson 2013).  All three dissertation chapters model variation in breeding response 

variables by ENSO state and intensity.  In Chapter 3, I include variation in clutch size – 

whose expression is tightly linked to food availability – to clarify whether the ENSO acts 

on resource availability.  The 1982-83 El Niño cemented the idea that El Niño events can 

spell doom for reproduction in seabirds, even causing a re-evaluation of early studies 

whose conclusions on seabird ecology were probably biased by having taken place during 

(unacknowledged) El Niño conditions (Schreiber 2002).  Since 1982-83, a more nuanced 

view of ENSO effects on seabird populations has emerged: population responses to 

ENSO may depend on event severity, foraging ecology, and life history (Spear, Ballance 

& Ainley 2001; Spear et al. 2007; Doherty et al. 2004; Ballance, Pitman & Fiedler 2006).  

Relatively few studies have featured species foraging in the open ocean, instead of 

nearshore ecosystems, so that this dissertation makes an important contribution to this 

literature.  Lastly, the frequency of ENSO extreme events is predicted to increase with 

ocean warming (Cai et al. 2014), so that understanding links between SST and Nazca 

booby demographic rates is relevant to understanding how this species may cope with 

coming climate changes.   

 Food controls the breeding success of tropical seabirds (other environmental 

factors like predators and weather usually have negligible direct effects; Ashmole 1963; 
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Weimerskirch 2002).  Our long-term study was bisected by a decadal scale shift in diet.  

Before 1997, Nazca boobies and other Galápagos predators (Dellinger & Trillmich 1999; 

Anchundia, Huyvaert & Anderson 2014) ate mostly Pacific sardines (Sardinops sagax), a 

lipid-rich schooling forage fish (Cury et al. 2011, Mullers, Navarro et al. 2009).  After the 

1997 El Niño warm event, flying fish (Exocoetidae spp.) have dominated Nazca booby 

diet samples (Tompkins, Townsend & Anderson 2017), and the results presented in 

Chapter 1 suggest food limitation after the loss of sardines.  This decadal-scale diet shift 

is the focus of Chapter 1, where I argue that the thermal biology of sardines (Martínez-

Porchas, Hernández-Rodríguez, & Bückle-Ramírez 2009; Lluch-Belda et al. 1991; 

Hamann, Nevarez-Martínez, Green-Ruíz 1998, Mhlongo et al. 2015) will exclude them 

from the Nazca booby foraging range under future ocean warming (Luo et al. 2015; Ying 

& Huang 2016).  Thus, understanding Nazca booby responses to the contemporary diet 

shift is informative with respect to this population’s vulnerability to future climate 

changes. 

 

Age-related trait expression across the lifespan 

 Age structures variation in nearly all facets of behavior, reproduction, and 

survival in long-lived species, including in Nazca boobies (Anderson & Apanius 2003).  

Early in life, reproductive success and survival probabilities improve in birds (reviewed 

in Martin 1995; Forslund & Pärt 1995).  Late in life, performance often declines 

(“senescence”; reviewed in Jones et al. 2008; Nussey et al. 2013; Lemaître & Gaillard 

2017).  These patterns have been explained as the outcome of age influencing the 

constraints individuals face and their optimal reproductive effort (Williams 1966; 
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Schaffer 1974; McNamara et al. 2009).  Young birds are expected to invest relatively 

little in reproduction.  They should avoid incurring somatic damage from reproductive 

effort in early life, when residual reproductive value is high (Williams 1966; Curio 1983).  

Old birds may also restrain investment in reproduction in challenging environments if the 

increased effort required by the poor environment could result in death (McNamara et al. 

2009).  Stated another way, when an individual’s remaining lifespan is set by 

physiological state and not by age, reproductive activity in a poor environment advances 

biological age more than the same activity under benign conditions and should be 

avoided to preserve future opportunities (McNamara et al. 2009).  Relatively poor 

reproductive performance of young and old individuals is consistent with low resource 

allocation toward reproduction in these age classes, but also with expectations for age-

dependent patterns of constraint.  With increasing age, constraints imposed by 

inexperience foraging or breeding may be lifted, explaining early-life improvements in 

performance (Nur 1984; Ratcliffe, Furness & Hamer 1998; Catry & Furness 1999).  In 

old age, progressive declines in reproduction and survival may be manifestations of a 

gradual, irreversible accumulation of somatic damage resulting in loss of function and 

then death (Monaghan et al. 2008), and the focus of empirical studies has shifted from 

documenting that age-related variation exists to understanding the causes of variability in 

ageing patterns by sex, trait, and environment (Nussey et al. 2013).  

 Early-life improvements and senescence are nearly ubiquitous in wild populations 

of long-lived mammals and birds (Nussey et al. 2013).  Life-history theories of ageing 

explain senescence as a long-term cost of early or “high” reproduction and/or growth 

under resource limitation (Williams 1957; Kirkwood & Rose 1991).  These theories rest 
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on the assumption that reproductive costs are paid, at least in part, by late-life 

performance (Kirkwood & Rose 1991).  In Chapter 2, I test this assumption, evaluating 

the ability of early reproduction/late life fitness trade-offs to explain variation in 

senescence on the levels of 1) male/female contrast and 2) individuals.  From life-history 

theory, factors like the quality of the early-life environment that alter early reproductive 

effort and/or the costs of reproducing should also contribute to variation in senescence.  

In Chapter 2, I build on Chapter 1’s finding that diet affects reproduction, to look at 

effects of diet in early adulthood on the expression of senescence patterns years later.  

Finally, given strong evidence for early-life improvement and senescent decline revealed 

in Chapters 1 and 2, in Chapter 3 I examine the influence of current environmental 

quality on the performance of different age classes, testing the expectation that old and 

young individuals will show the strongest negative effects of breeding in a poor-quality 

environment. 
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ABSTRACT 

 Climate change effects on population dynamics of natural populations are well 

documented at higher latitudes, where relatively rapid warming illuminates cause-effect 

relationships, but not in the tropics and especially the marine tropics, where warming has 

been slow.  Here we forecast the indirect effect of ocean warming on a top predator, 

Nazca boobies in the equatorial Galápagos Islands, where rising water temperature is 

expected to exceed the upper thermal tolerance of a key prey item in the future, severely 

reducing its availability within the boobies’ foraging envelope.  From 1983 to 1997 

boobies ate mostly sardines, a densely aggregated, highly nutritious food.  From 1997 

until the present, flying fish, a lower quality food, replaced sardines.  Breeding success 

under the poor diet fell dramatically, causing the population growth rate to fall below 1, 

indicating a shrinking population.  Population growth may not recover: rapid future 

warming is predicted around Galápagos, usually exceeding the upper lethal temperature 

and maximum spawning temperature of sardines within 100 years, displacing them 

permanently from the boobies’ island-constrained foraging range.  This provides rare 

evidence of the effect of ocean warming on a tropical marine vertebrate.   
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INTRODUCTION 

 Long-term studies of animal populations have provided crucial evidence 

regarding effects of climate change on population size, abundance, and future viability 

[1-4].  However, longitudinal studies at the population level often cannot effectively 

evaluate the proximate factors affecting population size under climate change, because 

disentangling the separate effects of demographic vital rates (breeding, survival, 

emigration, immigration) requires long-term individual-based data [5-7].  Connecting 

vital rates with climate to reach a mechanistic understanding of a natural population’s 

vulnerability requires experimental approaches [8,9], or, since experimental 

manipulations are often impractical, data on survival, breeding, and movement under 

contemporary climate change and variability [6,10].  Important progress has been made 

using this second method in long-term studies of identifiable individuals at locations 

where climate change is already rapid, permitting evaluation of cause-effect relationships 

in real time (e.g., [11-14]).  This enables robust projections of species’ responses to 

climate change for these areas, but leaves significant gaps in our mechanistic 

understanding of population viability under climate warming for tropical animals because 

warming has been slow in much of the tropics [15-17].  Tropical systems are greatly 

underrepresented in climate change studies [18-21], as are marine systems [22-23].  At 

the intersection of these two knowledge gaps, increasing our understanding of species’ 

responses to climate change in the tropical oceans is a high priority [18,24]. 

 The very high velocity and impact of climate change expected in much of the 

tropics [16,25,26], particularly the tropical oceans, makes this geographic bias especially 

noteworthy.  Top predators may face stiff challenges in the tropics because their 
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generation times are typically long, so they have little capacity for adaptive evolution on 

the time scale required by rapid climate change [27].  Instead, many long-lived predators 

must cope with climate change chiefly through plastic phenotypic adjustments in real 

time, within a few generations.  Aspects of their phenotypes, such as life history 

characteristics and diet composition, must be flexible enough that new combinations of 

vital rates and ecological interactions avoid negative population growth [12].   

 Here we exploit contemporary decadal-scale variation in diet and breeding of a 

tropical pelagic predator (the Nazca booby, Sula granti) in the Galápagos Islands to 

forecast the effect of future exclusion, by ocean warming, of a key prey species on this 

seabird’s population growth rate.  Climate change will manifest in a variety of ways 

relevant to seabird populations.  These include abiotic effects of precipitation, ocean 

acidification, sea level rise, and indirect biotic effects mediated by trophic relationships 

and other interspecific interactions.  We consider regional increase in sea surface 

temperature and ensuing trophic effects on Nazca boobies under ocean warming, 

recognizing that climate change in this region will probably involve many additional 

effects on tropical seabirds, including altered frequency of extremes in climate such as El 

Niño events.  There is growing recognition that disrupted biotic interactions [28] are a 

main determinant of population responses of long-lived predators to climate change [29-

31].  We focus on indirect thermal effects reflected by sea surface temperature (SST) 

because recent refinements of ocean-atmosphere coupled global climate models indicate 

that the ocean water in the eastern tropical Pacific (ETP) around Galápagos will become 

4.5°C warmer over the next 100 years.  This rate exceeds that of almost all other regions 

of the world’s oceans [32,33].  Such a dramatic change in mean SST will probably make 
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a critical prey species, Pacific sardines (Sardinops sagax; [34]), functionally absent from 

this top predator’s central-place foraging range around Galápagos.  

Rising ocean temperatures are expected to move distributions of many marine fish 

pole-ward [35].  This is especially true of small-bodied species like Pacific sardines with 

short generation times [35,36], and at the margin of a distribution [36] such as the 

peripheral population of this species in the equatorial Galápagos [37].  Pacific sardines 

are lipid-rich schooling forage fish [38-40], prominent in the diets of Nazca boobies (Fig 

1), Galápagos blue-footed boobies (S. nebouxii; [34]), and Galápagos sea lions (Zalophus 

wollebaeki; [41]) until the 1997-98 El Niño event.  The provenance of these prey is 

unknown.  Pacific sardines are capable of migrating or dispersing significant distances 

[42].  Any such movements from the large possible source populations in the thermally 

temperate Peruvian Upwelling should stop within 100 years because the SST expected 

around Galápagos will usually exceed the “upper incipient lethal temperature” (the 

maximum temperature that can be tolerated indefinitely [43]) of adult, warm-adapted, 

temperate-origin Pacific sardines [44] (Fig 2, S1 Fig).  Similarly, if the population were 

local, self-sustaining, and tropical-origin and could tolerate high SST, it will live in 

waters at temperatures typically above the maximum spawning temperature of the species 

[45-47] (Fig 2, S1 Fig).  Regardless of the provenance of these prey, thermal constraints 

are expected to severely reduce their availability or exclude them from the boobies’ diet 

within 100 years. 

 Food controls the breeding success of tropical seabirds (other environmental 

factors like predators and weather usually have negligible direct effects [49,50]), so 

contemporary variation in sardine availability affords a window into the future for Nazca 
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boobies.  After 1997 sardines became rare in the diets of sea lions and both booby species 

([51-53]; Fig 1).  Lacking these valuable prey, the Galápagos population of blue-footed 

boobies (a sardine specialist [34]) declined by approximately 2/3 because breeding 

performance is linked to sardine availability [52].  This dramatic demographic effect 

motivated our use of time series data on diet and longitudinal data on breeding of 

individually marked, known-age Nazca boobies to test the idea that a more flexible 

predator [34] can maintain breeding success and population viability when sardines are 

not available.  This analysis parallels the demographic approach commonly used at 

higher latitudes (e.g., [13,54]), taking advantage of a qualitative change in a key 

ecological relationship that anticipates the relationship expected under future ocean 

warming.   
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MATERIALS AND METHODS 

Data collection 

We studied diet, breeding, and survival of Nazca boobies as part of a long-term 

study at Punta Cevallos, Isla Española, Galápagos Islands (1°20’ S, 89°40’ W; see 

[55,56] for details of the site) from the 1983-84 breeding season until the 2012-13 season.  

Nazca boobies in our population breed seasonally from October to June, with most egg 

laying completed by January, raising no more than one offspring to independence per 

annual breeding season.  We refer to breeding seasons by the calendar year in which the 

season began.  Marking of adults and young of the year with uniquely numbered metal 

leg bands began in 1984.  Young of the year were banded in 1984-1987 and 1992-2012 

and analyses restricted to known-age birds use these individuals.  In most years some 

birds were banded as adults.  These adults are considered to be at least 4 years old when 

banded because 4 years is the median age at recruitment [57].  

 We monitored annual breeding parameters of banded adults in all years of the 

study except 1987-1991.  Newly independent young leave Galapagos for 2-7 years before 

recruiting to the breeding colony [57].  An individual was considered an “adult”, and 

therefore a potential breeder, from its year of recruitment until its “death” (see below).  

“Annual Breeding Success” is our primary dependent variable for breeding and is defined 

as the production of an independent offspring (yes/no) given that the adult was alive.  

Annual Breeding Success was scored as “1” for a given parent in a given year if that 

parent had an offspring late in the breeding season and we did not find its offspring dead 

at the nest site or (noting its band number) elsewhere.  Daily nest monitoring for all 

banded birds in some years allowed finer grained assessment at sequential reproductive 
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stages, all of which were similarly dichotomous: laying of at least one egg given that the 

bird was alive (“initiate a clutch | alive”), hatching of one or more eggs given that a 

clutch was initiated (“hatch an egg | clutch was initiated”), and production of an 

independent offspring given that at least one egg hatched (“produce independent 

offspring | hatch”).  Re-nesting occurs only if the first clutch fails, and we did not 

distinguish between hatchlings produced or offspring reaching independence from an 

original clutch versus from a re-nest clutch.  Annual Breeding Success was monitored for 

all banded birds from 1992-2012 except 2007, when only a subset of banded individuals 

was tracked.  Complete data on all reproductive stages were available for the period 

1992-2004.  Seasons 2005-2009 lack comprehensive monitoring of clutch initiation and 

hatching success, and 2010-2012 lack comprehensive information on hatching success.  

All analyses excluded rare adoption cases (adoptions affect only 1.6% of clutches) and 

one anomalous record when a pair raised two offspring.   

 Annual survival and recapture data came from nighttime band resight surveys 

(“BRS”) conducted early in each season in 1984-2014 except 1988 [58].  We considered 

a bird dead (and so no longer a breeder) in the first year of a series of two or more years 

in which it did not appear in the BRS.  Resight probabilities in our population are 

essentially 1 for breeders.  Recapture rates are lower and more variable for nonbreeders 

[58]. However, only 1% of birds that were absent in two consecutive years ever reappear 

in our BRS dataset.  “Death” is unlikely to be confounded with emigration because Nazca 

boobies are highly philopatric and show high colony fidelity after recruiting to their natal 

colony [55].   
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Statistical analyses 

 The effect of diet on the breeding success of male and female Nazca boobies was 

first examined in detail across the successive stages of a breeding attempt (laying eggs, 

hatching eggs, raising offspring).  Young, middle-aged, and old breeders may respond 

differentially to environmental challenges (e.g., [59,60]).  Such age by environment 

interactions contribute to our understanding of life-history variation in the wild and may 

critically affect population dynamics [61].  Therefore, these analyses focused on 

interactions between diet and age, as well as on the main effects of diet on breeding 

performance in Nazca boobies.  Environmental variation impacts population viability 

through effects on vital rates.  Links between environmental variation and survival, 

reproductive success, and juvenile recruitment may not agree in strength or sign (e.g., 

[11,62]) so that consideration of multiple vital rates is prerequisite to understanding the 

total effect of an environmental parameter of interest.  Taking this into consideration, we 

parameterized matrix population models with data on Nazca booby reproduction, juvenile 

survival, and adult survival to evaluate the effect of high- and low-quality diet on 

population growth rate.  

 

Modeling annual breeding parameters 

 We modeled variation in annual breeding parameters for males and females 

separately using generalized linear mixed effect models (GLMMs) with binomial error 

structure and a logit link function.  Crossed random effects of individual identity and year 

were included to account for the non-independence of repeated measures on the same 

individual and the non-independence of data points subject to the same environmental 
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conditions within a year.  To accommodate expected age effects on performance, and to 

evaluate any interaction between diet and age, we modeled breeding performance in 

young to middle-age birds (ages ≤ 11) and then, separately, in presumed-old birds.  Our 

banding program had not yet produced known-age members of the oldest age classes by 

the end of the Sardine Phase (1984-1996) to compare with the complete known age 

structure from the Flying Fish Phase (1997-2014).  Accordingly, to compare late-life 

performance under the contrasting diets we relied on banded individuals of unknown age 

(leg-banded as adults) and used years before death (YBD) as a proxy for chronological 

age [63].  To improve the proxy’s representation of the performance of old individuals, 

we included only birds whose age at death was known to have been >13 yrs and modeled 

changes in performance during the final five years before death.  This, coupled with very 

high annual survival until beyond the age of successful breeding (S2 and S3 Figs; of the 

58% of recruits alive at age 13, 47% are still alive at age 20), validates the use of this 

proxy.   

 Global models, run separately for young and middle-aged and for old birds, for 

each sex/trait combination included Fish Phase modeled as a binary factor dividing years 

pre- and post-1997.  Models included up to three covariates to capture further 

environmental effects.  A binary factor identified the extreme 1997-98 El Niño-Southern 

Oscillation warm event in models for young to middle-aged birds; no presumed-old bird 

raised a chick during the El Niño and so this breeding season was excluded from models 

for old birds.  Two linear continuous covariates modeled fine-scale inter-annual variation 

in sea surface temperature anomaly (SSTA).  Monthly SSTA was averaged across 

December-February (SSTADJF) to represent the intensity of annual events [64].  Monthly 
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SSTA was averaged across April-June (SSTAAMJ) to represent environmental conditions 

during chick rearing.  SSTAAMJ was excluded from global models describing variation in 

probability of nest initiation (which is completed long before April).  SSTADJF and 

SSTAAMJ over the entire period of study (1984-2014) are not correlated (r = 0.32, df = 

28, P = 0.08) and showed no linear temporal trends (SSTADJF: β = 0.004, SE = 0.02, P = 

0.85; SSTAAMJ: β = 0.01, SE = 0.02, P = 0.83; [65]).  Monthly SSTA values for El Niño 

Region 3 (latitude 5 °S to 5 °N and longitude 150 °W to 90 °W) were obtained from the 

LDEO/IRI Data Library at: 

http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Reyn

_SmithOIv2/.monthly/ (accessed on 07/20/2015).   

 Global models for young and middle-age birds included parent age fit as linear 

and quadratic terms and interacting with Fish Phase.  Global models for presumed-old 

birds included YBD fit as a linear term and interacting with Fish Phase.  Although we 

modelled the sexes separately, highly correlated ages of mates may enhance or obscure 

age-related performance changes in one sex by correlated age-related changes in the other 

sex.  Mate rotation in this species [66,67] decouples pair identities and ages, allowing 

independent estimation of male and female aging trends.  For all known-age pairs in our 

long-term dataset, the correlation between male and female ages is low but reaches 

statistical significance (r = 0.255, df = 3,932, P < 0.001), as does the correlation between 

male and female YBD (r = 0.092, df = 2,466, P < 0.001).  Adding partner age/YBD to 

models for each sex gave no indication that the low correlation between male and female 

age/YBD affected estimation of sex-specific effects (results not shown).  Population-level 

age effects may confound individual aging trends with selective appearance or 
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disappearance [68,69].  We did not attempt to model selective appearance.  The use of 

YBD to model senescence circumvents the issue of selective disappearance in old birds 

[63].  

 Taking the global model for each sex/trait combination, we constructed a model 

set containing all possible additive combinations of the explanatory terms, with the 

restriction that any model including a higher order term (e.g., a quadratic or an interaction 

term) must include the relevant lower order terms.  We used Akaike’s Information 

Criterion corrected for small sample size (AICc) for model selection and ranking [70].  

Competing models within 2 AICc units of the “top model” (that with the lowest AICc 

value) are all considered strongly supported, while models greater than 9-11 ΔAICc units 

from the top model have relatively low support [71].  We present model rankings for the 

subset of models within ΔAICc of 7 of the top model, and we highlight cases where 

multiple models are strongly supported (ΔAICc < 2), such that there is no single top 

model (S1-S4 Tables).  We disregard models in the top set that are more complex nested 

versions of models with lower AICc values (sensu ref. [72]).  We make predictions from, 

and report the coefficients of, the top model in the set.  We infer a parameter’s 

importance from its representation among those top models and the span of the 95% CI 

surrounding the parameter, calculated using a parametric bootstrap (1,000 samples).  All 

models were run in R (v. 3.1.3; [73]) using package lme4 [74].  Model selection used 

package MuMIn [75].  Sample sizes for each sex/trait combination are listed in S7 and S8 

Tables. 
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Population growth rate 

 We built single-sex, age-structured, population projection matrices [76] from 

female fertility and survival parameters based on birth-pulse dynamics and an annual pre-

breeding survival census.  Initial modeling of survival and reproduction indicated 

substantial inter-annual variability in demographic rates within each Fish Phase (S2 and 

S4 Figs), so we constructed an individual matrix for each breeding season 1992-1996 (in 

the Sardine Phase), the 1997 El Niño event, and 1998-2012 (in the Flying Fish Phase), 

referred to as “annual projection matrices”.  The annual projection matrices were set up 

with 22 age classes to accommodate the oldest successful breeders in our long-term 

dataset; the first 21 age classes span ages 1-22, and the final age class included all ages > 

22.  The fertility coefficient, Fi, for each age class i = 3-21 was defined as the mean 

number of daughters surviving until the next BRS per female in age class i.  Fi for age 

classes 1, 2, and 22 were set to zero, based on field data.  Fertility coefficients incorporate 

the proportion of living females who breed, the mean number of offspring produced by 

those females, and mean offspring survival during the first year.  This last value required 

an assumption about the timing of death in pre-breeding Nazca boobies, who may not 

attend the colony, and would be undetectable, for the first 3-6 yrs following 

independence [57].  We made the simplifying assumption that mortality between 

independence and breeding occurs soon after independence, when young of the year are 

inexperienced.  Thus, we incorporate survival of the juvenile period into fertility 

coefficients and set the survival coefficient, Pi, for age classes i = 1-3 to one.  Note that 

fertility for age classes < 4 is zero or near zero, so that underestimation of first year 
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survival and corresponding overestimation of survival until age 4 do not alter population 

dynamics.  

  We generate Fi for each annual projection matrix in two stages.  First, we 

evaluated the combined probabilities that a living female will breed, that she will produce 

an offspring, and that the offspring will survive until independence, in a single model 

predicting Annual Breeding Success by female age and year.  Female age and year were 

fit additively as multi-level factors in a GLMM with a random effect of female identity 

and binomial errors (logit link, N = 1,543 records from 2,543 known-age females during 

breeding seasons 1992-2006, 2008-2012).  The Fi count only female offspring, so final 

age- and year-specific Annual Breeding Success estimates were divided by two, 

acknowledging the 50/50 sex ratio at the end of parental care [77].  Year 2007 was 

unique because only a subset of banded breeders were monitored.  For the population 

projection, we estimated Annual Breeding Success in 2007 from a linear regression 

predicting Annual Breeding Success on the logit scale by annual survival on the logit 

scale (female age for both measures standardized at 10; β = -1.57, SE = 0.41, P = 0.001, 

adjusted R2 = 0.44).  Second, we modeled juvenile survival from independence until 

recruitment (as a dichotomous variable, independent of the age at which an individual 

returned) predicted by maternal age (quadratic function) and year in a GLMM (binomial 

errors, logit link) with maternal identity as a random effect (N = 3,813 juveniles of 

unknown sex).  We adjusted final estimates of annual juvenile survival to account for the 

33% higher survival of males [57] and assumed a 50/50 sex ratio at independence.  

Variances of transformed age- and year-specific Annual Breeding Success estimates 

(divided by two) and juvenile survival estimates were adjusted using the delta method.    
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 Data on juvenile survival are available for cohorts 1992-2008, but not for later 

cohorts because not all surviving members of those cohorts would have recruited at the 

time of our analysis.  We exploited the positive relationship between annual mean 

breeding success (production of independent offspring) and annual mean juvenile 

survival to predict juvenile survival for these years using simple linear regression (β = 

0.33, SE = 0.11, P = 0.01, adjusted R2 = 0.37).  Data used in this analysis were the 

estimated (logit-scale) annual juvenile survival and Annual Breeding Success from the 

analyses described above (female age for both measures standardized at 10), and from all 

years 1992-2008 except 1997 and 1999.  The 1997 El Niño event was excluded a priori 

based on the significance of the unusual environment for reproductive success.  The 1999 

season was a highly unusual year with almost no breeding success and was excluded after 

model checking indicated high leverage.  Maternal age- and year-specific juvenile 

survival estimates were multiplied by age- and year-specific Annual Breeding Success 

estimates to give the Fi. 

 Survival coefficients for each annual projection matrix, Pi, for each age class i > 4 

were obtained using mark-recapture statistical methods that model survival while 

controlling imperfect detection probabilities [78].  Mark-recapture models were fit to 

encounter histories from the annual BRS over the period 1984-2013.  These encounter 

histories were categorized into females banded as nestlings (N = 2,519) and females 

banded as adults (N = 813) by a grouping variable (“G”) identifying age-at-banding 

(during the hatch year, or as an adult).  Encounter histories of all females who recruit as 

adults were set to begin at age 4.  All birds banded as adults are assigned age 4 in their 

year of banding; thus, their encounter history began in the year of banding.  For birds 
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banded as nestlings, a handful appear in the BRS before age 4.  Preliminary analysis 

indicated that survival estimates were essentially one for ages 2-3 and so these first 

appearances were not included in encounter histories.  

 Our most general model of survival probability, Φ, and recapture probability, p, 

allowed Φ and p to vary additively by breeding season and by age (factor, levels 4-21 and 

22+).  Age interacted with G whenever age appeared in any model, allowing distinct age-

survival relationships for known-age individuals and those banded as adults.  Year did 

not interact with age or group, constraining age-specific patterns to take the same form 

across all years.  With both Φ and p dependent on time, survival across the final survival 

interval and recapture in the final BRS will be confounded, so our projection did not use 

Φ or p from the final period/recapture occasion (2013).  Our mark-recapture model 

assumes that marks are not missed or lost, that the survey interval (~7 days) is short 

relative to the survival interval (1 year), and that Φ and p are homogeneous among 

individuals in the same group, age class, and year, with the added constraint that the 

relative differences between age-classes are constant through time.  Leg bands are easy to 

detect and loss rates are extremely low in this population [55].  We examined the 

goodness-of-fit of our general model by estimating the overdispersion parameter, ĉ, using 

the median ĉ approach [79] run in Program MARK [80].  The estimate of ĉ (1.18, SE = 

0.006) indicated adequate fit.   

 The most general model provided age- and year-specific survival estimates used 

to parameterize the annual projection matrices.  To statistically evaluate an effect of Fish 

Phase on adult female survival we performed an AICc-based comparison of a model set 

including candidates constraining Φ to be equivalent either within Fish Phases (see 
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below) or across all breeding seasons (S5 Table).  Our model set evaluated only two 

alternative models for p: (1) p predicted by breeding season, and (2) p predicted by 

breeding season plus group (banding class) interacting with age.  Candidate models for Φ 

included two different “Period” parameters.  First, we included Period as a three-level 

factor with all Sardine Phase years (1984-1996), the 1997 El Niño, and all Flying Fish 

Phase years (1998-2013) as individual factor levels.  Then, we modeled a similar effect, 

labelled “Period2”, but with the Sardine Phase broken into pre- and post-1992 sections, 

allowing direct comparison of Sardine Phase survival paired with breeding data and 

systematic diet sampling (available from 1992 onwards) with Sardine Phase survival 

from the previous 7 years.  Demographic variation among years is large in our 

population.  Thus, we expect the top model (evaluated by AICc comparison) to be fully 

time-dependent.  We evaluated statistical support for the Period/Period2 effect in three 

ways: (1) by comparing the difference in AICc between the best performing (lowest 

AICc) model containing Period or Period2 and an otherwise-identical model that held 

survival constant across time, (2) by performing a likelihood ratio test between these two 

models, testing the effect of Period/Period2 [65], and (3) by considering the span of the 

95% CI on the relevant coefficients.  Maximum likelihood estimates of demographic 

parameters for each model were calculated using Program MARK and the RMark library 

[81].  These demographic parameters were related to predictors of interest using a logit 

link function. 

The deterministic population growth rate (λ) for each annual projection matrix 

was calculated as the dominant eigenvalue [76].  Monte Carlo simulation was used to 

estimate 95% confidence intervals around each population growth rate.  First, 
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demographic parameters for each annual projection matrix were sampled randomly from 

beta distributions with mean and variance equal to the corresponding demographic 

parameter estimates to create 1000 projection matrices.  The 2.5% and 97.5% quantiles of 

the resulting distribution of λs (after bias-correction to set the distribution mean to the 

exact asymptotic λ) was used to calculate the CIs for each λ.  Deterministic λ for any 

given annual projection matrix shows the rate of population growth if the conditions 

experienced in that year were maintained indefinitely.  To evaluate the cumulative effect 

of Fish Phase on all vital rates simultaneously, we used the annual matrix models 

associated with each Fish Phase to generate Fish Phase-specific stochastic λ values.  Fish 

Phase-specific stochastic λ represents a long-term expectation of the population’s growth 

rate, given the finite set of vital rates (contained in the annual projection matrices) 

associated with each Fish Phase.  This approach preserves the diversity of vital rates 

observed within each Fish Phase and the effect of such environmental variability on 

estimates of long-term population growth rate.  Stochastic λ for each Fish Phase was 

calculated via simulation, by drawing independent and identically distributed sequences 

of annual matrices for each Fish Phase and estimating stochastic λ as the long-term 

average growth rate across 10,000 year-long intervals.  Deterministic λs showed no 

evidence of between-year autocorrelation (r = 0.33, df = 18, P = 0.15), supporting our 

treatment of each breeding season as an independent environment.  Simulations and 

approximate 95% CI on stochastic λs were calculated using R Package popbio [82], 

following ref. [76]. 

 Deterministic population growth rate (λ) values for the annual projection matrices 

were calculated as the dominant eigenvalues of each projection matrix [76] and Monte 
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Carlo simulation was used to estimate 95% confidence intervals around these population 

growth rates.  We independently parameterized 1000 projection matrices for each annual 

projection matrix by randomly sampling demographic parameters (age class- and year-

specific Annual Breeding Success, juvenile survival, and adult survival) from beta 

distributions with mean and variance equal to the corresponding demographic parameter 

estimate and used the 2.5% and 97.5% quantiles of the resulting distribution of λs (after 

bias-correction to set the distribution mean to the exact deterministic λ) to calculate the 

CIs.  The deterministic λ for any given annual projection matrix illustrates the 

consequences of indefinitely maintaining the conditions experienced in that year; 

however, collectively, the deterministic λs do not illuminate the effect of diet.  We 

evaluated the time series of deterministic λs for evidence of between-year 

autocorrelation, and finding none (r = 0.33, df = 18, P = 0.15), we used the annual matrix 

models associated with each Fish Phase to generate Fish Phase-specific stochastic λ 

values.  Fish Phase-specific stochastic λ represent a long-term expectation of the 

population’s growth rate, given the finite set of vital rates (contained in the annual 

projection matrices) associated with each Fish Phase.  This approach thus accounts for 

the diversity of vital rates observed within each Fish Phase and the effect of such 

environmental variability on long-term population growth rate estimates.  Stochastic λ for 

each Fish Phase was calculated via simulation, by drawing independent and identically 

distributed sequences of annual matrices for each Fish Phase and estimating stochastic λ 

as the long-term average growth rate across 10,000 year-long intervals.  Simulations and 

approximate 95% CI on stochastic λs were calculated using R Package popbio [82], 

following ref. [76].  
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 All methods were approved by the Wake Forest University Institutional Animal 

Care and Use Committee (IACUC; protocol no. A11-051 and earlier). 
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RESULTS 

Food limitation 

 During the Flying Fish Phase, Nazca boobies experienced lower energy density in 

their diet [39,40], smaller prey [34], and lower foraging success (Fig 1b), implying 

stricter food limitation than during the Sardine Phase.  Nestling growth gave strong 

evidence of this limitation after the switch from the Sardine Phase to the Flying Fish 

Phase.  Nazca boobies raise a single offspring per year [83], and the typical time between 

that offspring’s hatching and acquisition of juvenile plumage [56,57] was 8 days longer 

during the Flying Fish Phase than during the Sardine Phase (linear mixed model β 

= -8.31, 95% CI = [-13.4, -3.1]; likelihood ratio test, Χ2 = 8.87, df = 1, P = 0.003; S6 

Table, details in S1 Methods).  Natural selection favors fast growth in this species 

because fast-growing nestlings have higher survival after becoming independent [57]; 

slow growth indicates a nutritional deficit.  This lengthening of the nestling period 

implies at least a 7% reduction in survival of newly independent offspring [57] during the 

Flying Fish Phase.  

 

Breeding success 

 Under the nutritional deficit imposed by a flying fish diet, we predicted lower 

breeding success during the Flying Fish Phase than during the Sardine Phase.  Nazca 

boobies begin to breed successfully at approximately age 4 yrs, improve breeding 

performance up to age 8, and decline in performance between ages 15 and 21 (S5 Fig).  

Controlling these age effects from early adulthood until the peak in breeding success in 

middle age, we found that Annual Breeding Success (probability of producing an 
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independent offspring given that bird was alive in that year) declined by approximately 

50% during the Flying Fish Phase for each sex (Fig 3a,c).  Females’ poor performance 

during the Flying Fish Phase was due primarily to failure to hatch eggs and to raise 

hatchlings to independence, while the probability of initiating a breeding attempt (laying 

eggs) was similar in the two Fish Phases (Fig 4, S1 and S7 Tables).  Young and middle-

aged males showed similar deficits, as well as fewer initiations of breeding, in the Flying 

Fish Phase (Fig 4, S2 and S7 Tables).  The sigmoid patterns of early life improvement 

were similar across Fish Phases, aside from markedly depressed performance during the 

Flying Fish Phase (all Age x Fish Phase interaction coefficients, with data on a logit 

scale, were close to zero and excluded from top models).  Our long-term study has 

revealed no other environmental effects (e.g., predation, disease, anthropogenic effects) 

that can help explain the Fish Phase effect on Nazca booby demography.  The higher 

elevation of females’ values than males’ for Annual Breeding Success (Fig 3) and clutch 

initiation (Fig 4) are both products of the mating system of this population: both sexes 

provide extensive parental care throughout the breeding attempt, but a strongly male-

biased adult sex ratio excludes approximately 1/3 of males from the breeding pool in a 

given year [66].   

 Comparing breeding success across Fish Phase for adults in senescent decline, to 

complete analysis across the lifespan, relied on YBD, a proxy for chronological age [63].  

As with young and middle-aged adults, Fish Phase affected Annual Breeding Success and 

its component stages similarly across the range of YBD (Fig 3b,d; interactions between 

YBD and Fish Phase were poorly supported for both sexes for Annual Breeding Success 

and all component stages; S3-S4, and S8 Tables).  Birds in the five years preceding death 
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showed dramatically lower breeding success during the Flying Fish Phase at almost all 

stages of breeding, although the effect for females initiating breeding was weak (Fig 5).  

Note that the evidence of senescent decline in Fig 5 is conservative because YBD 

confounds the flat or shallow performance trajectories of birds dying in late middle age 

with the steeper trajectories of truly old individuals (see S5 Fig). 

 

Population growth rate and Fish Phase 

 We parameterized the models of population growth rate (λ) with our breeding 

data and with age-specific data on annual adult survival.  Candidate models for adult 

female survival that grouped time into a three-level factor (“Period”: Sardine Phase 1984-

1996, the 1997 El Niño, and Flying Fish Phase 1998-2013) ranked higher than models 

with time-independent survival (S5 Table; LRT comparing models with and without 

Period: Χ2 = 192, df = 2, P << 0.001; see S1 Methods).  Grouping time into a four-level 

factor as above, except Sardine Phase was split into 1984-1991 (when diet data were 

sparse) and 1992-1996 (consistent diet of sardine), was less parsimonious (S5 Table).  

This result validates the comparison between Sardine Phase and Flying Fish Phase using 

Period as a three-level factor, ignoring the sparseness of the diet data from 1984 to 1991.  

Costs of reproduction may have been reduced by the poor breeding success under a flying 

fish diet: survival was ~4% higher in the Flying Fish Phase than in the Sardine Phase (S2 

Fig; 95% CI for increased survival during the Flying Fish Phase relative to the Sardine 

Phase does not span zero, β = 0.55, 95%CI = [0.39, 0.70]).  Inter-annual variation in 

annual survival probability within each Fish Phase was important: the model 

differentiating each breeding season 1984-2013 in a multi-level factor best explained 
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variation in the data (S5 Table).  Annual survival was typically ≥ 0.90 (27/28 seasons at 

age 10, decreasing with age in known-age birds) and annual recapture probabilities were 

≥ 0.90 for most years (24/28 seasons at age 10, increasing and then decreasing with age 

in known-age birds). 

 Stochastic λ (the long-term average growth rate across 10,000 simulated 

projection intervals) for the Flying Fish Phase was markedly less than 1 (0.963), with a 

95% confidence interval [0.962, 0.964] excluding 1 (Fig 6).  In contrast, stochastic λ = 

1.000 estimated from the last five years of the Sardine Phase (95% CI = [0.999, 1.000]; 

Fig 6).  The stochastic λ for the Flying Fish Phase is robust: it is based on 15 years of 

data encompassing wide variation in fertility and survival (S2 and S4 Figs), which yield 

corresponding annual variation in λ due to a source of variation that has not been 

accounted for.  A population decline is projected during the Flying Fish Phase.  To avoid 

a stochastic λ less than 1 during the Flying Fish Phase, a very large increase (~55%) in 

one of the demographic rates underlying fertility (juvenile survival or Annual Breeding 

Success) is necessary, applied across all years and all relevant demographic parameters. 
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DISCUSSION 

 When Nazca boobies lost Pacific sardines from their diet their expected breeding 

success fell dramatically (Fig 3).  Adult males and females of all ages had much lower 

success hatching eggs and raising nestlings during the Flying Fish Phase (controlling 

individual identity and other variables; Figs 4, 5).  Additionally, males of all ages had 

lower success initiating breeding during the Flying Fish Phase (Figs 4, 5).  As a direct 

consequence, and despite higher adult survival, during the Flying Fish Phase the 

stochastic population growth rate λ was less than 1, forecasting a shrinking population.  

Nazca boobies showed more diet flexibility than blue-footed boobies did during the 

Sardine Phase [34] and were able to adjust their foraging enough to raise some offspring 

during the Flying Fish Phase, unlike the sardine specialist blue-footed boobies [52].  

However, the Nazca boobies’ foraging plasticity and complementary shifts in breeding 

and adult survival were insufficient to cope with the loss of sardines.  Neither booby 

species can maintain a stable population under the conditions of the Flying Fish Phase at 

our Galápagos site.  With a lipid content of < 1% [84], flying fish are effectively “junk 

food” (sensu [85,86]) compared to sardines (lipid content 8%; [87]). 

 This result provides rare evidence that ocean warming will affect a tropical 

marine vertebrate: the contemporary effect of a long-term qualitative change in diet on 

vital rates forecasts the demographic trajectory of this predator if, as seems likely, the 

predicted acceleration in ocean warming in the ETP makes sardines functionally absent 

from the Nazca booby’s present foraging range.  Pelagic seabirds are well known for 

extreme mobility, yet extending the foraging range from the current breeding site is not a 

remedy.  During the Sardine Phase few trips exceeded a single daylight period and most 
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birds foraged ~65km from the colony [88], but comparable data from the Flying Fish 

Phase are already several times those values [48].  If the current link between diet and 

breeding applies in the future, and sardines are unavailable, then this Nazca booby 

population will shrink dramatically in a persistent Flying Fish Phase.  Detecting changes 

in actual counts of birds is a task for the future: annual estimates of λ from our matrix 

models show that shrinkage of the countable adult population should only now begin to 

be detectable (data not shown), due to this species' extended pre-breeding period, when 

they are at sea and not available to us to count, and to a bottom-heavy age structure for 

much of the Flying Fish Phase to date.   

 Large-scale range contractions and multi-decadal oscillation in population sizes of 

the Pacific sardine are well known on the continental margin around most of the Pacific, 

where fishery data provide long time-series of population abundance [89].  The historical 

record of the Galápagos population of sardines begins in the early 1980s (Galápagos 

lacks an industrial sardine fishery), providing too short a time span to evaluate the idea 

that sardine availability to Galápagos boobies oscillates.  On one hand, the unusual 

“oceanic” location of Pacific sardines in Galápagos, distant from the important influences 

of the continental shelf and shoreline [42], may remove the drivers of the oscillation.  If 

so, the Flying Fish Phase may be a novel foraging environment for which Nazca boobies 

are poorly prepared.  On the other hand, the population of Pacific sardines in the nearby 

Peruvian Upwelling was large from the early 1970s until the mid-1990s, and nearly 

absent since then [89,90], roughly congruent with the pattern in Galápagos (Fig 1).  In 

that case, the conditions of the Flying Fish Phase would occur regularly in the 

evolutionary history of this population and would not be novel.  Pacific sardines are 
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strong swimmers, with individuals ranging widely within their lifespans to track their 

habitat requirements, although typically on the pelagic edge of continental shelves [42].  

Active movement or passive transport in the northwest-flowing Humboldt Current from 

the Peruvian Upwelling to Galápagos has not been demonstrated but appears to be 

possible.  Any such source-sink or migratory connection between the sardines in the 

Peruvian Upwelling and the Galápagos population could explain the recent diet shift of 

Galápagos marine predators.   

  The availability of Pacific sardines to Nazca boobies and other top predators in 

Galápagos ([41,52]; Fig 1) during the Sardine Phase may be puzzling, given the 

frequency with which SST exceeded the sardines’ thermal tolerances in Fig 2b.  The 

coarse 2° x 2° spatial scale of that analysis admits the possibility of small thermal refuges 

that could attract sardines during warm periods.  Consistent with this idea, radio-tracking 

in the 1980s showed that most foraging of both Nazca and blue-footed boobies occurred 

at two hotspots above seamounts that might have deflected cool subsurface water to the 

surface [88].  Since these booby species were capturing mostly Pacific sardines at that 

time [34], their foraging distribution implies an abundance of sardines over the 

seamounts.  A variety of sub-surface predators also concentrated foraging activity at 

these sites [88].  Galápagos waters probably provided a marginal and patchy environment 

for Pacific sardines during the Sardine Phase of our study, yet sardines were effectively 

absent from the Nazca boobies’ foraging range during the Flying Fish Phase without any 

meaningful change in SST (Fig 2).  We infer from this that population dynamics on the 

continental margin, with a population crash around the time that our Sardine Phase ended 

[89], combined with transport or active movement on the Humboldt Current to 
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Galápagos, provides the best explanation for sardine availability in Galápagos.  Sardines 

in the Humboldt Current Ecosystem associate with a temperature range of 9-25 °C [91], 

suggesting similar temperature preference and tolerance to those recorded for temperate-

origin, warm-adapted sardines from the California Current Ecosystem used to measure 

UILT [44].  Regional warming of 4.5 °C in Galápagos due to ocean warming expected 

within 100 years will move SST above the UILT and maximum spawning temperature of 

warm-acclimated temperate-origin Pacific sardines in all 12 months of an average year, 

and in all but 3-4 months of unusually cool years (Fig. 1c).  Although we cannot rule out 

the persistence of micro-scale thermal refugia within the archipelago under the predicted 

warming, these results suggest that acceptable habitat will become extremely rare, both 

temporally and spatially.  

 The oscillation of sardines on the continental margin is approximately anti-phase 

with that of anchovies (Engraulis spp.; [89]).  Predators there can switch between 

sardines and anchovies, depending on availability, and obtain high quality schooling prey 

in either case.  Our diet samples never contained anchovies, and predators of sardines in 

Galápagos evidently struggle when sardines are rare, lacking a comparable replacement.  

If the Galápagos sardines are an oscillating population, then the cycle over the continental 

shelf suggests that the prey population will rebound in roughly 5 to 10 years [89,92].  But 

regardless of past and present population dynamics of Pacific sardines in Galápagos, the 

considerations summarized in Fig 2 indicate that in the longer term sardines will be 

functionally absent from the diet.   

These results forecast poor conditions at this population’s current location due to 

the indirect trophic effect of the ocean warming component of climate change.  Nazca 
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boobies show remarkable fidelity to that location: virtually all individuals breed within a 

few hundred meters of their natal nest [55].  Nonetheless, exceptional individuals do 

settle elsewhere [55], so a range shift [4] appears to be possible.  A continental or fully 

marine animal might have the option of shifting its range across relatively continuous 

habitat to meet its critical ecological requirements.  In contrast, seabirds in much of the 

world’s oceans live in a fundamentally discontinuous habitat, punctuated by the location 

of breeding islands.  In the case of an archipelago like Galápagos, our study population 

on the southernmost Galápagos island might move to a northern island, but SST is even 

higher to the north, following a consistent gradient influenced by the Humboldt Current 

in the south [93].  They might move to the western margin of Galápagos where the cool 

upwelling of the Equatorial Countercurrent [93] could provide a refuge of limited extent 

for a point (probably unstable) population of sardines and a remnant population of Nazca 

boobies.  Outside Galápagos, the islands within 2000 km include only one (Cocos) that is 

not either already occupied by Nazca boobies (Malpelo, La Plata, Lobos de Tierra, and 

Lobos de Afuera) or already occupied by congeneric habitat specialists that are probably 

competitive superiors in that area (guano islands in the Peruvian Upwelling).  Our study 

population of Nazca boobies is the largest of several in Galápagos, representing 

approximately 60% of the archipelago’s population [55].  Only one other significant 

breeding site exists, on Isla Malpelo (4°00’ N 81°36’ W), 1000 km to the northeast, 

supporting the world’s largest [94], but poorly documented, Nazca booby colony.  While 

SST around Malpelo is predicted to rise ~4°C [32] and will also be unsuitable for Pacific 

sardines, it cannot be excluded as a suitable future breeding site without knowing more 

about the local diet and its links to breeding success.  Nonetheless, range reduction to a 
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single significant colony at Malpelo would represent a consequential change in 

conservation status.  

 The example of Nazca boobies illustrates the special difficulties that island-

breeding, ocean-feeding vertebrates will face in a rapidly changing climate.  Nonetheless, 

detecting and predicting the effects of climate change on these animals will generally be 

challenging, despite their relative conspicuousness [31].  Indeed, a long-term study of 

Nazca boobies limited to only one Fish Phase could not have detected the dramatic 

demographic effect of the disappearance of sardines.  The projection of this population’s 

decline under ocean warming, despite little contemporary change in the ETP, is clarified 

by several circumstances: Nazca boobies are top predators (higher trophic levels do not 

impinge on their population dynamics), their diet composition is simple, and loss of their 

sardine prey is catastrophic.  Abiotic, especially thermal, effects of climate change on 

populations are pervasive and well-documented, but biotic effects of trophic and other 

biological interactions are acknowledged less often [28].  Biotic effects similar to that of 

sardines on Nazca boobies are probable for other species pairs whose separate niches 

include different habitat types that are themselves affected differently by climate change 

(for example, polar bears (Ursus maritimus) and their marine prey [95]).  Our results may 

also forecast, more generally, population trends of many organisms with a close 

ecological tie to another, but with contrasting capacities for range shift as the climate 

changes.  
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FIGURES 

Fig 1. Temporal change in diet of Nazca boobies.  (a) Numerical representation of the 

two major prey types in systematic and opportunistic regurgitation samples.  Missing 

years due to permit restrictions (mid-2000s) or to lack of data (1980s and mid-1990s); 

sardines (black fill) dominated casual observations during these gaps until the 1997-98 El 

Niño event [dashed line] but data not recorded).  # prey items at top of bar.  Breeding 

spans two calendar years (October-May), “breeding seasons” are labelled by the first year 

in each two-year spread.  Black and gray bars do not sum to 1.0 because sardines and 

flying fish are not the only prey types in the diet.  (b) Probability of a bird producing at 

least one prey item in 1,345 systematic regurgitation samples collected in January-April 

(probability is lower after 1997-98; Mann-Whitney U Test, N1 = 4, N2 = 11, Z = 2.48, P = 

0.01; see S1 Methods). 
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Fig 2.  Recent SST + 4.5°C, sardine spawning temperature, and Nazca booby 

foraging range.  (a) Foraging envelope [48] (semicircle) of breeding Nazca boobies from 

Isla Española, Galápagos.  Most present-day trips are within the area of the semicircle.  

The potential foraging range, including west of the colony, includes parts of each of the 

western-most 12 blocks on the map.  Dotted line to the east shows the continental shelf 

break (1000 m isobath), roughly indicating the distribution of continental Pacific 

sardines, a probable source population for Galápagos.  (b) Recent temporal variation 

(blue lines) in SST in each of 12 2° x 2° blocks within the present-day foraging range of 

Nazca boobies.  Solid horizontal line shows upper limit of spawning SST range of Pacific 

sardines (25°C; [45-47]).  Dashed horizontal line shows upper incipient lethal limit for 

warm-acclimated temperate-origin Pacific sardines (25.6°C; [44]).  (c) Recent SST from 

(a) with 4.5°C warming expected within 100 years.  Orange pts (+ 2 S.D.) show expected 

temperature averaged across all 12 blocks and across all years (1982-2016) by month.  

Gray lines show temperatures averaged across all years, by month, for each individual 

block.  Monthly SST values for each 2° x 2° block were downloaded on 12 May 2016 

from http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version3b/.sst/. 

http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version3b/.sst/
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Fig 3.  Annual Breeding Success by Fish Phase.  Annual Breeding Success is the 

probability of producing an independent offspring if alive in that year.  Results shown for 

young and middle-aged males (a) and females (c), and for presumed old males (b) and 

females (d). Curves (+ 95% CI) are predictions from generalized linear mixed models 

with a binomial error structure, controlling annual SSTA variability.  Data come from all 

19 years of the study, including years without other breeding details (negative slope for 

females aged 10-11 is an artifact of fitting a quadratic function to an age series that 

becomes level at age 8-9 yrs [see S5 Fig], as indicated by arrows).  Full model results 

given in S1-4 and S7-8 Tables. 
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Fig 4.  Component stages of Annual Breeding Success of young and middle-aged 

adults by Fish Phase.  Predictions for Sardine Phase (blue) and Flying Fish Phase (gray) 

shown as in Fig 3.  Data are derived only from the 12 yrs of the study with detailed 

histories on the components of each breeding attempt.  See Methods for years involved in 

each stage.  Conditional probabilities for different stages are p(initiate a clutch | alive) 

(panels a, e), p(hatch an egg | clutch was initiated) (panels b, f), p(produce independent 

offspring | hatch) (panels c, g), and p(produce independent offspring | alive) for only the 

subset of years for which analysis of components was possible (panels d, h).  Sample size 

varies by sex/response variable.  Full model results given in S1, S2, and S7 Tables. 
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Fig 5.  Component stages of Annual Breeding Success of presumed old adults by 

Fish Phase.  Predictions for Sardine Phase (blue) and Flying Fish Phase (gray) shown as 

in Fig 3.  Data are derived only from the 12 yrs of the study with detailed histories on the 

components of each breeding attempt.  See Methods for years involved in each stage.  

Conditional probabilities for different stages are p(initiate a clutch | alive) (panels a, e), 

p(hatch an egg | clutch was initiated) (panels b, f), p(produce independent offspring | 

hatch) (panels c, g), and p(produce independent offspring | alive) for only the subset of 

years for which analysis of components was possible (panels d, h).  Sample size varies by 

sex/response variable.  Full model results given in S3, S4, and S8 Tables. 
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Fig 6. Deterministic annual λ (population growth rate) values from age-classified, 

single-sex (female) population projection models for Nazca boobies.  λ > 1 signifies a 

growing population. Brackets show 95% CIs.  Interval is particularly large for 1999 

because of almost complete breeding failure and nearly complete survival for most age 

classes, so that the rate of population shrinkage depends disproportionately on survival in 

the final age class (age 22+), a value predicted with low precision because sample size 

declines with age.  Stochastic λ values specific to each fish phase shown with dotted 

lines. 
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SUPPLEMENTARY INFORMATION 

SI Methods 

Data collection: Diet sampling 

 For years in which we collected diet data (Fig. 2), samples were collected 

systematically by regurgitation from 20 adults (split roughly evenly between the sexes) at 

the beginning of each month.  These systematic samples came from randomly selected 

adults returning from a foraging trip between 1700-1900 h.  We recorded whether the 

bird produced a sample and identified any prey produced (usually to family, although 

sardines to species), and in most cases induced the captured bird to consume the sample 

again.  Propensity to regurgitate a sample varied across the annual cycle, and we 

standardized the sampling period by using only data from samples in months common to 

all years (January-April; Fig. 2b). Birds sometimes regurgitated spontaneously on other 

occasions, and we combined these with samples collected systematically for aggregated 

annual summaries of number and type (Fig. 2a).  

 

Data collection: Arrival date 

 Until 2001, encompassing all of our years in the Sardine Phase, we arrived at the 

colony to begin monitoring late enough (mean arrival date 12 November) to miss some 

early clutches: an average of 52% of clutches were already established during that period, 

with almost all still at the egg stage and most of those initiated within 15 days before our 

arrival.  This late arrival does not affect assignment of Annual Breeding Success (and 

therefore does not affect the population projection analysis), or assignment of production 

of an independent offspring given that a nestling was hatched because no bias exists in 
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detection of offspring at their age of independence (reached late in the season, when we 

were always present).  Undetected failed initiations in the Sardine Phase may depress our 

estimate of the probability of initiating a nest (reduce the difference between phases) and 

inflate our estimate of the probability of hatching at least one nestling (increase the 

difference between phases) in the Sardine Phase relative to the Flying Fish Phase.  Using 

data from the Flying Fish Phase (1998 and later), unaffected by this issue, we evaluated 

the potential effects of biased sampling by ignoring all clutches that failed before 12 

November and re-running models describing the probability of initiating a clutch and the 

probability of producing at least one hatchling for young/middle-aged and presumed-old 

birds of both sexes.  This exercise showed that the proportion of clutches laid before, and 

failing before, 12 November varied by age/sex/trait combination but were a very small 

percentage of the nests initiated during that period (maximum = 9%, minimum = 3%).  

Failure rates overall were higher during the Flying Fish Phase (Figs. 3, 4), suggesting that 

few failed clutches would have been missed before 2001, when the crew arrived late.  

The magnitude of any bias is small: if we remove all early clutches from the Flying Fish 

Phase years to standardize the data collection period across Fish Phase, the absolute 

change in the probability of initiating a nest during the Flying Fish Phase (see Figs. 3, 4) 

was a reduction of 0.02-0.04 for all age/sex/trait combinations (see Figs. 3, 4 for context).  

This magnitude was insignificant compared to the confidence intervals surrounding 

predicted values (see Figs. 3c, h and Figs. 4c, h for CIs) and any actual bias would 

enhance, not reduce, the importance of Fish Phase in our results.  The magnitude of 

absolute change was even less for the probability of producing a hatchling, although in 

the direction of increasing hatching success in the Flying Fish Phase, so that any actual 
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bias would reduce the importance of Fish Phase for the probability of hatching offspring 

given a clutch’s initiation.  In summary, the variability of our arrival date at the colony 

induced little, if any, bias in evaluation of Fish Phase or other effects, because breeding 

failure before 12 November is rare.   

 

Statistical analysis: Food limitation  

 To address the possibility of food limitation during the Flying Fish Phase, we 

evaluated the number of days between hatching and acquisition of juvenile plumage (the 

1% down stage) using data on 4,075 offspring raised during 1992-1996 in the Sardine 

Phase and 1999-2004 in the Flying Fish Phase.  The 1% down stage, reached at 100.8 +/- 

8.8 d, is a stage of plumage development at which growth is essentially complete1 

(Apanius et al. 2008) and only 1% of nestling down has not yet been replaced by 

pennaceous juvenile plumage.  Adoptions and all cases involved in experimental brood 

size manipulations were excluded from the dataset.  We included offspring raised by one 

or more banded parents and controlled the non-independence of repeated measurements 

by running a linear mixed model with pair identity fit as a random effect; unbanded 

individuals paired with a banded mate were assumed to be the same individual when 

assigning pair identity across years. Breeding season was included as an additional 

random effect. Fixed effects included Fish Phase (a two-level factor) and sea surface 

temperature anomalies (SSTA) averaged over two periods (December-February and 

April-June; see below). Statistical significance of the Fish Phase predictor was evaluated 

with a likelihood ratio test. Excluding 16 records with anomalously long periods to reach 

1% down (>135 d) did not alter the Fish Phase coefficient (data not shown). Estimated 
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age at 1% down by Fish Phase was also robust to using a much smaller dataset of 1,159 

offspring where both parents were of known identity, modelled as above, but including 

separate random effects for mother and father identity and additional linear and quadratic 

terms for mother and father age (estimated as year of banding + 4 for parents banded as 

adults; FP (Sardine) βN = 4075 = -8.31[-13.4, -3.1], FP (Sardine) βN = 1159 = -8.31[-13.9, -

2.89]).  
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SI Tables 

S1 Table. Model selection using AICc to rank GLMMs (binomial errors, logit link) 

explaining variation in Annual Breeding Success and sequential reproductive stages 

in young and middle-aged (< 11 yrs) female Nazca boobies.  Models within ΔAICc of 

2 are considered to be highly supported (in bold) unless they are more complex, nested 

versions of the top model.  Such a model is penalized only 2 AIC units for each 

additional term and appears to be well-supported despite little variance explained by the 

additional fixed effect(s).  Models ΔAICc > 7 from the top model for each response 

variable are not presented.  FP: a dichotomous factor for Fish Phase; SSTAAMJ and 

SSTADJF: local sea surface temperature anomalies averaged across Apr-Jun and Dec-Feb, 

respectively; El Niño: a dichotomous factor marking the 1997-98 extreme ENSO warm 

event.  Main effects (Age + FP) plus the interaction between Age and FP are written as 

“Age x FP”.  All models included female identity and year as random effects.  The 

number of parameters (k), small sample size-corrected AIC value (AICc), AICc 

difference from the top model (ΔAICc), and Akaike weights (ωi) are reported.   
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Model k AICc ΔAICc ωi 
Annual Breeding Success (all years)     

SSTADJF + El Niño + FP + Age + Age2 8 11,119.7 0 0.33 
SSTADJF + El Niño + Age x FP + Age2 9 11,121.4 1.65 0.15 
SSTAAMJ + SSTADJF + El Niño + FP + Age + Age2 9 11,121.7 2.00 0.12 
El Niño + FP + Age + Age2  7 11,121.9 2.17 0.11 
SSTADJF + El Niño + Age x FP + Age2 7 11,123.3 3.53 0.06 
SSTAAMJ + SSTADJF + El Niño + Age x FP + Age2 10 11,123.4 3.65 0.05 
El Niño + Age x FP + Age2 8 11,123.6 3.89 0.05 
SSTAAMJ + El Niño + FP + Age + Age2  8 11,123.8 4.09 0.04 
El Niño + Age + Age2 6 11,125.0 5.26 0.02 
SSTAAMJ + SSTADJF + El Niño + Age + Age2 8 11,125.0 5.26 0.02 
SSTAAMJ + El Niño + Age x FP + Age2 9 11,125.6 5.82 0.02 

Annual Breeding Success (12 yrs)     
SSTADJF + El Niño + FP + Age + Age2 8 3,578.9 0 0.40 
SSTADJF + El Niño + Age x FP + Age2 9 3,579.6 0.75 0.27 
SSTAAMJ + SSTADJF + El Niño + FP + Age + Age2 9 3,580.8 1.99 0.15 
SSTAAMJ + SSTADJF + El Niño + Age x FP + Age2 10 3,581.6 2.71 0.10 
SSTADJF + El Niño + Age + Age2 7 3,584.1 5.22 0.03 

p(lay | alive) (12 seasons)     
SSTADJF + El Niño + Age + Age2 7 3,094.2 0 0.30 
SSTADJF + Age + Age2 6 3,095.3 1.09 0.17 
SSTADJF + El Niño + FP + Age + Age2 8 3,095.7 1.42 0.15 
Age + Age2 5 3,096.5 2.22 0.10 
SSTADJF + FP + Age + Age2 7 3,097.2 2.96 0.07 
SSTADJF + El Niño + Age x FP + Age2 9 3,097.6 3.32 0.06 
FP + Age + Age2  6 3,097.9 3.67 0.05 
El Niño + Age + Age2 6 3,098.2 3.91 0.04 
SSTADJF + Age x FP + Age2 8 3,099.1 4.88 0.03 
El Niño + FP + Age + Age2 7 3,099.8 5.55 0.02 
Age x FP + Age2 7 3,099.8 5.56 0.02 

p(hatch | lay) (12 seasons)     
SSTADJF + El Niño + FP + Age + Age2 8 3,127.8 0 0.66 
SSTADJF + El Niño + Age x FP + Age2 9 3,129.7 1.90 0.26 

p(independent offspring | hatch) (12 yrs)     
SSTADJF + El Niño + FP + Age + Age2 8 1,927.3 0 0.38 
SSTAAMJ + SSTADJF + El Niño + FP + Age + Age2 9 1,928.7 1.39 0.19 
SSTADJF + El Niño + Age x FP + Age2 9 1,929.1 1.73 0.16 
SSTAAMJ + SSTADJF + El Niño + Age x FP + Age2 10 1,930.3 2.99 0.08 
El Niño + FP + Age + Age2 7 1,930.9 3.61 0.06 
SSTAAMJ + El Niño + FP + Age + Age2 8 1,931.5 4.16 0.05 
El Niño + Age x FP + Age2 8 1,932.2 4.86 0.03 
SSTAAMJ + El Niño + Age x FP + Age2 9 1,932.5 5.15 0.03 
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S2 Table. Results as in S1 Table, but for young and middle-aged male Nazca 

boobies. 

Model k AICc ΔAICc ωi 
Annual Breeding Success (19 yrs)     

SSTADJF + El Niño + FP + Age + Age2 8 11,745.9 0 0.25 
SSTADJF + El Niño + Age x FP + Age2 9 11,746.0 0.10 0.23 
El Niño + FP + Age + Age2 7 11,747.3 1.41 0.12 
SSTAAMJ + SSTADJF + El Niño + FP + Age + Age2 9 11,747.7 1.78 0.10 
El Niño + FP + Age x FP + Age2 8 11,747.8 1.91 0.10 
SSTAAMJ + SSTADJF + El Niño + Age x FP + Age2 10 11,747.8 1.93 0.09 
SSTAAMJ + El Niño + FP + Age + Age2 8 11,748.8 2.96 0.06 
SSTAAMJ + El Niño + Age x FP + Age2 9 11,749.4 3.50 0.04 

Annual Breeding Success (12 yrs)     
SSTAAMJ + SSTADJF + El Niño + FP + Age + Age2 9 3,964.2 0 0.50 
SSTAAMJ + SSTADJF + El Niño + Age x FP + Age2 10 3,965.5 1.32 0.26 
SSTADJF + El Niño + FP + Age + Age2 8 3,966.3 2.10 0.17 
SSTADJF + El Niño + Age x FP + Age2 9 3,968.3 4.07 0.07 

p(lay | alive) (12 seasons)     
SSTADJF + El Niño + FP + Age + Age2 8 5,268.9 0 0.54 
SSTADJF + El Niño + Age x FP + Age2 9 5,270.4 1.54 0.25 
FP + Age + Age2 6 5,273.4 4.50 0.06 
El Niño + FP + Age + Age2 7 5,274.2 5.39 0.04 
SSTADJF + FP + Age + Age2 7 5,275.1 6.27 0.02 
Age x FP + Age2 7 5,275.3 6.45 0.02 
SSTADJF + El Niño + Age + Age2 7 5,275.6 6.73 0.02 

p(hatch | lay) (12 seasons)     
SSTADJF + El Niño + FP + Age + Age2 8 2,805.6 0 0.42 
SSTADJF + El Niño + Age x FP + Age2 9 2,807.4 1.79 0.17 
SSTADJF + El Niño + FP + Age 7 2,807.9 2.36 0.13 
El Niño + FP + Age + Age2 7 2,808.3 2.67 0.11 
SSTADJF + El Niño + Age x FP 8 2,809.3 3.68 0.07 
El Niño + Age x FP + Age2 8 2,810.3 4.67 0.04 
El Niño + FP + Age 6 2,811.3 5.70 0.02 

p(independent offspring | hatch) (12 yrs)     
SSTAAMJ + SSTADJF + El Niño + FP + Age 8 1,665.7 0 0.36 
SSTAAMJ + SSTADJF + El Niño + Age x FP 9 1,667.3 1.57 0.16 
SSTAAMJ + SSTADJF + El Niño + FP + Age + Age2 9 1,667.4 1.68 0.16 
SSTAAMJ + SSTADJF + El Niño + Age x FP + Age2 10 1,669.1 3.41 0.07 
SSTADJF + El Niño + FP + Age 7 1,669.3 3.58 0.06 
SSTAAMJ + El Niño + FP + Age 7 1,669.5 3.80 0.05 
SSTADJF + El Niño + FP + Age + Age2 8 1,670.4 4.67 0.04 
SSTADJF + El Niño + Age x FP 8 1,670.8 5.08 0.03 
SSTAAMJ + El Niño + FP + Age + Age2 8 1,671.3 5.57 0.02 
SSTAAMJ + El Niño + Age x FP 8 1,671.4 5.68 0.02 
SSTADJF + El Niño + Age x FP + Age2  9 1,672.2 6.43 0.01 
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S3 Table. Model selection using AICc to rank GLMMs (binomial errors, logit link) 

explaining variation in Annual Breeding Success and sequential reproductive stages 

in presumed old female Nazca boobies.  Models within ΔAICc of 2 are considered to 

be highly supported (in bold) unless they are more complex, nested versions of the top 

model.  Such a model is penalized only 2 AIC units for each additional term and appears 

to be well-supported despite little variance explained by the additional fixed effect(s).  

Models ΔAICc > 7 from the top model for each response variable are not presented.  

YBD: centered, continuous, years before death; FP: a dichotomous factor for Fish Phase; 

SSTAAMJ and SSTADJF: local sea surface temperature anomalies averaged across Apr-Jun 

and Dec-Feb, respectively.  Main effects (YBD + FP) plus the interaction between YBD 

and FP are written as “YBD x FP”.  All models included female identity and year as 

random effects.  The number of parameters (k), small sample size-corrected AIC value 

(AICc), AICc difference from the top model (ΔAICc), and Akaike weights (ωi) are 

reported.   
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Model k AICc ΔAICc ωi 
Annual Breeding Success (18 yrs)     

SSTADJF + FP + YBD 6 2,484.1 0 0.35 
FP + YBD 5 2,485.7 1.55 0.16 
SSTAAMJ + SSTADJF + FP + YBD 7 2,486.1 1.94 0.13 
SSTADJF + FP x YBD  7 2,486.1 1.94 0.13 
FP x YBD 6 2,487.5 3.41 0.06 
SSTAAMJ + FP + YBD 6 2,487.7 3.56 0.06 
SSTAAMJ + SSTADJF + FP x YBD 8 2,488.0 3.88 0.05 
SSTAAMJ + FP x YBD 7 2,489.5 5.42 0.02 
SSTADJF + YBD 5 2,490.4 6.32 0.02 

Annual Breeding Success (11 yrs)     
SSTADJF + FP + YBD 6 1,298.5 0 0.47 
SSTADJF + FP x YBD  7 1,300.3 1.75 0.20 
SSTAAMJ + SSTADJF + FP + YBD 7 1,300.5 2.01 0.17 
SSTAAMJ + SSTADJF + FP x YBD 8 1,302.3 3.75 0.07 
SSTADJF + YBD 5 1,303.6 5.08 0.04 
SSTAAMJ + SSTADJF + YBD 6 1,305.3 6.79 0.02 
FP + YBD 5 1,305.6 7.07 0.01 

p(lay | alive) (11 yrs)     
SSTADJF + FP x YBD 7 1,000.4 0 0.36 
SSTADJF + YBD 5 1,001.0 0.55 0.28 
SSTADJF + FP + YBD 6 1,001.2 0.76 0.25 
YBD 4 1,004.2 3.75 0.06 
FP + YBD 5 1,005.1 4.7 0.04 
FP x YBD 6 1,006.3 5.87 0.02 
p(hatch | lay) (11 yrs)     
SSTADJF + FP + YBD 6 1,155.6 0 0.65 
SSTADJF + FP x YBD 7 1,157.3 1.69 0.28 
SSTADJF + YBD 5 1,161.9 6.30 0.03 
FP + YBD 5 1,162.4 6.79 0.02 

p(independent offspring | hatch) (11 yrs)     
SSTADJF + FP 5 719.9 0 0.34 
SSTADJF + FP + YBD 6 721.1 1.16 0.19 
SSTAAMJ + SSTADJF + FP 6 722.0 2.02 0.12 
SSTADJF + FP x YBD 7 722.9 2.92 0.08 
SSTAAMJ + SSTADJF + FP + YBD 7 723.1 3.19 0.07 
FP 4 724.0 4.03 0.05 
SSTAAMJ + SSTADJF + FP x YBD 8 724.9 4.95 0.03 
FP + YBD 5 725.0 5.07 0.03 
SSTADJF 4 725.6 5.66 0.02 
SSTAAMJ + FP 5 725.8 5.82 0.02 
SSTADJF + YBD 5 726.6 6.67 0.01 
SSTAAMJ + FP + YBD 6 726.8 6.87 0.01 
Intercept 3 726.9 6.95 0.01 

  



 

55 
   

S4 Table. Results as in S3 Table, but for presumed old male Nazca boobies. 

Model k AICc ΔAICc ωi 
Annual Breeding Success (18 yrs)     

SSTADJF + FP + YBD 6 2,746.8 0 0.26 
FP + YBD 5 2,747.1 0.29 0.23 
SSTAAMJ + SSTADJF + FP + YBD 7 2,748.4 1.56 0.12 
SSTAAMJ + FP + YBD 6 2,748.4 1.57 0.12 
SSTADJF + FP x YBD 7 2,748.8 2.01 0.10 
FP x YBD 6 2,749.1 2.29 0.08 
SSTAAMJ + FP x YBD 7 2,750.4 3.57 0.04 
SSTAAMJ + SSTADJF + FP x YBD 8 2,750.4 3.57 0.04 

Annual Breeding Success (11 yrs)     
SSTADJF + FP + YBD 6 1,404.4 0 0.40 
SSTAAMJ + SSTADJF + FP + YBD 7 1,405.5 1.12 0.23 
SSTADJF + FP x YBD 7 1,405.6 1.12 0.23 
SSTAAMJ + SSTADJF + FP x YBD 8 1,406.8 2.34 0.13 

p(lay | alive) (11 yrs)     
SSTADJF + FP + YBD 6 1,817.4 0 0.47 
SSTADJF + FP x YBD 7 1,818.5 1.05 0.28 
FP + YBD 5 1,820.3 2.90 0.11 
SSTADJF + YBD 5 1,821.5 4.10 0.06 
FP x YBD 6 1,822.0 4.56 0.05 
YBD 4 1,822.7 5.25 0.03 

p(hatch | lay) (11 yrs)     
SSTADJF + FP 5 916.3 0 0.53 
SSTADJF + FP + YBD 6 917.6 1.30 0.28 
SSTADJF + FP x YBD 7 919.4 3.10 0.11 
FP 4 922.3 6.02 0.03 
SSTADJF 4 923.3 6.93 0.02 

p(independent offspring | hatch) (11 yrs)     
SSTADJF + FP + YBD 6 623.2 0 0.48 
SSTADJF + FP x YBD 7 625.0 1.80 0.20 
SSTAAMJ + SSTADJF + FP + YBD 7 625.2 1.97 0.18 
SSTAAMJ + SSTADJF + FP x YBD 8 627.0 3.80 0.07 
FP + YBD 5 629.0 5.77 0.03 
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S5 Table. Model selection results for a mark-recapture analysis of adult female 

survival (Φ) and recapture probabilities (p) using Program MARK.  Predictors 

include Year: a multi-level factor; Age: a multi-level factor (4-21, 22+); G: group, either 

banded-as-adult or banded-as-chick; P: Period, a three-level factor grouping the Sardine 

Phase (1984-1996), the 1997 El Niño, and the Flying Fish Phase (1998-2013); an 

alternate version of P, P2, had four levels 1984-1991, 1992-1996, 1997, and 1998-2013, 

allowing a test for differences in survival between Sardine Phase years for which we have 

reproductive data and systematic diet sampling vs. earlier years.  The number of 

parameters (k), small sample size-corrected AIC value (AICc), AICc difference from the 

top model (ΔAICc), and Akaike weights (ωi) are reported for the complete model set.  

Main effects (G + Age) plus the interaction between G and Age are written as “G x Age”. 

Model   k AICc ΔAICc ωi 
Φ(Year + G x Age) p(Year + G x Age) 130 26,703.3 0.00 1.00 
Φ(P + G x Age) p(Year + G x Age) 104 26,760.7 57.41 0.00 
Φ(P2 + G x Age) p(Year + G x Age) 105 26,762.4 59.11 0.00 
Φ(G x Age) p(Year + G x Age) 102 26,949.8 246.54 0.00 
Φ(Year) p(Year + G x Age) 93 27,031.3 328.06 0.00 
Φ(P) p(Year + G x Age) 67 27,098.7 395.42 0.00 
Φ(P2) p(Year + G x Age) 68 27,100.2 396.90 0.00 
Φ(Year + G x Age) p(Year) 95 27,202.3 499.04 0.00 
Φ(Intercept) p(Year + G x Age) 65 27,217.3 514.08 0.00 
Φ(P + G x Age) p(Year) 69 27,247.7 544.43 0.00 
Φ(P2 + G x Age) p(Year) 70 27,249.6 546.37 0.00 
Φ(G x Age) p(Year) 67 27,338.1 634.88 0.00 
Φ(Year) p(Year) 58 27,624.7 921.46 0.00 
Φ(P) p(Year) 32 27,680.2 976.92 0.00 
Φ(P2) p(Year) 33 27,681.7 978.47 0.00 
Φ(Intercept) p(Year) 30 27,787.2 1,083.93 0.00 
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S6 Table. Coefficient estimates from an LMM evaluating Nazca booby offspring 

growth rates (measured as offspring age at the 1% remaining down stage) by Fish 

Phase.  FP: a dichotomous factor for Fish Phase; SSTAAMJ and SSTADJF: local sea 

surface temperature anomalies averaged across Apr-Jun and Dec-Feb, respectively.  The 

variance for the random effects associated with each model are presented along with the 

intraclass correlation coefficient (ICC; the proportion of total variance not accounted for 

by fixed factors) in brackets.   

Fixed effects Estimate [95% CI] P 
Intercept 106.06 [102.40, 109.77] *** 
FP (Sardine) -8.31 [-13.38, -3.12] * 
SSTADJF -5.78 [-10.38, -1.57] * 
SSTAAMJ -0.26 [-5.82, 5.19]  

   
Random effects Variance [ICC]   
Pair ID 11.73 [0.15]  
Year 20.43 [0.26]  
Residual 46.36  
R2

m
1 0.19  

R2
c
1 0.52  

N 4,075   
P:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

1Marginal R2 (R2
m), and conditional R2 (R2

c) estimates were calculated following Nakagawa S, Schielzeth 

HA. A general and simple method for obtaining R2 from generalized linear mixed-effects models. Methods 

Ecol Evol. 2013; 4: 133-142.
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S7 Table. Coefficient estimates for the GLMM (binomial errors, logit link) best explaining variation (lowest AICc value; the 

“top model”) in Annual Breeding Success and sequential reproductive stages in young/middle-aged (< 11) male and female 

Nazca boobies.  Age: centered, continuous; FP: a dichotomous factor for Fish Phase; SSTAAMJ and SSTADJF: local sea surface 

temperature anomalies averaged across Apr-Jun and Dec-Feb, respectively; El Niño: a dichotomous factor marking the 1997-98 

extreme ENSO warm event.  SSTAAMJ is not included as a predictor for traits expressed prior to April.  The variance for the random 

effects associated with each model are presented along with the intraclass correlation coefficient (ICC; the proportion of total variance 

not accounted for by fixed factors) in brackets. 
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Male Annual Breeding Success 
(19 yrs) 

Annual Breeding Success 
(12 yrs) 

p(lay | alive) 
 (12 yrs) 

p(hatch | lay)  
(12 yrs) 

p(independent offspring | 
hatch) (12 yrs) 

Fixed effects Estimate [95% CI] P Estimate [95% CI] P Estimate [95% CI] P Estimate [95% CI] P Estimate [95% CI] P 
Intercept -2.21 [-2.58, -1.81] *** -2.24 [-2.45, -1.98] *** -0.52 [-0.94, -0.09] * 0.66 [0.44, 0.89] *** 0.47 [0.21, 0.71] *** 
SSTAAMJ not in top model  -0.48 [-0.77, -0.20] ** na  na  -0.52 [-0.89, -0.15] ** 
SSTADJF 0.43 [-0.01, 0.82] . 0.62 [0.38, 0.84] *** 0.78 [0.34, 1.30] ** 0.31 [0.03, 0.58] * 0.50 [0.17, 0.87] ** 
El Niño -6.57 [-23.52, -4.40] *** -7.29 [-15.06, -5.81] *** -3.49 [-5.51, -1.78] *** -2.31 [-3.40, -1.22] *** -7.10 [-19.07, -5.33] *** 
FP (Sardine) 1.33 [0.62, 2.02] *** 1.53 [1.20, 1.86] *** 1.19 [0.53, 1.80] *** 0.62 [0.28, 0.92] *** 1.34 [0.95, 1.74] *** 
Age 0.54 [0.48, 0.57] *** 0.71 [0.62, 0.78] *** 0.67 [0.61, 0.72] *** 0.27 [0.19, 0.34] *** 0.28 [0.18, 0.38] *** 
Age2 -0.06 [-0.08, -0.05] *** -0.07 [-0.10, -0.04] *** -0.04 [-0.06, -0.02] *** -0.03 [-0.07, 0.00] * not in top model  
FP:Age not in top model  

 
not in top model  

 
not in top model  

 
not in top model  

 
not in top model 

 

Random 
effects Variance [ICC]   Variance [ICC]   Variance [ICC]   Variance [ICC]   Variance [ICC]   
ID 0.91 [0.16]  1.09 [0.20]  1.86 [0.29]  0.23 [0.05]  0.18 [0.04]  
Year 0.46 [0.08] 

 
0.03 [0.01] 

 
0.27 [0.04] 

 
0.04 [0.01] 

 
0.04 [0.01]  

R2m1 0.30  0.52  0.33  0.09  0.31  
R2c1 0.50  0.64  0.60  0.16  0.35  
N cases 15,884  5,038  5,038  2,343  1,563  

           
Female Annual Breeding  

Success (19 yrs) 
Annual Breeding 
 Success (12 yrs) 

p(lay | alive)  
(12 yrs) 

p(hatch | lay) 
 (12 yrs) 

p(independent offspring | 
hatch) (12 yrs) 

Fixed effects Estimate [95% CI] P Estimate [95% CI] P Estimate [95% CI] P Estimate [95% CI] P Estimate [95% CI] P 
Intercept -1.07 [-1.54, -0.58] *** -1.03 [-1.52, -0.47] *** 1.91 [1.39, 2.52] *** 0.78 [0.52, 1.05] *** 0.59 [0.23, 0.95] ** 
SSTAAMJ not in top model  not in top model  na  na  not in top model  
SSTADJF 0.57 [0.01, 1.08] * 1.11 [0.60, 1.72] *** 1.14 [0.39, 1.92] ** 0.48 [0.21, 0.78] ** 0.61 [0.18, 1.12] ** 
El Niño -5.75 [-13.32, -2.87] *** -7.57 [-21.64, -5] *** -3.15 [-6.39, 0.20] . -2.43 [-3.54, -1.36] *** -6.71 [-9.46, -4.81] *** 
FP (Sardine) 1.10 [0.16, 1.94] * 1.27 [0.46, 1.98] **   0.66 [0.27, 1.02] *** 1.26 [0.71, 1.83] *** 
Age 0.41 [0.38, 0.44] *** 0.41 [0.35, 0.48] *** 0.44 [0.37, 0.49] *** 0.21 [0.16, 0.26] *** 0.20 [0.12, 0.28] *** 
Age2 -0.09 [-0.10, -0.07] *** -0.09 [-0.12, -0.07] *** -0.08 [-0.10, -0.05] *** -0.05 [-0.07, -0.03] *** -0.05 [-0.08, -0.02] ** 
FP:Age not in top model  

 
not in top model  

 
not in top model  

 
not in top model  

 
not in top model  

 

Random 
effects Variance [ICC]   Variance [ICC]   Variance [ICC]   Variance [ICC]   Variance [ICC] 

  

ID 0.46 [0.08]  0.33 [0.07]  0.76 [0.13]  0.20 [0.04]  0.08 [0.02]  
Year 0.66 [0.12] 

 
0.41 [0.08] 

 
0.77 [0.13] 

 
0.05 [0.01] 

 
0.14 [0.03]  

R2m1 0.24  0.42  0.29  0.12  0.29  
R2c1  0.44  0.53  0.52  0.18  0.34  
N cases 11,773   3,678   3,678   2,657   1,787   

P:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
1Marginal R2 (R2

m), and conditional R2 (R2
c) estimates were calculated following Nakagawa S, Schielzeth HA. A general and simple method for obtaining R2 

from generalized linear mixed-effects models. Methods Ecol Evol. 2013; 4: 133-142.  
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S8 Table. Coefficient estimates for the GLMM (binomial errors, logit link) best explaining variation (lowest AICc value; the 

“top model”) in Annual Breeding Success and sequential reproductive stages in presumed old male and female Nazca boobies.  

YBD: centered, continuous, years before death; FP: a dichotomous factor for Fish Phase; SSTAAMJ and SSTADJF: local sea surface 

temperature anomalies averaged across Apr-Jun and Dec-Feb, respectively.  SSTAAMJ is not included as a predictor for traits 

expressed prior to April.  The variance for the random effects associated with each model are presented along with the intraclass 

correlation coefficient (ICC; the proportion of total variance not accounted for by fixed factors) in brackets. 
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Male Annual Breeding Success 
(18 yrs) 

Annual Breeding Success 
(11 yrs) p(lay | alive) (11 yrs) p(hatch | lay) (11 yrs) p(independent offspring | 

hatch) (11 yrs) 

Fixed effects Estimate [95% CI] P Estimate [95% CI] P 
Estimate [95% 

CI] P 
Estimate [95% 

CI] P 
Estimate [95% 

CI] P 
Intercept -2.21 [-2.55, -1.74] *** -2.35 [-2.81, -1.86] *** -0.36 [-1.00, 0.26]  0.59 [0.30, 0.85] *** -0.01 [-0.43, 0.40]  
SSTAAMJ not in top model  not in top model  na  na  not in top model  
SSTADJF 0.37 [-0.10, 0.77]  1.10 [0.56, 1.61] *** 0.85 [0.16, 1.46] * 0.63 [0.23, 1.02] ** 0.96 [0.40, 1.54] *** 
FP (Sardine) 1.60 [0.75, 2.26] *** 1.92 [1.11, 2.49] *** 1.40 [0.37, 2.41] ** 0.92 [0.36, 1.42] *** 1.68 [1.02, 2.49] *** 
YBD 0.20 [0.11, 0.28] *** 0.26 [0.12, 0.38] *** 0.38 [0.23, 0.51] *** not in top model  0.21 [0.07, 0.37] ** 
FP(Sardine):YBD not in top model 

 
not in top model 

 
not in top model 

 
not in top model 

 
not in top model 

 

Random effects Variance [ICC]   Variance [ICC]   Variance [ICC]   Variance [ICC]   Variance [ICC]   
ID 1.42 [0.23]  1.46 [0.25]  4.97 [0.51]  0.33 [0.07]  0.00 [0.00]  
Year 0.47 [0.08] 

 
0.21 [0.03] 

 
0.46 [0.05] 

 
0.05 [0.01] 

 
0.13 [0.03]  

R2m1 0.07  0.18  0.08  0.07  0.18  
R2c1 0.41  0.46  0.65  0.16  0.21  
N cases 3,175  1,568  1,568  753  515  

           
Female Annual Breeding Success 

(18 yrs) 
Annual Breeding Success 

(11 yrs) p(lay | alive) (11 yrs) p(hatch | lay) (11 yrs) p(independent offspring | 
hatch) (11 yrs) 

Fixed effects Estimate [95% CI] P Estimate [95% CI] P 
Estimate [95% 

CI] P 
Estimate [95% 

CI] P 
Estimate [95% 

CI] P 
Intercept -1.80 [-2.29, -1.19] *** -1.38 [-1.92, -0.80] *** 1.96 [1.29, 2.69] *** 0.42 [0.14, 0.70] ** 0.18 [-0.37, 0.72]  
SSTAAMJ not in top model  not in top model  na  na  not in top model  
SSTADJF 0.60 [0.00, 1.23] . 1.26 [0.62, 1.96] *** 1.32 [0.66, 2.06] *** 0.61 [0.23, 0.99] ** 0.97 [0.27, 1.62] ** 
FP (Sardine) 1.68 [0.72, 2.64] ** 1.45 [0.57, 2.35] ** 0.82 [-0.26, 1.98]  0.87 [0.33, 1.41] ** 1.38 [0.42, 2.17] ** 
YBD 0.21 [0.12, 0.30] *** 0.26 [0.14, 0.38] *** 0.43 [0.24, 0.63] *** 0.22 [0.12, 0.33] *** not in top model   
FP(Sardine):YBD not in top model 

 
not in top model  

 
-0.38 [-0.85, 0.02] . not in top model 

 
not in top model   

Random effects Variance [ICC]   Variance [ICC]   Variance [ICC]   Variance [ICC]   Variance [ICC]   
ID 1.11 [0.18]  0.81 [0.15]  2.63 [0.36]  0.26 [0.06]  0.52 [0.10]  
Year 0.82 [0.13] 

 
0.43 [0.08] 

 
0.45 [0.06] 

 
0.07 [0.01] 

 
0.30 [0.06]  

R2m1 0.09  0.17  0.13  0.07  0.11  
R2c1 0.43  0.40  0.55  0.15  0.28  
N cases 2,548   1,144   1,144   908   582   

P:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
1Marginal R2 (R2

m), and conditional R2 (R2
c) estimates were calculated following Nakagawa S, Schielzeth HA. A general and simple method for obtaining R2 

from generalized linear mixed-effects models. Methods in Ecology and Evolution. 2013; 4: 133-142.  
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SI Figures 

S1 Fig.  Recent SST + 4.5°C and sardine spawning temperature east of the Nazca 

booby foraging range.  (a) Foraging envelope [48] (semicircle) of breeding Nazca 

boobies from Isla Española, Galápagos.  Most present-day trips are within the area of the 

semicircle.  Dotted line to the east shows the continental shelf break (1000 m isobath), 

roughly indicating the distribution of continental Pacific sardines, a probable source 

population for Galápagos.  (b) Recent temporal variation (blue lines) in SST in each of 12 

2° x 2° blocks east of the present-day foraging range of Nazca boobies.  Solid horizontal 

line shows upper limit of spawning SST range of Pacific sardines (25°C; [45-47]).  

Dashed horizontal line shows upper incipient lethal limit for warm-acclimated temperate-

origin Pacific sardines (25.6°C; [44]).  (c) Recent SST from (a) with 4.5°C warming 

expected within 100 years.  Orange pts (+ 2 S.D.) show expected temperature averaged 

across all 12 blocks and across all years (1982-2016) by month.  Gray lines show 

temperatures averaged across all years, by month, for each individual block.  Monthly 

SST values for each 2° x 2° block were downloaded on 12 May 2016 from 

http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version3b/.sst/. 
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S2 Fig.  Annual probabilities of adult female survival (a, b) and annual probabilities 

of raising a female offspring to independence, given that the mother is alive, (c, d) 

used to construct annual population projection matrices.  (a) Age-specific annual 

survival probabilities of adult females (N = 3,332 individuals) for each of the years 1985-

2012 estimated with a mark-recapture model controlling encounter probabilities <1; year 

and age fit additively as multi-level factors (ages 4-21, 22+).  (b) Temporal sequence of 

annual survival probabilities holding age constant at 10 yrs; brackets show 95% CIs.  (c) 

Age-specific Annual Breeding Success (N = 14,640 breeding records) for 1992-2006, 

2008-2012 from a binomial GLMM (logit link); year and age fit additively as multi-level 

factors (ages 2-21, 22+).  In 2007, value was estimated using annual survival (see S1 

Methods).  (d) Temporal sequence of Annual Breeding Success holding age constant at 

10 yrs; brackets show 95% CIs. 
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S3 Fig.  Annual patterns of “age-” specific recapture (a) and survival (c) 

probabilities for female Nazca boobies banded as adults and for known-age females 

(b, d).  Estimated age assigned as 4 in the year of banding for individuals banded as 

adults.  Survival and recapture probabilities from the top mark-recapture model allowing 

both probabilities to vary by year and by banding class (as adult or as young of the year) 

interacting with age (multi-level factor, levels 4-21, 22+).  Values for individual years 

1985-2012 are in grey, with the median age-specific trajectory marked by a thick black 

line. 
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S4 Fig. Annual probabilities of juvenile survival for female Nazca booby offspring 

by mother’s age (a) and in temporal sequence (b) used to construct annual 

population projection matrices.  (a) Curves are predictions for each year from a GLMM 

(binomial errors, logit link) modeling offspring survival from independence to 

recruitment by mother’s age (continuous; linear and quadratic predictors) and year 

(factor, 1992-1996, 1998, 2000-2008), N = 3,813. (b) Temporal sequence of annual 

values holding a mother’s age constant at 10 yrs.  Checkered points (2009-2012) mark 

years too recent for cohort members to have fully recruited; for these years, annual rate of 

juvenile survival was predicted from its positive relationship with Annual Breeding 

Success.  Brackets show 95% CIs.  Offspring sex was unknown for some cohorts, so the 

sexes were combined for modeling and all values were adjusted for the 33% lower 

survivorship of female offspring compared to male [51].  Few offspring reached 

independence in 1997 (N = 18) and 1999 (N = 10) and none survived the juvenile period, 

preventing inclusion of these years in the GLMM. 
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S5 Fig.  Annual Breeding Success by Fish Phase for known-age Nazca boobies.  

Breeding records of (a) males (N = 19,635 breeding records) and (b) females (N = 14,302 

breeding records) during five seasons of Sardine Phase (1992-1996) and 14 seasons of 

Flying Fish Phase (1998-2012).  Predicted mean Annual Breeding Success (95% CIs) by 

age (fit as a multi-level factor), Fish Phase, and their interaction, with year and identity 

random effects from sex-specific GLMMs (binomial errors, logit link).  Sardine Phase 

age classes truncated at 12 because the diet switch occurred before old adults were 

produced by earlier banding of young of the year. 
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ABSTRACT 

1. Under life-history theories of ageing, increased senescence should follow 

relatively high reproductive effort.  This expectation has rarely been tested against 

senescence varying between and within the two sexes, although such an approach 

may clarify the origins of sex-specific ageing in the context of a given mating 

system. 

 

2. Nazca boobies (Sula granti; a seabird) practice serial monogamy and bi-parental 

care.  A male-biased population sex ratio results in earlier and more frequent 

breeding by females. Based on sex-specific reproductive schedules, females were 

expected to show faster age-related decline for survival and reproduction.  Within 

each sex, high reproductive effort in early life was expected to reduce late-life 

performance and accelerate senescence.   

 

3. Longitudinal data were used to (1) evaluate the sex-specificity of reproductive 

and actuarial senescence and then (2) test for early-/late-life fitness trade-offs 

within each sex.  Within-sex analyses inform an interpretation of sex differences 

in senescence based on costs of reproduction.  Analyses incorporated individual 

heterogeneity in breeding performance and cohort-level differences in early-adult 

environments.   

 

4. Females showed marginally more intense actuarial senescence and stronger age-

related declines for fledging success.  The opposite pattern (earlier and faster male 
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senescence) was found for breeding probability.  Individual reproductive effort in 

early life positively predicted late-life reproductive performance in both sexes and 

thus did not support a causal link between early-reproduction/late-life fitness 

trade-offs and sex-differences in ageing.  A high-quality diet in early adulthood 

reduced late-life survival (females) and accelerated senescence for fledging 

success (males).  

 

5. This study documents clear variation in ageing patterns – by sex, early-adult 

environment, and early-adult reproductive effort – with implications for the role 

mating systems and early-life environments play in determining ageing patterns.  

Absent evidence for a disposable soma mechanism, patterns of sex-differences in 

senescence may result from age- and condition-dependent mate-choice interacting 

with this population’s male-biased sex ratio and mate rotation. 

 

KEYWORDS: Ageing, diet, disposable soma theory, Galápagos, individual quality, 

mate rotation, serial monogamy, Sula granti 
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INTRODUCTION 

Diminishing reproductive success and survival probability with age 

(“senescence”) often affects one sex more than the other, a phenomenon cast 

productively in relation to sex-specific reproductive costs and benefits (Promislow 2003; 

Bonduriansky et al. 2008).  A link between reproduction and late-life physical 

deterioration was forged by the “life-history theories of ageing”, which propose 

senescence as a long-term cost of early or “high” reproduction and/or growth under 

resource limitation (Williams 1957; Kirkwood & Rose 1991).  Senescence evolves, and is 

maintained, by natural selection favoring reproductive effort when young at the expense 

of somatic repair and late-life performance (Williams 1957; Hamilton 1966; Kirkwood & 

Rose 1991).  Higher reproductive effort in one sex is then expected to increase mortality 

and devalue longevity and late-life performance, promoting senescence in that sex 

(Williams 1957; Clutton-Brock & Isvaran 2007).  

A loose dichotomy between polygamous and monogamous systems supports this 

prediction.  High intrasexual competition among polygamous male ungulates favors high 

reproductive allocation in that sex, and, in accordance with theory, senescence in 

ungulate populations is often male-biased (e.g., for reproduction: Nussey et al. 2009; for 

survival: Catchpole et al. 2004; but see Hayward et al. 2015a).  In contrast, the similar 

reproductive efforts of parents in monogamous species should limit the evolution of sex 

differences in senescence (Williams 1957; Promislow 2003) and monogamous taxa 

typically show little or no sex-bias in ageing (Clutton-Brock & Isvaran 2007).  However, 

a simple polygamous/monogamous dichotomy is challenged by examples of male-biased 

(Catry et al. 2006; Lecomte et al. 2010; Pardo, Barbraud & Weimerskirch 2013) or 
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female-biased ageing (Reed et al. 2008; Rebke et al. 2010; Froy et al. 2017) in long-lived 

monogamous seabirds.  Sex differences in the nature and scheduling of reproductive 

effort may shape senescence here also (Kim et al. 2011; Pardo et al. 2013).  Our study 

explores lifetime fitness trade-offs in a long-lived seabird in relation to the species’ sex-

specific schedules of reproduction, evaluating the effects of sex, early-adult breeding 

environment, and early reproduction on senescence in the context of the evolutionary 

theories of ageing.  Longitudinal data on reproduction and survival of the Nazca booby 

(Sula granti) were used to describe ageing patterns under sex-specific schedules of 

reproductive effort, and then evaluate the expectation, within each sex, that reproductive 

effort when young trades off with late-life performance and degree of senescence.  

Mortality risk somewhat devalues somatic maintenance and repair that trades off 

with early life fecundity.  Assuming resource allocation trade-offs between reproduction 

and survival, the disposable soma theory posits optimal allocation into somatic 

maintenance will favor “accepting” some somatic damage and progressive physiological 

degeneration with age (Kirkwood 1977; Kirkwood & Rose 1991).  In genetic terms, 

senescence evolves through the fixation of alleles with early-acting positive effects and 

late-acting negative effects (antagonistic pleiotropy; Williams 1957).  Our approach is 

demographic, and genetic approaches are required to evaluate William’s mechanism 

(e.g., Charmantier et al. 2006), so we focus on disposable soma.  The disposable soma 

theory rests on the assumption that reproductive costs are paid, at least in part, by late-life 

performance (Kirkwood & Rose 1991).  Under these early/late-life trade-offs, individuals 

with high early fecundity should suffer a shorter lifespan and/or faster senescent decline 

for survival (Hayward et al. 2014; Boonekamp et al. 2014) or reproduction (Reed et al. 
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2008; Bouwhuis et al. 2010; Nussey et al. 2013; Lemaître et al. 2014).  Phenotypic trade-

offs measured in the wild support the idea of senescence as a long-term cost of 

reproduction and, crucially, establish early/late-life trade-offs as a factor structuring life-

history variation by sex, and within each sex, in wild populations (Nussey et al. 2006, 

2007; Kim et al. 2011; Lemaître et al. 2015).   

Nazca boobies are monogamous with bi-parental care within a breeding season, 

with the sexes sharing incubation, brooding, and chick-rearing (Anderson & Ricklefs 

1992; Morgan, Ashley-Ross & Anderson 2003; Apanius, Westbrock & Anderson 2008).  

Costs of reproduction within a breeding attempt appear similar in males and females: 

declines in mass and a general measure of immunocompetence while breeding (Apanius 

et al. 2008), and immediate survival costs of reproduction (Townsend & Anderson 

2007a), are not sex-specific.  However, females initiate breeding at a younger age, breed 

more frequently, and raise more offspring than males (Anderson & Apanius 2003; 

Maness & Anderson 2007, 2013; Tompkins, Townsend & Anderson 2017).  Sex-specific 

schedules of reproductive effort are explained by an excess of adult males and “mate 

rotation” (Maness, Westbrock & Anderson 2007; Maness & Anderson 2007): active 

divorce by females rotates male Nazca boobies in and out of the breeding pool, 

homogenizing the number of mating opportunities among males at a lower level per year 

of life than that of females (Maness & Anderson 2007, 2008).  This constrains males, on 

average, to fewer breeding opportunities and thus a lower cumulative reproductive effort.  

Under the disposal soma theory, these males should decline slower than females in 

survival and reproduction in old age.  Slower male reproductive senescence is also 

expected if males accumulate less somatic damage; however, the opposite trend (faster 
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male reproductive senescence) is also possible, given that females may avoid older males 

(Pardo et al. 2013).   

Within each sex, Nazca boobies vary in their early-life breeding participation and 

reproductive success (Maness & Anderson 2008; Tompkins et al. 2017); this individual 

variation was exploited to test the expectation of sex differences in ageing because of 

more frequent female breeding.  On an individual level, high breeding participation and 

reproductive success were predicted to enhance senescence in each sex, suggesting (or 

not) that the same mechanism could plausibly underlie any observed differences between 

the sexes.  Early/late-life trade-offs are typically explored only in females, where high 

early fecundity is associated with short lifespans (e.g., Reid et al. 2003; Boonekamp et al. 

2014; Hayward et al. 2014) or accelerated reproductive senescence (Bouwhuis et al. 

2010).  In males also, early/late-life trade-offs have been observed.  Polygamous male red 

deer (Cervus elaphus) and polygamous European badgers (Meles meles) trade off 

intrasexual competition when young with reproductive senescence (deer; Lemaître et al. 

2014) or body mass senescence (badgers; Beirne, Delahay & Young 2015).  These last 

two examples demonstrate the remarkable intra-population variability of senescence and 

show how processes affecting sex differences in senescence – here, greater intrasexual 

competition experienced by males – can be inferred from patterns within each sex 

(Lemaître et al. 2014; Beirne et al. 2015).  Laboratory studies confirm the plasticity of 

senescence (Kawasaki et al. 2008) and, with studies in the wild, illuminate how 

environmental or population processes may shape the ageing process (Pardo et al. 2013; 

Beirne et al. 2015; Panagakis, Hamel & Côté 2017).  
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The Nazca booby system provides an opportunity to explore ageing in a breeding 

environment (male-biased sex ratio) expected to enhance senescence in one sex 

(females), without the potentially confounding influence of differential allocation by the 

two sexes within a breeding bout.  Our approach compares male versus female ageing 

patterns in the context of the life-history theories of ageing and this species’ unusual 

mating system, linking the population sex ratio, mate rotation, and heterogeneous 

breeding opportunities to life-history variation within and between the sexes.  Early/late-

life fitness associations expressed in each sex (possibly in a sex-specific manner) and 

involving multiple fitness components (survival and reproduction) are evaluated in a wild 

population, addressing an important gap in empirical research (Nussey et al. 2013; 

Lemaître et al. 2015; Lemaître & Gaillard 2017). 
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MATERIALS AND METHODS 

Data collection and environmental setting 

 Data on age-specific Nazca booby reproduction and survival were collected 

during a long-term study of booby life-history and behavior at Punta Cevallos, Española 

Island, Galápagos (1°20’ S, 89°40’ W; study site described in Apanius et al. 2008).  

Nazca boobies breed from September/October to the following May/June.  Each breeding 

season is referred to by the first calendar year (e.g., “2002” for the 2002-03 season).  

Alphanumeric leg banding of boobies began in 1984; all analyses used known-age birds, 

and only individuals surviving to adulthood, when sex-specific voices reveal sex. 

 Individual longevity was scored, and survival estimated, using data collected 

during annual Band Resight Surveys (BRSs) conducted in October/November from 1983-

2017, except in 1988 (Huyvaert & Anderson 2004).  An individual was considered 

“dead” in the first year of a BRS absence of ≥ 2 years.  Only 1% of banded birds 

reappeared after a 2-year absence, requiring retrospective adjustment of lifespan.  

Reproductive performance was assessed with the probability of raising an offspring to 

independence, given that a focal adult is alive (“Annual Breeding Success” or ABS), and 

with two components of this achievement: the probability of breeding, given that a focal 

adult is alive (“Breeding Probability” or BP) and the probability of raising an 

independent offspring, given a breeding attempt (“Fledging Success” or FS).  All 

reproductive performance variables are dichotomous; Nazca boobies lay one- or two-egg 

clutches but raise at most one young in a breeding season (Humphries et al. 2006).  

Offspring raised in re-nest versus original clutches were not distinguished.  ABS can be 

decomposed into components BP and FS only in seasons when all nests of banded birds 
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were monitored daily through the egg-laying period to establish breeder/non-breeder 

status.  Breeder/non-breeder status is known during seasons 1992-2004, and 2010-2015; 

ageing analyses of BP and FS use data from these years.  Individual ABS is available for 

seasons 1992-2015, except 2007.    

 The maximum recorded age in Nazca boobies is 26 (females) and 28 (males; 

unpub. data), so decades of observation are required to capture the full adult lifespan.  

Ageing analyses included cohorts raised in 1984-87 and 1992-96, trading off sample size 

with the maximum age achieved by each cohort in the final year of the study (2015).  No 

young of the year were banded from 1988-1991.  For FS, ~5% of records contained two 

members of our focal cohorts breeding together.  In such cases, one parent was selected 

randomly to associate with the record.   

 Our long-term study was bisected by a qualitative and quantitative shift in diet 

from high-quality sardine (Sardinops sagax) prey (pre-1997) to flying fish (Exocetidae; 

1997 and later).  Reproductive success dropped dramatically when sardines disappeared 

and offspring took longer to reach independence (Tompkins et al. 2017), indicating 

resource limitation during the “Flying Fish Phase”.  Analyses of ageing across the entire 

lifespan (see below) span both diets, and a temporal variable incorporated immediate 

effects of Fish Phase on reproduction.    

 Inter-annual variability in oceanographic conditions within the Nazca booby 

foraging range in the eastern tropical Pacific (Zavalaga et al. 2012) is influenced heavily 

by the El Niño-Southern Oscillation (ENSO; McPhaden, Zebiak & Glantz 2006).  

Anomalously high sea surface temperatures (SST) and deep thermoclines in the east and 

central equatorial Pacific signal an ENSO warm phase (“El Niño”).  El Niño events alter 
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the temporal and spatial patterns of primary productivity in the tropical Pacific (Feldman, 

Clark & Halpern 1984; McPhaden et al. 2006; Schaeffer et al. 2008) and can depress 

reproduction and/or survival for organisms at high trophic levels, including Nazca 

boobies (Townsend & Anderson 2007a; Tompkins et al. 2017, Champagnon et al. 2018).  

Opposite El Niño, ENSO “La Niña” events are characterized by cooling surface waters 

and a shallower thermocline in the eastern equatorial Pacific.  Nazca booby juvenile 

survival is reduced at each ENSO extreme (Champagnon et al. 2018) and a continuous 

measure of ENSO intensity was parameterized to allow both El Niño and La Niña 

conditions to associate with poor outcomes for reproduction (SI Methods).   

 

Statistical analyses 

Analyses were conducted in two stages.  In Stage 1, we describe patterns of 

mortality, ABS, BP, and FS by age and test the sex-specificity of ageing patterns using 

data from the full adult lifespan.  Statistical support for sex-differences in ageing at Stage 

1 addressed our prediction of female-biased actuarial senescence in Nazca boobies.  In 

Stage 2, associations between early-adult reproductive effort and late-life performance 

(including the intensity of senescent decline) were explored within each sex.  Statistical 

support for a negative covariance between early-adult reproductive effort and late-life 

performance addressed our prediction of long-term costs following heavy early-life 

reproductive effort.  Modeling approaches and predictor variables are first described for 

Stage 1 analyses, followed by Stage 2.  
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Stage 1: Survival 

Sex-differences in the shape of the age function for mortality risk were analyzed 

using Bayesian Survival Trajectory Analysis (Colchero & Clark 2012) applied to BRS 

data for 655 females and 909 males using R Package BaSTA (v. 1.9.3, Colchero, Jones & 

Rebke 2012).  BaSTA estimates mortality trends with age while accommodating 

unobserved ages at death and recapture probabilities < 1.  The mortality rate for age x is 

defined by: 

 𝜇𝜇(𝑥𝑥|𝜷𝜷) = lim
∆𝑥𝑥→0

Pr (𝑥𝑥<𝑋𝑋<𝑥𝑥+∆𝑥𝑥|𝑋𝑋>𝑥𝑥,𝜷𝜷)
∆𝑥𝑥

, 𝑥𝑥 ≥ 0                                                                 eqn. 1 

with X a random variable for age at death and β a vector of mortality parameters to be 

estimated.   

Three functional forms describing the age-dependence of mortality were 

evaluated.  Briefly, an exponential model implied constant mortality and competed 

against the Gompertz model (mortality increases exponentially with age) and the logistic 

model (an extension of the Gompertz model, decelerating mortality increases with age).  

Two additional models were constructed by adding a constant (the “Makeham 

parameter”) to the Gompertz and logistic mortality functions (Pletcher 1999).  In total, 

five models were run for each sex.  Males and females were modelled separately because 

recapture probabilities are lower for female Nazca boobies than for males (Champagnon 

et al. 2018) and BaSTA cannot yet accommodate covariates – except time-dependence – 

for recapture probability.  All candidate models included full time-dependence for 

recapture probability and estimated the mortality function for adults only (ages ≥ 6).  

Coefficient estimates were drawn from the posterior distributions of models sampled 

from four MCMC chains, each for 320,000 iterations using a thinning interval of 800, 
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following a burn-in of 40,000 iterations.  Convergence was assessed visually and using 

the potential scale reduction criteria of Gelman et al. (2013).  The best-supported 

mortality function for each sex was inferred by comparing model DIC values; models 

with the lowest DIC were considered to best explain variation in the data (Spiegelhalter et 

al. 2002).  We compared the best-supported ageing functions, and associated parameter 

estimates, of males and females to address our prediction of enhanced actuarial 

senescence by females.  

Males and females may follow similar ageing functions for mortality/survival yet 

differ in the age when performance declines begin.  Female Nazca boobies were expected 

to suffer an earlier onset of senescence than males, a prediction tested using capture-

mark-recapture (CMR) models run in program MARK (v. 8.2, White & Burnham 1999).  

CMR approaches model annual survival probabilities (not mortality risk) and account for 

imperfect detection.  The sexes were modelled together, and threshold functions were 

used to describe age-effects on survival probability.  For each sex, a single threshold 

divided the lifespan, representing the onset of senescence, with independent linear slopes 

describing ageing rates before and after the breakpoint.  A series of models were 

constructed for all combinations of male and female threshold values between the ages of 

12-23 (Tompkins et al. 2017, Anderson & Apanius 2003).  AICc values were used to 

rank models with varying male/female onsets of senescence, and approximate 95% 

confidence intervals (CI) on threshold values for each sex were constructed using profile 

likelihoods (Ulm & Cox 1989).  Nazca booby females (Tompkins et al. 2017) and both 

sexes (Anderson & Apanius 2003), show relatively little variation in survival with age 
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across much of the adult lifespan, explaining why the model set was restricted to single-

threshold parameterizations.    

Adult survival probabilities are slightly higher in the latter years of our study, 

characterized by negative values of the Pacific Decadal Oscillation (Champagnon et al. 

2018) and a flying fish diet (Tompkins et al. 2017).  The threshold model set was rerun 

including a predictor marking this temporal change in average survival probability to 

verify that environmental effects do not obscure or confound estimated ageing patterns.  

BaSTA cannot accommodate time-dependent covariates predicting mortality risk, 

preventing a similar exploration.  CMR model construction and threshold methodology is 

discussed in detail in the SI Methods.  

 

Stage 1: Reproduction 

 Sex differences in ageing for ABS, BP, and FS were analyzed using binomial 

generalized mixed effect models (GLMMs, logit link function) applied to longitudinal 

data.  Identity and breeding season were group-level (“random”) effects.  Data from two 

additional cohorts (1998, 2000) were added to our focal cohorts (1984-87, 1992-96) for 

Stage 1 analyses only after initial threshold models (see below) suggested difficulty 

decoupling age effects from the unusual environmental conditions of 1997-1999 (an 

extreme El Niño warm event followed by an extreme La Niña cool event).  Samples sizes 

varied with response variable and are listed in Tables S1-3.  Models were fit using 

Bayesian model estimation in program Stan (Carpenter et al. 2017), run in R (v. 3.4.3, R 

Core Team 2017) using the package rstan (v. 2.17.3, Stan Development Team 2018).  
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The sexes were modeled together, with a variable “Sex” discriminating male versus 

female records.   

 Chronological age was fit as a continuous covariate predicting reproductive 

performance.  First, ABS (or BP, FS) was modelled as linear and quadratic functions of 

age (the “quadratic model”).  Quadratic age parameterizations may erroneously predict 

late-life performance decline as an artefact of waning early-life improvement.  To address 

this limitation, threshold models were compared with quadratic models.  Threshold 

models included two threshold ages for each sex (first threshold age = TSEX,1, second 

threshold age = TSEX,2) dividing the lifespan into early, prime-age, and late-life periods 

(e.g., Berman, Gaillard & Weimerskirch 2009; Hayward, Nenko & Lummaa 2015b).  The 

linear slope of performance on age varied by period and sex within the most general 

model (for example, performance could increase with age before TSEX,1, show little 

change with age between TSEX,1 and TSEX,2, and decline with age after TSEX,2).  The 

Bayesian approach allowed estimation of the locations of sex-specific threshold ages and 

linear slope parameters for age-related terms.  The parameterization of the threshold 

models, coefficient interpretation, and further details of model fitting are detailed in the 

SI Methods.  

 Quadratic and threshold models included three additional predictors described in 

the SI Methods: age at last appearance in the BRS (ALA; approximate lifespan), Fish 

Phase, and a continuous measure of the intensity and phase of ENSO during the breeding 

season (N3DJF).  FS may depend jointly on the ages of mates; however, we ignore 

partner age because focal birds paired with mates of unknown age in 75% of records.  

Absence of data on partner age is a limitation of our study.  However, age effects are 
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unlikely to be confounded by partner age because the correlation between pair member 

ages is low (for known-age pairs in our FS data r = 0.20, d.f. = 2,315, p << 0.001), 

implying that little variation in focal individual age (~ 4 %) is explained by partner age 

(Fig. S1).  

 Full models (Table 1) for ABS, BP, and FS were ranked against candidate models 

without sex-specific age-effects and/or threshold ages using the LOOIC, a fully Bayesian 

estimate of predictive error based on an analytical approximation of leave-one-out cross 

validation (Vehtari, Gelman & Gabry 2016a), calculated using R package loo (v. 1.1.0, 

Vehtari, Gelman & Gabry 2016b).  Within each model, the importance of individual 

covariates was assessed by comparing the span of each parameter’s 95% Bayesian 

credible interval (BCI) relative to zero. 

 

Stage 2 

 Within each sex, Nazca booby individuals vary in their schedules of reproductive 

effort.  Stage 2 exploits this between-individual variation to evaluate relationships 

between early reproduction and senescence within each sex, addressing the same 

relationships posited to contribute to sex-differences in ageing in the population.  Stage 2 

modelled relationships between early-adult reproductive effort, age, and late-life annual 

performance (mortality rate, ABS, BP, and FS).  A negative covariance between early-

adult reproductive effort and late-life performance was taken as evidence of an early-

/late-life fitness trade-off.  An interactive effect of age and early-adult reproductive effort 

would suggest a long-term influence of early-adult reproduction on senescence.  Trade-

offs between fitness components measured at the population level may be obscured by 



  

86 
 

individual heterogeneity in resource acquisition (van Noordwijk & de Jong 1986), so the 

long-term influence of early-adult reproductive effort was evaluated alongside a variable 

representing individual heterogeneity in breeding quality.   

 “Early adulthood” encompassed the period of early-life improvement ending at or 

before age 12 (Anderson & Apanius 2003; Tompkins et al. 2017).  Summed clutch 

initiations during early adulthood (EACI, Figs. S2,3) represented reproductive effort in 

our analyses because initiating a clutch, and not fledging offspring, depresses short-term 

survival in some years (Townsend & Anderson 2007a).  Individuals raising an offspring 

to independence achieve the highest survival probabilities in some breeding seasons and 

tend to maintain their status in subsequent years (Townsend & Anderson 2007a; b), 

suggesting that the ability to raise young marks persistent between-individual 

heterogeneity.  Individual quality (Q) was calculated as PC1 of a standardized principal 

component analysis (PCA) run on three variables: a proxy for recruitment age, 

clutch/brood effect (Maness & Anderson 2013), and average fledging success.  The 

clutch/brood effect calculates the number of eggs laid (females) + number of eggs 

hatched (both sexes).  PC1 accounted for 49% of the variance in females and 50% of the 

variance for males.  For both sexes, a higher PC1 value indicates recruitment at a younger 

age, larger clutches (females), higher hatching success, and higher probability of raising a 

nestling to independence (Table S4).  The calculations of EACI and Q are described in the 

SI Methods.  ALA (lifespan) was not included as a predictor in Stage 2 models because 

some cohorts are not extinct, the models include individual quality as a predictor, and 

because ALA effects estimated in Stage 1 were weak in magnitude and only marginally 

statistically significant (Tables S1-3).  
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 Full Stage 2 models (Table 1) also included a cohort-level variable describing 

early-adult diet (sardine versus flying fish) because poor environments encountered in the 

year of birth or early in adulthood often depress late-life performance and promote 

senescence (Nussey et al. 2007; Reed et al. 2008; Bouwhuis et al. 2010; Panagakis et al. 

2017).  All focal cohorts fledged during the Sardine Phase and all senesced during the 

Flying Fish Phase, but had different diets as young adults (most recruit at 4-6 yrs): 

“Sardine Cohorts” (1984-1987; ages 9-12 when sardines disappeared) were young adults 

in the Sardine Phase, and “Flying Fish Cohorts” (1992-1996; ages 0-4 during the Sardine 

Phase) were young adults during the Flying Fish Phase. 

 Stage 2 statistical approaches mirror Stage 1.  Inference was based on model 

comparison of candidate models using DIC (mortality rate), AICc (annual survival 

probability) or LOOIC (reproduction) coupled with the Bayesian credible intervals on 

relevant coefficients.  Actuarial senescence was modelled for ages > 12 using BaSTA to 

quantify senescent declines in performance by early-adult diet and/or early-adult 

reproductive effort.  The best-supported Stage 1 mortality model in each sex became the 

base model for Stage 2 and was compared with extended models allowing mortality rate 

to vary with individual quality (Q, a continuous covariate), with early-adult diet (a 

categorical covariate), and with EACI (a categorical covariate; three levels; individuals 

binned based on sex-specific 25th and 75th percentiles of the distribution of EACI).  The 

continuous Q predictor was fit using a proportional hazards framework within BaSTA, 

while categorical predictors were fit as linear functions of the mortality parameters 

(Colchero & Clark 2012; Colchero et al. 2012).  EACI effects on late-life mortality risk 

were expected to vary with age, violating the assumption of proportional hazards and 
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explaining our choice of a categorical parameterization.  For EACI, individuals were 

binned by the 25th and 75th percentiles.  The choice of these percentiles balanced a trade-

off between having the greatest opportunity to detect an effect (by comparing extreme 

values of EACI) and the sample size within each bin.  Had this predictor explained 

variation in late-life mortality rate (it did not), we would have evaluated the importance 

of these bin thresholds.  Six candidate models were evaluated; the most general model of 

mortality, as a function of covariates and interactions, included Q plus early-adult diet 

interacting with EACI. 

  As in Stage 1, BaSTA analyses of actuarial senescence – focused on the shape of 

the ageing curve – were complemented by CMR models implementing a threshold 

approach to detect earlier or later onset of senescent decline in survival probability by 

early-adult diet or reproductive effort.  Details are described in the SI Methods. 

  Data for dependent variables were restricted to the senescent period for each 

reproductive trait, in each sex, based on the position of the second threshold age 

estimated in Stage 1.  Age was fit as a continuous linear predictor – capturing the overall 

rate of decline in each sex – of each reproductive response variable and the sexes were 

modelled separately.  Thirteen candidate models were evaluated; the most general model 

of reproductive performance, as a function of covariates and interactions, is presented in 

Table 1.  
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RESULTS 

Stage 1: Sex specific ageing  

 Male and female Nazca boobies showed late-life increases in mortality consistent 

with actuarial senescence (Fig. 1, Table 2).  The age-dependence of mortality rate in 

females was best described by the Gompertz function (Table 2), implying an exponential 

increase in mortality with age.  The age-dependence of mortality rate in males was best 

described by the logistic function (Table 2).  The logistic function extends the Gompertz 

by incorporating a parameter, b2, describing some degree of deceleration in mortality risk 

with age.  Mortality rate parameters (b1) from male and female models were compared 

using a calibration of the Kullback-Liebler discrepancy (KLD) following Colchero et al. 

(2017).  A calibrated KLD of 0.5 indicates that the posterior distribution for a given 

parameter is identical in the two sexes while a KLD of 1 indicates perfect separation by 

sex.  Mortality rate parameters (b1) were similar in the two sexes (KLD = 0.62; Table 2); 

thus, the b2 parameter, present in the male model only, describes a slowing, relative to 

females, in actuarial senescence.  However, b2 estimated in males was close to zero (b2 = 

0.06 [95% BCI: 0.00, 0.23]), and differences between the sexes in survival patterns are 

slight (Fig. 1).  Model-estimated survival functions in males and females fit the raw data 

well (Fig. 1) and band loss cannot explain age-related increase in mortality rate (SI 

Methods).   

 Survival senescence started one year in earlier in females than in males (onset at 

16 years [95% CI: 13.53, 16.83] in females versus 17 years [95% CI: 16.61, 19.14] in 

males; Fig. S4; model selection for detection probability shown in Table S5, for survival 

in Table S6).  Candidate models predicting an earlier onset of senescence in females were 
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highly supported (sum of Akaike weights = 0.94), while those predicting earlier actuarial 

senescence in males received little support (sum of Akaike weights = 0.01).  The delay in 

male senescence, relative to females, was enhanced when accounting for higher survival 

probabilities in breeding seasons 1998 onward: senescence began at age 16 years [95% 

CI: 13.71, 18.56] in females versus 20 years [95% CI: 17.88, 21.24] in males (Fig. S5, 

model selection shown in Table S7).     

 Reproductive performance in each sex improved rapidly in early life before 

slowing, or plateauing, and then finally entering a late-life decline (Fig. 2).  The best-

supported models (lowest LOOIC) for ABS, BP, and FS each used a threshold age 

parameterization and included sex-specific threshold ages and slopes (Table 3).  

Compared to threshold models, quadratic models overestimated late-life declines in BP, 

especially in females, and overestimated the ABS and FS of young females (Fig. S6).  

Higher BP across the lifespan in females was expected, given the biased population sex 

ratio and mate rotation (Maness et al. 2007; Maness & Anderson 2007, 2008, 2013), and 

agrees with previous findings (Anderson & Apanius 2003; Tompkins et al. 2017).  

Considering early life, young females showed faster improvement in ABS and FS 

compared to males, while males showed slightly more rapid early improvement for BP 

(Fig. 2, Table 4).  

 Late-life declines in ABS and components BP and FS are consistent with 

reproductive senescence, and all three traits showed important sex differences in ageing 

patterns.  Senescence began 3 years earlier in females for ABS, although age-specific 

performance deteriorated slower in old females (Table 4).  For FS, the position of the 

second threshold age was estimated with low precision, especially in males, but 
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considering rates of senescence, senescence in FS was notably faster in females (Table 4, 

Fig. 2).  The opposite pattern is seen for BP: males senesce faster in BP, and senescence 

begins 2 years earlier (Table 4, Fig. 2). 

  Model selection of reproductive response variables at Stage 1 focused 

exclusively on age- and sex- effects, and predictor variables describing the current 

breeding environment were included in all candidate models.  Coefficient values and 

their 95% BCI from the top model for ABS, BP, and FS suggested current environmental 

conditions affected FS (and through FS, ABS), but not BP.  FS peaked when ENSO 

conditions approached neutrality and was low during El Niño and La Niña extreme 

events (Fig. S7b).  This quadratic relationship between performance and ENSO 

intensity/phase was echoed for ABS (Table S1, Fig. S7a).  Relationships between Fish 

Phase and FS mirror recent findings that fledging success falls sharply when high-quality 

sardine prey disappear (Table S3, Tompkins et al. 2017).  For age at last appearance 

(predicting reproductive performance as a main effect and in interaction with sex), long-

lived Nazca boobies tended to achieve higher ABS (and BP, FS) but statistical support 

was weak, particularly in males (Tables S1-3).  In Stage 2, omitting lifespan as a 

predictor of reproductive response variables did not affect estimated ageing rates (Fig. 

S8).  

 

Stage 2: Individual variation during senescent ages 

 Early-adult reproductive effort (EACI) did not affect patterns of age-specific 

mortality rate for ages > 12 in either sex (model selection shown in Table S8).  Birds 

laying many clutches when young and individuals laying few clutches when young 
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experienced similar mortality trajectories.  Individual quality did affect female mortality 

rate.  Low-quality females suffered higher mortality despite having a later age at first 

breeding, laying fewer eggs per breeding attempt and fledging fewer offspring (these 

follow our definition of quality): the highest-quality females had a 38% lower mortality 

rate compared to the lowest-quality females, although 95% BCI on the relevant 

coefficient included zero (γ Q = -0.08 [-0.18, 0.01]).  For males, the model including Q 

had the lowest DIC value.  However, the Q coefficient was nearly centered on zero (γ Q 

= -0.02[-0.34, 0.30]), so the null model is preferred (∆DIC = 8.1, Table S8).  

 Relationships between EACI and the age-of-onset for survival senescence also 

revealed no early-reproduction/late-survival trade-offs.  Statistically supported 

differences in the timing of senescence by binned EACI show that birds performing well 

early in life continue to do so into old age.  Senescent declines began 3 years earlier in 

females with low EACI versus females with medium EACI (a marginal effect; Fig. S9a,b) 

but threshold age estimates showed substantial model selection uncertainty (model 

selection in Table S9).  Models predicting earlier senescence in low versus medium EACI 

individuals received little more than half the support (sum of Akaike weights = 0.56).  

Males with high early-adult reproductive effort began their late-life decline in survival 

probabilities 3 years later than those expressing low or medium effort (Fig. S9c,d, model 

selection in Table S10).  Models predicting later senescence in individuals with high 

EACI relative to low or medium categories received nearly all the support (TM,1 high EACI 

> TM,1 low EACI: sum of Akaike weights = 0.95; TM,1 high EACI > TM,1 med. EACI: sum of 

Akaike weights = 0.96).  Results were robust to temporal changes in annual survival 

probabilities (Fig. S10, Tables S11, S12). 



  

93 
 

 Substantial model selection uncertainty accompanied the model that best 

explained late-life reproduction for each sex/trait combination.  Model selection 

uncertainty resulted from similar performances among nested models differing by the 

addition/subtraction of one or more covariates (often early-adult diet and its interaction 

with age; model selection in Tables S13-18).  Covariates found only in relatively 

complex, highly-supported models (falling within ∆LOOIC of 2) may explain little 

additional variation but incur few costs for the additional complexity, and simpler models 

were preferred unless 95% BCIs and effect sizes confirmed a parameter’s importance.  

One note: for BP, in both sexes, performance diagnostics for estimated LOOIC indicated 

that these values may be unreliable for model ranking (some shape parameters of the 

generalized Pareto distribution were estimated to be > 0.7).  Candidate models for BP 

were also ranked using 10-fold cross validation.  

  Model rankings and 95% BCIs on Age by EACI interactions show that 

reproductive senescence rates were independent of early-adult reproductive effort for 

each sex/trait combination (Tables S13-18).  However, EACI covaried positively with 

mean performance for most reproductive traits considered (Fig. 3, Tables S19, S20).  

Birds laying many clutches in early adulthood had increased late life performance for 

ABS, BP, and FS compared to same-sex individuals laying few clutches when young.  

All models testing for an effect of EACI included individual quality as a covariate.  High-

quality females had higher ABS, and FS (same trend for BP) than low-quality females.  

In contrast, associations between Q and late-life performance were not supported 

statistically in males.   
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 A long-term effect of early-adult diet on female (not male) mortality rate was 

supported (Table S8).  For females recruiting when high-quality sardine prey were 

available, mortality rate was slightly higher (Fig. 4a).  Diet-specific mortality rates were 

driven by differences in the Makeham parameter (c KLD = 0.77), while baseline and 

mortality rate parameters were similar (b0 KLD = 0.54, b1 KLD = 0.52).  Early-adult diet 

did not influence male late-life mortality rate (Table S8).  

 A two-year delay in the onset of actuarial senescence for males eating flying fish 

in early-adulthood, relative to cohorts recruiting when sardines were available, is 

consistent with BaSTA finding greater actuarial senescence in Sardine Cohorts.  

Senescence began at 14 years [95% CI: < 13, 15.98] for Sardine Cohorts versus 16 years 

[95% CI: 13.97, 16.97] for Flying Fish Cohorts (Fig. S11a,b, Table S21).  Models 

predicting delayed senescence under an early-adult flying fish diet received the most 

support (sum of Akaike weights = 0.69).  The predicted delay was increased to three 

years when considering temporal changes in average survival probability (Fig. S12a,b, 

Table S21).  No such difference was observed in males (Fig. S11c,d, Fig. S12c,d, Table 

S22).   

 Males from cohorts recruiting during the high-quality environment of the Sardine 

Phase showed steeper declines in FS with age (Fig. 4b).  The same trend is revealed for 

male late-life ABS (β Age:D = 0.42 [95% BCI: -0.03, 0.86]; positive values imply 

attenuated senescence in Flying Fish Cohorts).  For all other reproductive response 

variables (BP in males, all variables in females), ageing rate was independent of early-

adult diet (Tables S13-18). 
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DISCUSSION 

 Nazca boobies, a monogamous seabird, show clear sex-differences in 

reproductive senescence and marginal sex-differences in actuarial senescence, with 

females showing an earlier onset and/or a steeper late-life decline in performance for all 

traits except Breeding Probability, where senescence was male-biased.  The sex adopting 

the more wear-and-tear strategy – typically males, from sex-specific constraints rooted in 

anisogamy (Bonduriansky et al. 2008) – should experience higher mortality and, thus, 

weaker selection on late-life performance and lifespan (Williams 1957).  These 

predictions assume that physiological costs of early or “high” reproduction depress late-

life fitness, but trade-offs at the individual level are rarely addressed empirically.  In 

Nazca boobies, females, not males, were predicted to suffer enhanced senescence, based 

on a model assuming that physiological costs of reproduction accumulate on sex-specific 

breeding schedules (females breed more frequently).  The observed sex differences in 

ageing aligned broadly with predictions, but within each sex, early reproduction predicted 

late-life fitness positively (not negatively).  Early-adult clutch initiations, estimating 

reproductive effort when young, did not trade-off with age-dependent mortality rate or 

late-life reproduction.  Discarding the existence of early-/late-life trade-offs may be 

premature because costs of reproduction are notoriously difficult to detect in seabirds and 

may be masked by unmeasured factors (Erikstad et al. 1998; Cam et al. 2002; Robert et 

al. 2012).  However, lacking any evidence of negative late life consequences following 

high breeding participation, we propose three, non-mutually exclusive explanations for 

sex-differences in senescence in Nazca boobies.  We discuss the implications of these 
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ideas for the roles played by mating systems, sex-ratios, and early-life environments in 

forming ageing patterns.  

 First, females may suffer greater senescence as a long-term consequence of sex 

differences in the nestling experience.  Female Nazca boobies are ~16% larger than males 

and fledge at a lower body condition because parents do not fully compensate for the 

greater nutritional needs of a daughter (Townsend, Maness & Anderson 2007; Apanius et 

al. 2008; Maness & Anderson 2013).  Worse female condition at fledging depresses 

survival of daughters in the juvenile period (Maness & Anderson 2013).  Poor quality 

developmental environments reduce fitness outcomes in other systems (e.g., Van de Pol 

et al. 2006; Nussey et al. 2007; Panagakis et al. 2017).  For example, female red deer 

(Cervus elephus) from cohorts raised in harsh environments senesce more rapidly in 

survival and reproduction (Nussey et al. 2007).  Therefore, the longer developmental 

period and lower fledging condition of Nazca booby females may exacerbate female 

ageing for survival (a marginal effect), ABS, and FS.  All cohorts in our analyses shared 

the high-quality sardine diet during development, but within cohorts, individual condition 

at fledging can be highly variable (Maness & Anderson 2013), suggesting a high-priority 

avenue for future research.  We have not yet examined whether age-related declines in 

life-history traits reflect underlying cellular and physiological degeneration, but somatic 

declines are predicted to be accentuated in females and within each sex, in individuals 

with protracted development and/or poor fledging condition.  The selective forces driving 

the evolution of sexual dimorphism are not understood in Nazca boobies, but would play 

an integral role organizing life-history variation between the sexes under this model.  
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 Alternatively, mating dynamics may contribute to population-level patterns of 

actuarial and reproductive senescence even in the absence of underlying differences in 

male versus female age-dependent physiological state.  Male boobies’ BP plummets at an 

age when females still show > 80% annual probabilities of initiating a clutch.  Short-term 

survival costs of reproduction (Townsend & Anderson 2007a) may thus be paid by an 

ever-increasing proportion of females, relative to males, as a booby cohort ages.  This 

idea casts female-biased actuarial senescence as the outcome of short-term survival costs 

of reproduction plus old females’ preference for younger mates.  Unmated males try to 

breed each year, but females control pair formation and maintenance in Nazca boobies 

(Maness & Anderson 2008).  Male condition has been implicated in mate rotation 

(Maness & Anderson 2008), perhaps leading to the exclusion of older males from the 

breeding pool.  If observed male senescence for life-history traits parallels age-related 

somatic or sperm cell degeneration, females should prefer younger, pre-senescent mates 

when they are available (Velando et al. 2011).  Age-related pairing and divorce dynamics 

have yet to be examined in Nazca boobies.  However, in a close congener, old males are 

less competitive for mates than younger males: sexually-selected foot color declines with 

age in blue-footed boobies (Sula nebouxii; Torres & Velando 2007), and old females 

prefer sperm from younger males (Ramos et al. 2014).   

 Male-biased senescence for BP is consistent with this mating-dynamic model, and 

female-biased senescence for FS could be also.  Breeding/not-breeding filters observable 

FS phenotypes so that male Nazca boobies that secure mates probably belong to the 

subset of their age class least affected by age-related physiological decline.  In contrast, 

most old females will breed.  Sex differences in individual heterogeneity affect sex-
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specific ageing patterns for survival in sparrowhawks (Accipiter nisis; Colchero et al. 

2017) and are consistent with more rapid  senescence for FS in female Nazca boobies.  

This idea implies that senescence differences in life-history traits are, at least in part, an 

artefact of mate choice and mate availability and may not reflect sex-differences in 

somatic degeneration with age.  More work is needed to disentangle whether sex-

differences in ageing for fitness-related traits reflect sex-specific patterns of somatic 

decline and to confirm age-dependent mate choice patterns in this species. 

 Finally, reproductive investment with each breeding bout, not the frequency of 

breeding attempts, may be the relevant factor structuring variation in senescence in this 

population.  Expectations for sex-differences in ageing were developed assuming 

equivalent reproductive investment by male and female breeders within a breeding 

season.  In support of this assumption, Townsend & Anderson (2007a) found no sex-

effect on survival costs of reproduction, and Apanius & Anderson (2008) found parallel 

declines in mass and a measure of immunocompetence in males and females during a 

breeding attempt.  However, neither study experimentally manipulated reproductive 

investment.  Experimental manipulation of flight costs in masked boobies (Sula 

dactylatra, a sister taxon) stimulated mass loss (an apparent cost; Weimerskirch et al. 

2009, Sommerfeld et al. 2013) in female, not male, parents (Weimerskirch et al. 2009).  

As in masked boobies (Weimerskirch et al. 2009), Nazca booby females play the more 

important role in provisioning offspring (Anderson & Apanius 2008).  Greater investment 

by female boobies within a breeding season (rather than across breeding seasons) predicts 

female-biased actuarial senescence and may explain why individual analyses fail to find 
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early-late life trade-offs associated with the number of breeding attempts in early 

adulthood.   

 Contrary to expectation, individual variation in early-adult reproductive effort 

(measured via the number of clutch initiations) did not reveal long term survival or 

reproductive costs in either male or female Nazca boobies.  Given only our current 

results, physiological or fitness costs of reproduction do not appear to accumulate across 

the lifespan to affect ageing and late-life performance.  However, individual 

heterogeneity in the ability to use and acquire resources can obscure trade-offs (van 

Noordwijk & de Jong 1986) and individual quality is difficult to capture and thus control.  

It remains possible that Q and EACI variables each measured different axes of individual 

quality and that trade-offs would be revealed using experimental approaches (e.g., Golet 

et al. 2004).  Most early-/late-life fitness associations revealed in Nazca boobies were 

positive, particularly in females.  High-quality female boobies had lower mortality rates 

and higher breeding performance in late-life than low-quality females.  Also, females that 

bred often when young maintained high breeding performance into old ages.  These 

results complement previous results in this species indicating persistent inter-individual 

differences in quality (Clifford & Anderson 2001; Townsend & Anderson 2007a; b) but 

go no further toward elucidating the sources of individual heterogeneity.  Surprisingly, in 

males, our quality variable (Q) did not predict late-life performance; instead, our measure 

of reproductive effort – early-adult clutch initiations – covaried positively with late-life 

BP and ABS.  In Nazca boobies, markers of quality appear to be, at least in part, sex-

specific.    
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 Life-history theory predicts that early environmental conditions will affect 

allocation between fitness components, and so have long-term influences on senescence 

(Bouwhuis et al. 2010; Lemaître & Gaillard 2017; Panagakis et al. 2017).  An early-adult 

flying fish diet, a poor breeding environment, associated positively with late-life fitness.  

Cohorts eating flying fish in early-adulthood had higher late-life performance (survival, 

females) or lower age-related declines (FS, males).  Many studies record the opposite 

association between early environment and ageing; for example, common guillemots 

(Uria aalge) encountering relatively poor environments in the first half of their lives 

show faster reproductive senescence (Reed et al. 2008).  Returning to Nazca boobies, a 

poor early-adult environment could improve late-life performance by reducing effort in 

breeding when young, avoiding costs of reproduction.  In this study, individual-level 

analyses did not support the existence of long-term reproductive costs via the 

accumulation of breeding attempts.  However, if variation in reproductive effort within, 

rather than across, breeding seasons is the relevant factor structuring life-history 

variation, the cost of reproduction explanation remains plausible.  Indeed, Nazca booby 

survival probabilities slightly increase under the flying fish diet and correlated changes in 

the Pacific Decadal Oscillation Index (Tompkins et al. 2017, Champagnon et al. 2018), 

population-level results attributed to reduced short-term costs of reproduction in 

unfavorable conditions.  Alternatively, or in addition, the relatively gentle conditions 

experienced by Sardine Cohorts may have placed a coarser selective filter on these aging 

cohorts (Barbraud & Weimerskirch 2005; Hamel et al. 2009; Hämäläinen et al. 2014), so 

that Sardine Cohorts retain more low-quality individuals into old age and these birds 

reduce average performance.  Selective disappearance, and its effect on population-level 
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ageing, has been little examined with respect to cohort differences in environmental 

experience across the lifespan (but see Hämäläinen et al. 2014), a notable gap in 

developing an integrative picture of environment and state-dependent patterns of ageing.   

 The decadal nature of the diet switch means that contemporary differences in 

environmental variability between the time spans over which Sardine versus Flying Fish 

Cohorts aged cannot be perfectly decoupled from long-term effects of diet.  However, we 

are confident in assigning steeper late-life performance declines of Sardine Cohorts to 

early-life experience because mean ENSO state and population-level fledging success are 

nearly equivalent between the time-periods used to measure late-life FS performance in 

Sardine versus Flying Fish Cohort males (Fig. S7).  Also, in females, Stage 2 female 

mortality models were re-run to exclude the unusual environmental conditions of 1997-

99 and confirmed that early-adult diet effects were unchanged (results not shown).  As 

for males, early-adult experience is the most likely explanation for the depressed late-life 

survival of female Sardine Cohorts.  
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CONCLUSIONS 

 The population sex ratio is a powerful determinant of the breeding environment, 

crucially decoupling reproductive conditions experienced by males and females, and 

capable of defining levels of intra-sexual competition and sexual selection (Kokko, Klug 

& Jennions 2012; Clutton-Brock 2017).  An excess of adult males has already been 

linked to the development and maintenance of mate rotation and serial monogamy in the 

Nazca booby system (Maness & Anderson 2007, 2008) and our initial hypotheses 

described the population’s sex ratio shaping ageing patterns through early/late-life fitness 

trade-offs.  Natural levels of early reproductive effort had no negative consequences for 

late-life performance.  Instead, the influence of Nazca boobies’ male-biased sex ratio on 

ageing probably plays out through age-dependent mate choice by females interacting 

with an excess of middle-aged males and frequent divorce (Maness & Anderson 2007, 

2008) to reduce breeding opportunities for older males (a process akin to that posited for 

wandering albatross (Diomedea exulans) by Pardo et al. 2013).   

 Biased population sex ratios are common in birds (Donald 2007), and may be a 

useful classification for higher order variability in senescence patterns by sex, particularly 

in monogamous species.  In Nazca boobies, the sex ratio has shown little evidence of 

directional change with time (Townsend & Anderson 2007a; Maness & Anderson 2013) 

but in other species, population sex-ratios are being altered by human actions (e.g., 

Awkerman et al. 2006; Grüebler et al. 2008); anthropogenic disruption of population sex-

ratios may have long-term effects on population dynamics through altered ageing 

patterns, in addition to direct effects.   



  

103 
 

  Diet quality when young covaried with late-life survival (females) and 

reproductive senescence rate (males).  A high-quality diet experienced in early-adulthood 

depressed late-life components of performance, contrasting with results from other 

systems (Nussey et al. 2007; Reed et al. 2008; Panagakis et al. 2017).  This surprising 

finding emphasizes the difficulty of predicting long-term environmental effects and hints 

at a role for varying levels of individual heterogeneity in developing mean patterns of 

life-history trait expression.  
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TABLES 

Table 1.  Covariates included in Stage 1 and Stage 2 full models for ABS, BP, and FS.  Stage 1 models evaluated sex-differences in 

ageing.  Stage 2 models assessed effects of early environment and early reproductive effort on late-life reproduction and senescence.  

Interactions are marked with ":".  "(Age - TSEX,t)+" denotes the product of (Age - TSEX,t) times an indicator function equaling 1 when 

Age ≥ TSEX,t  and 0 otherwise, see SI Methods.  Stage 1: ALA, age at last appearance (continuous); FP, a dichotomous factor 

separating two diet regimes; N3DJF, annual ENSO phase and intensity (continuous); T, threshold age.  Stage 2: D, early-adult diet 

(dichotomous factor); EACI, reproductive effort when young (continuous); Q, individual quality (continuous).  

Stage 1: Sex differences in ageing, entire lifespan    
Model formula (age and sex terms) Biological meaning Additional terms Random effects 

ABS (or BP, FS) ~ Sex + Age + Age2 + Sex:Age + Sex:Age2 Sex-specific linear + quadratic effects of age on 
reproduction. 

ALA, Sex:ALA,        
FP, N3DJF, N3DJF2 

Identity, 
breeding season 

ABS (or BP, FS) ~ Sex + Age + Sex:Age +  
(1-Sex):(Age – TM,1)+ + Sex:(Age – TF,1)+ +  
(1-Sex):(Age – TM,2)+ + Sex:(Age – TF,2)+ 

Two sex-specific threshold ages separate early-
improvement, prime age, and senescent stages; 
ABS (or BP, FS) changes linearly with age 
within each stage. 

ALA, Sex:ALA,        
FP, N3DJF, N3DJF2 

Identity, 
breeding season 

   
Stage 2: Late-life ageing, effect of early reproduction    
Model formula (age and early reproductive effort terms) Biological meaning Additional terms  Random effects 

ABS (or BP, FS) ~ Age + D + EACI + Q + Age:D + Age:EACI 
Rate of senescent decline in performance 
depends on early reproductive effort and diet. N3DJF, N3DJF2 Identity, 

breeding season 
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Table 2.  Models evaluating the shape of the age function for mortality rate in male and female Nazca boobies, ranked by DIC.  The 

data best support the model with the lowest DIC (in bold).  The number of coefficients (k) and posterior means [95% BCI] for 

mortality function parameters are shown (time-dependent recapture coefficients are excluded).  Functional form describing mortality 

rate by age x and parameters b: EX = exponential; GO = Gompertz; LO = logistic.  

Females: Formula k DIC ΔDIC b0 b1 b2 c 

EX µb(x|b) = b 29 5,597.8 983.7 0.07 [0.07, 0.08] - - - 

GO µb(x|b) = exp(b0+b1x) 30 4,695.6 81.6 -3.74 [-3.94, -3.55] 0.14 [0.13, 0.16] - - 

GO µb(x|b) = exp(b0+b1x) + c 31 4,614.1 0.0 -5.92 [-7.05, -4.89] 0.28 [0.21, 0.35] - 0.04 [0.02, 0.05] 

LO 
 

  

31 4,703.8 89.7 -3.75 [-3.95, -3.56] 0.15 [0.13, 0.17] 0.04 [0.00, 0.15] - 

LO  32 4,618.7 4.6 -6.07 [-7.12, -5.05] 0.29 [0.22, 0.36] 0.08 [0.00, 0.29] 0.04 [0.03, 0.05] 

Males: Formula k DIC ΔDIC b0 b1 b2 c 

EX µb(x|b) = b 29 7,501.3 1,203.5 0.07 [0.07, 0.08] - - - 

GO µb(x|b) = exp(b0+b1x) 30 6,439.0 141.2 -3.72 [-3.88, -3.56] 0.13 [0.12, 0.15] - - 

GO µb(x|b) = exp(b0+b1x) + c 31 6,318.8 21.1 -6.48 [-7.63, -5.37] 0.30 [0.23, 0.37] - 0.04 [0.03, 0.05] 

LO 

 

31 6,444.3 146.6 -3.73 [-3.91, -3.57] 0.14 [0.12, 0.15] 0.04 [0.00, 0.14] - 

LO 
 

32 6,297.7 0.0 -6.55 [-7.73, -5.46] 0.31 [0.24, 0.38] 0.06 [0.00, 0.23] 0.04 [0.03, 0.05] 

𝜇𝜇𝑏𝑏(𝑥𝑥|𝑏𝑏) =  
exp (𝑏𝑏0 + 𝑏𝑏1𝑥𝑥)

1 +  𝑏𝑏2exp (𝑏𝑏0) 𝑏𝑏1(𝑏𝑏1𝑥𝑥) − 1⁄  

𝜇𝜇𝑏𝑏(𝑥𝑥|𝑏𝑏) =  
exp (𝑏𝑏0 + 𝑏𝑏1𝑥𝑥)

1 +  𝑏𝑏2exp (𝑏𝑏0) 𝑏𝑏1(𝑏𝑏1𝑥𝑥) − 1⁄ +  𝑐𝑐 

𝜇𝜇𝑏𝑏(𝑥𝑥|𝑏𝑏) =  
exp (𝑏𝑏0 + 𝑏𝑏1𝑥𝑥)

1 +  𝑏𝑏2exp (𝑏𝑏0) 𝑏𝑏1(𝑏𝑏1𝑥𝑥) − 1⁄  

𝜇𝜇𝑏𝑏(𝑥𝑥|𝑏𝑏) =  
exp (𝑏𝑏0 + 𝑏𝑏1𝑥𝑥)

1 +  𝑏𝑏2exp (𝑏𝑏0) 𝑏𝑏1(𝑏𝑏1𝑥𝑥) − 1⁄ +  𝑐𝑐 
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Table 3.  Model ranking by LOOIC supports sex-differences in ageing for reproductive traits in Nazca boobies.  The data best support 

models with the lowest LOOIC (in bold).  For Annual Breeding Success (ABS), threshold models fitting common threshold ages in 

males and females converged poorly; MCMC chains split along the distinct values for male versus female threshold ages estimated in 

the more complex model.  Thus, the model with sex-specific threshold ages was preferred.  

      ABS BP   FS 

 Sex- and age-related predictors k LOOIC (SE) ∆LOOIC LOOIC (SE) ∆LOOIC LOOIC (SE) ∆LOOIC 
Quadratic models         
 Sex + Age + Age2 + Sex:Age + Sex:Age2 13 19,842.4 (148.4) 37.3 (19.2) 13,759.3 (140.9) 67.6 (21.1) 10,874.4 (76.0) 6.7 (10.3) 

 Sex + Age + Age2 11 19,926.1 (148.4) 120.9 (26.5) 13,768.8 (140.5) 77.1 (21.9)  10,900.1 (75.7) 32.4 (14.7) 

 Age + Age2 9 19,995.6 (148.2) 190.5 (31.8) 13,980.1 (140.0) 288.3 (36.5) 10,897.3 (75.5) 29.6 (14.8) 
Threshold models         
 Sex-specific T, sex-specific slopes 19 19,805.1 (148.1) 0.0 13,691.7 (140.7) 0.0 10,867.8 (76.0) 0.0 

 Common T, sex-specific slopes 17 - - 13,696.0 (140.8) 4.3 (6.1) 10,873.9 (75.6) 6.1 (8.4) 
  Common T, common slopes 14 - - 13,714.7 (140.6) 23.0 (11.1) 10,900.0 (75.3) 32.3 (13.7) 
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Table 4.  Threshold age estimates (TSEX,1, TSEX,2) and slopes of age on logit (Annual Breeding Success, Breeding Probability, or 

Fledging Success) from each trait’s best-supported Stage 1 model.  Brackets show 95% BCIs.  TSEX,1 was constrained to lie within the 

age interval 6-11 and TSEX,2 was constrained to fall at ages ≥ 13 during modelling.  

 

 
Slope,  

ages < TSEX,1 TSEX,1 
Slope, ages  

≥ TSEX,1 and < TSEX,2 TSEX,2 
Slope, 

 ages ≥ TSEX,2  
Females, ABS 4.09 [3.10, 5.29] 6.6 [6.1, 7.1] 0.48 [0.17, 0.82] 13.0 [12.0, 14.5] -1.24 [-1.55, -1.00] 
Males, ABS 2.82 [2.48, 3.20] 9.4 [8.9, 9.8] -0.07 [-0.27, 0.15] 16.4 [15.4, 17.7] -1.64 [-2.16, -1.25] 

Females, BP 3.33 [2.96, 3.80] 9.4 [8.6, 10.0] -0.23 [-0.78, 2.59] 16.0 [14.1, 17.8] -1.41 [-1.90, -0.91] 
Males, BP 3.93 [3.44, 4.51] 8.4 [7.6, 9.0] 0.88 [0.39, 1.41] 14.0 [13.2, 15.2] -1.69 [-1.97, -1.46] 

Females, FS 3.28 [2.29, 4.55] 6.7 [6.2, 7.1] 0.07 [-0.13, 0.34] 15.3 [13.6, 16.5] -1.52 [-2.00, -1.08] 
Males, FS 1.43 [0.93, 2.50] 9.9 [7.4, 11.2] -0.14 [-0.46, 0.37] 16.2 [13.3, 17.9] -0.90 [-1.46, -0.49] 
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FIGURES 

Fig. 1.  Survivorship (a) and mortality rate (b) trajectories for male (black) and female 

(red) Nazca boobies showing actuarial senescence.  Solid lines and shaded 95% Bayesian 

credible intervals (BCI) illustrate predictions from the best-supported mortality model for 

each sex (modelled separately), accounting for imperfect detection.  In place of raw data, 

points and 95% BCIs show the survival function (a) and mortality rates (b) calculated 

from fully age- and sex-specific annual survival probabilities obtained in a capture-mark-

recapture model (ages > 25 not shown; SI Methods 

.  
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Fig. 2.  Reproductive ageing is sex-specific for ABS (a), BP (b), and FS (c) in Nazca boobies.  Lines in panels a-c illustrate threshold 

model predictions (solid) and 95% BCIs (dashed).  Panels d-f show marginal posterior densities for male (black) and female (red) 

threshold ages.  Models included additional covariates to control environmental and other effects.  Points and intervals show 

probabilities of success by sex and age from the raw data (with 95% BCIs).  Curvature in the threshold model predictions (a-c) results 

from transforming linear relationships on the scale of the link function (logit) back to the data (probability) scale. 
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Fig. 3.  Late-life reproductive success increases with early-adulthood reproductive effort 

(clutch initiations) in female (a-c) and male (d-e) Nazca boobies.  Lines illustrate 

predicted relationships supported by Stage 2 model selection for each sex/trait 

combination.  Models were GLMMs including a continuous measure of individual 

quality, among other individual and group-level effects.  Predicted relationships were 

calculated holding the values of all other predictors constant.  Dashed lines show 95% 

BCIs on model predictions.  Points and intervals show probabilities of success (and 95% 

BCI) from Stage 2 raw data binned by early-adult clutch initiation value.  Numbers of 

individuals falling into each bin are in parentheses.  
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Fig. 4.  Early-adult Sardine Cohorts (1984-87) show higher late-life mortality in female 

Nazca boobies (a) and steeper senescent decline in male fledging success (b), when 

compared with early-adult Flying Fish Cohorts (1992-96).  Solid lines illustrate model-

predicted relationships from a Bayesian survival trajectory analysis (a) or binomial 

GLMM (b).  Shaded areas (a) or dashed lines (b) show 95% BCIs on predicted 

relationships.  In (a), points and 95% BCIs show the survival function calculated from 

fully age- and sex-specific annual survival probabilities obtained in a capture-mark-

recapture model (ages > 25 not shown; SI Methods).  In (b), points and intervals are raw 

data and 95% BCIs binned by age and early-adult diet. 
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SUPPLEMENTARY INFORMATION 

SI Methods 

Stage 1 survival: threshold models 

 Sex-differences in the timing of actuarial senescent decline were evaluated using 

capture-mark-recapture models run in program MARK (v. 8.2, White & Burnham 1999) 

using maximum likelihood estimation and a logit link function.  Individual recapture 

histories compiled during annual band-resight surveys (Huyvaert & Anderson 2004) from 

1985-1987 and 1989-2017 make up the data for our focal cohorts (1984-87, 1992-1996; 

N = 721 females, 991 males).  Records begin at an individual’s first appearance in the 

BRS following the juvenile period, and age at first appearance was used to assign 

chronological age.  We first constructed a general model including fully age- and sex-

dependent survival probabilities.  Age was modelled as a multi-level factor with levels 3 

to 24 and 25+ (grouping all ages greater than 24) and interacted with sex (0 = males, 1 = 

females).  Detection probabilities were modelled similarly as fully age- and sex-

dependent.  Age, for detection, was modelled as a multi-level factor with levels 4 to 21 

and 22+ (grouping all ages greater than 21).  Effects of breeding season and its 

interaction with sex on detection probability complete the full model.  Breeding season 

was modelled as a multi-level factor grouping the first few recapture occasions (seasons 

1987-89), and with all other years represented by unique factor levels.  Goodness-of-fit 

was estimated for this most general model using the median c-hat approach (White 2002).  

Estimated ĉ was close to one, and so model comparison proceeded without adjusting 

AICc values for overdispersion (ĉ = 1.19).  First, survival parameters were held constant 

while predictors of detection probability were varied.  Then, the best-supported (lowest 
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AICc) model for detection probability was held constant and alternative models 

evaluating the sex-dependence of senescence timing for survival probability were ranked.  

Survival was modelled using a threshold age function, with a single threshold (between 

the ages of 12 and 23) dividing the lifespan in each sex.  Indicator variables taking on 

values of 0 or 1 were used to construct the threshold function. 

 

logit(ϕij) = α + β1Ageij + β2Sexi + β3AgeijSexi +     SI eqn. 1 

 β4IM(1 - Sexi)(Ageij – TM,1) + β5IFSexi(Ageij – TF,1)             

 

TM,1 and TF,1 are the threshold ages assigned to males and females respectively, and IM 

and IF are indicator variables taking a value of one for all ages > TM,1/TF,1, and zero 

otherwise.  All combinations of male and female threshold ages were tested, giving 144 

final models in the survival model set.  Confidence intervals on threshold ages were 

computed using profile likelihoods (Ulm & Cox 1989).  Akaike model weights (Burnham 

& Anderson 2002) were summed and compared for models with: 1) female senescence 

beginning later than male senescence, 2) contemporaneous male and female senescence, 

3) female senescence beginning earlier than male senescence.   

 The threshold model set was run twice, the second time including an additional 

predictor of annual survival probability marking a slight increase in average annual 

survival probabilities in the latter years of our study (Tompkins, Townsend, & Anderson 

2017, Champagnon et al. 2018).  The second run was necessary to conclude that ignoring 

this source of variability in survival probability did not alter our conclusions (note that 

BaSTA cannot accommodate time-dependent mortality risk).  Variable “Period”, a factor, 
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grouped years 1986-1996, the 1997 extreme El Niño warm event, and years 1998-2017.  

The El Niño-Southern Oscillation does not affect adult survival in this species when age 

is not accounted for (Champagnon et al. 2018), but the 1997 event was remarkable its 

effect on reproduction in Nazca boobies (Tompkins et al. 2017) and it was retained as a 

separate factor level.  Period, and its interaction with sex, appeared in each threshold 

model predicting annual survival probability and results were compared with those 

ignoring temporal changes in average survival probability.  

 

Stage 1 survival: “raw” data for Fig. 1 

 In main text Fig. 1a the survival function predicted by the best parametric model 

of age-dependent mortality rates in each sex, at each age x, is displayed.  Survival is 

defined (SI eqn. 2) as the probability that the age at death (X) is greater than age x.  

 

𝑆𝑆(𝑥𝑥) = Pr (𝑋𝑋 > 𝑥𝑥)        SI eqn. 2 

 

 To illustrate model fit, predictions from survival trajectory analyses in Fig. 1a 

(lines, shaded intervals) are shown beside points and intervals representing “raw” ages at 

death.  Displaying raw data presented a challenge because ages at death are not known 

with certainty in this population.  Apparently, most deaths of adults occur at sea.  As a 

result, carcasses of adults are rarely found and age at last appearance in annual Band 

Resight Surveys is not equivalent to age at death when recapture probability is less than 

one.  Thus, in Fig. 1a, in place of the survival function calculated from known ages at 

death, “raw” S(x) values were calculated using capture-mark-recapture methods (as in the 
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previous section) to estimate fully age- and sex-dependent annual survival probabilities 

while controlling imperfect detection.   

 The CMR model used to generate age- and sex-dependent annual survival 

probabilities was run on “Stage 1: Survival” data.  Survival probabilities were modelled 

as a function of age as a multi-level factor (levels 3 to 24 and 25+), sex, and the 

interaction between the two.  Detection probabilities were modelled as an additive 

function of sex and age (multi-level factor; levels 4 to 21 and 22+).  An interaction 

between age and sex was excluded based on the model selection results presented in 

Table S5.  Sex-specific effects of breeding season (a multi-level factor, seasons 1987-89 

grouped, all others as individual factor levels) on detection probability completed the 

model.   

 The survival function at each age x, S(x), was then straightforward to calculate 

from CMR-generated “raw” annual survival probabilities.  S(x) = 1 for x = 6 (the earliest 

age class in our analysis).  S(x) for all x > 6 was calculated as the product of the relevant 

annual survival probabilities (𝜑𝜑𝑖𝑖) for each interval from age i to age i+1.  

 

𝑆𝑆(𝑥𝑥) =  ∏ 𝜑𝜑𝑖𝑖𝑥𝑥−1
𝑖𝑖=6         SI eqn. 3 

 

Note that CMR-generated “raw” data grouped ages ≥ 25, so that survival probability 

across the interval 24-25 is the last estimated with precision, and S(25) is the final “raw” 

value included on Fig. 1a. 

 In Fig. 1b, mortality rate, µ(x), is displayed as a function of age.  As for 1a, model 

fit to the underlying data is indicated by displaying “raw” mortality rates calculated from 
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age- and sex-specific annual survival probabilities.  Age-dependent mortality rates, also 

called “instantaneous hazard rate”, are defined as: 

 

𝜇𝜇(𝑥𝑥) = lim
∆𝑥𝑥→0

Pr (𝑥𝑥<𝑋𝑋<𝑥𝑥+∆𝑥𝑥|𝑋𝑋>𝑥𝑥)
∆𝑥𝑥

, 𝑥𝑥 ≥ 0                                                      SI eqn. 4 

 

Where X is a random variable for age at death.  S(x) is related to the age-specific 

mortality rate µ(x).  The relationship between µ(x) and S(x) functions allowed us to 

transform CMR-generated “raw” annual survival probabilities into mortality rates using 

SI equation 5:  

 

𝜇𝜇(𝑥𝑥) =  − 𝑑𝑑
𝑑𝑑𝑥𝑥

ln[𝑆𝑆(𝑥𝑥)] =  
− 𝑑𝑑
𝑑𝑑𝑑𝑑𝑆𝑆(𝑥𝑥)

𝑆𝑆(𝑥𝑥)
      SI eqn. 5 

 

 Program Mark ran the CMR model estimating “raw” annual survival probabilities 

(White & Burnham, 1999).  We exploited the MCMC capability of program Mark to 

obtain a marginal posterior distribution (4000 iterations, after chains were thinned) for 

each transformation of model parameters into annual survival probabilities on the data 

scale.  SI equation 3 used the marginal posterior probability distribution for each 𝜑𝜑𝑖𝑖 

estimate, allowing model-estimation uncertainty to be propagated through the 

calculations of S(x) and µ(x) values.  

 

Stage 1 reproduction: threshold models 

 Sex differences in ageing for reproductive response variables Annual Breeding 

Success (ABS), Breeding Probability (BP), and Fledging Success (FS) were evaluated 
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using binomial generalized mixed effect models (GLMMs, logit link function) fit to data 

from both sexes included within one model.  As described in the main text, each 

reproductive response variable was fit as a quadratic function of age (a continuous 

variable) interacting with sex in the most general “quadratic” model (Table 1).  To 

complement and contrast with the quadratic model, we fit a threshold parameterization of 

age effects on performance for each reproductive response variable.  Threshold models 

were constructed with two threshold ages for each sex (TSEX,1 and TSEX,2) dividing the 

lifespan into early, prime-age, and late-life periods (Berman, Gaillard & Weimerskirch 

2009; Hayward, Nenko & Lummaa 2015).  The location of each threshold age was 

estimated in conjunction with the slope parameters on age-related terms using Bayesian 

model estimation in program Stan (Carpenter et al. 2017), run in R (v. 3.4.3, R Core 

Team 2017) using the package rstan (v. 2.17.3, Stan Development Team 2018).  The first 

threshold age was constrained to lie within the age interval 6-11 and the second threshold 

age was constrained to fall at ages ≥ 13 based on previous studies of ageing in Nazca 

boobies (Anderson & Apanius 2003; Tompkins et al. 2017).  

 Stan uses an adaptive variant of Hamiltonian Monte Carlo (HMC), the no-U-turn 

sampler (NUTS), to sample the posterior distribution (Gelman, Lee & Guo 2015).  The 

Markov Chain Monte Carlo algorithm in Hamiltonian Monte Carlo evaluates the gradient 

of the log-posterior with respect to the parameters at each iteration before proceeding and 

uses Hamiltonian dynamics to efficiently sample across the posterior.  HMC requires far 

fewer iterations for robust inference than the widely-used BUGS family of software 

packages (Monnahan, Thorson & Branch 2017).  For each model, four chains were run 

for a minimum of 10,000 iterations (5,000 of those were “warm-up” iterations and were 
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later discarded) and thinned every 10 iterations.  Chain convergence was evaluated 

visually and using the potential scale reduction criteria of Gelman et al. (2013).  If model 

output suggested that the effective sample size (a measure of the number of independent 

samples from the posterior, taking autocorrelation between successive samples into 

account) of some parameters was < 1,500 after 10,000 iterations, then the model was re-

run with additional iterations until the desired effective sample size was reached.  HMC 

requires tuning parameters of step size and number of steps (optimized without user input 

in NUTS) and Stan produces diagnostics and warnings indicating model pathologies 

useful for assessing the adaptation of the tuning parameters and performance of the chain.  

These diagnostics always suggested adequate convergence using the default target 

acceptance rate of 0.8.  

 An advantage of implementing threshold models (sometimes called “changepoint 

models” or “segmented regression”) within a Bayesian framework lies in the ability to 

estimate the distribution of each threshold age as a model parameter, allowing direct 

inference regarding uncertainty in the threshold placement.  For the threshold models, we 

used the following parameterization of the linear predictor for each reproductive response 

for individual i at age j:  

 

logit(µij) = α + β1Ageij + β2Sexi + β3AgeijSexi +    SI eqn. 6 

 β4(1 - Sexi)(Ageij – TM,1)+ + β5Sexi(Ageij – TF,1)+ + β6(1 - Sexi)(Ageij – TM,2)+ + 

β7Sexi(Ageij – TF,2)+ + β8x8…, + βkxk + ui + uyr                
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where for thresholds t, (Ageij – TSEX,t)+ = (Ageij – TSEX,t) * step(Ageij ≥ TSEX,t). 

“step(Ageij ≥ TSEX,t)” describes a logical function such that step(Ageij ≥ TSEX,t) = 1 when 

Ageij ≥ TSEX,t, and 0 otherwise (Stan Development Team 2017).  Therefore, Coefficients 

β4 and β5 are the difference in the slope of each response variable on age after the first 

threshold age relative to the slopes before the first threshold age (for males and females, 

respectively).  The step function toggles β4 and β5 terms off for ages < TSEX,1 and on for 

ages > than TSEX,1 in each sex.  Additional predictors (β8x8…, + βkxk ) included an effect 

of diet (FP; Sardine or Flying Fish diets), a continuous measure of El Niño-Southern 

Oscillation (ENSO) phase and intensity (from the Nino3 region, see below; N3DJF), and 

individual age at last appearance (ALA; a proxy for lifespan that interacts with sex in the 

full model).  These predictors are described below.  Lastly, ui and uyr are individual- and 

year-specific random effects.  All continuous parameters were scaled to a mean of zero 

and a SD of one prior to model fitting.  

  The Stan user manual (Stan Development Team 2017) cautions that using step-

like functions may reduce optimization and sampling efficiency in Stan.  The NUTS 

sampler relies on a continuous log-posterior gradient, but this gradient will be 

discontinuous whenever, for example, Ageij exactly equals the threshold age.  In such a 

situation, the algorithm may fall back on a random walk behavior, slowing sampling and 

potentially leading to the full posterior not being adequately explored.  An alternative 

approach is suggested: fitting threshold age as a latent discrete parameter and then 

marginalizing out this discrete parameter (Stan cannot accommodate discrete parameters) 

using a mixture model formulation (Stan Development Team 2017).  In practice, we saw 

no evidence that the use of step functions in the threshold model parameterization 
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induced problematic behavior.  The threshold models were slow to run, taking 3-4 x as 

long as the quadratic models, but this was expected given that the step function in Stan is 

not vectorized.  Attempts to fit simplified versions of our model using the mixture-model 

formulation were prohibitively slow.  To further confirm that model-estimated age-

effects were reasonable, predicted patterns from the best-fitting threshold models were 

compared to those generated using a GAMM (R package gamm4 v. 0.2-5; Wood & 

Scheipl 2017), fitting sex-specific univariate smooths on age.  

 We used weakly informative priors following the recommendation of Gelman et 

al. (2013).  Cauchy (0,5) priors were set on variance components associated with 

individual identity and breeding season and student t priors with three degrees of freedom 

(zero mean, 2.5 SD) were set on fixed effect parameters.  Results were robust to prior 

specification (results not shown).  

 Quadratic and threshold models for each reproductive response variable included 

age at last appearance in the BRS (ALA, a proxy for lifespan) as a predictor to explore 

the selective disappearance of low quality phenotypes (Van de Pol & Verhulst 2006).  

Sex interacted with ALA to allow sex-specific covariation between lifespan and 

reproductive performance.  The later cohorts in our analysis include individuals still 

alive; these individuals were assigned an ALA based on their age in the latest observed 

breeding season (2015) plus their expected remaining lifespan estimated from the results 

in Stage 1.  

 Furthermore, quadratic and threshold models for ABS, BP, and FS included two 

measures of interannual environmental variation: Fish Phase (distinguishing sardine vs. 

flying fish diets), and a continuous measure of the intensity and direction of ENSO 
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during the breeding season.  Monthly sea surface temperature anomalies (SSTA) from the 

Niño3 region (5° S - 5° N, 150° W - 90° W) were averaged December-February and fit as 

linear and quadratic effects on breeding performance.  El Niño warm events peak during 

December-February (Cai et al. 2014), months associated with the end of Nazca booby 

egg-laying and the beginning of chick rearing.  SSTA values were obtained from the 

LDEO/IRI data library, available at 

https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/.EMC/.CMB/.GLOBAL/.Rey

n_SmithOIv2/.monthly/.ssta/, accessed December 21, 2017.  Fish Phase and N3DJF did 

not interact with sex in our models.  Sex by current environment interactions were not the 

focus of our study.  Assuming the sexes respond similarly to yearly differences in 

environmental conditions also was a means to restrict the complexity of the full models 

and is supported by previous studies.  Champagnon et al. 2018 find no support for 

interannual differences in the probability of skipping reproduction (the converse of BP) in 

either sex.  Tompkins et al. 2017 (using different data and methods) find similar 

responses of BP to ENSO variability (all ages) and to Fish Phase (older ages) in males 

and females. In young birds also, relationships between Fish Phase and BP are of similar 

sign (unpublished data) although statistically supported only in males (Tompkins et al. 

2017).  In summary, available evidence suggests that, for the probability of breeding, the 

two sexes respond similarly, if not identically, to ENSO and Fish Phase.  For FS, each 

breeding attempt involves one female and one male parent, such that interannual 

differences in conditions must have identical effects on mean performance in the two 

sexes.  
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Stage 1: band loss and age 

 To estimate the rate of leg band loss, and to determine whether that rate was 

related to the band’s age, we placed new numbered steel bands on 601 previously banded 

adults in April of 2010.  All bands (original and “double”) were from the same 

manufacturer (Porzana, U.K.) and the same band size and configuration.  One leg bore 

the original band, and the other leg bore the double.   

 In November of 2017 (7.5 yrs later), we recaptured 335 of these double-banded 

adults still bearing the double band.  Annual recapture probability of living birds is high 

(Champagnon et al. 2018), so this number is probably ~90% of all living birds that bear a 

double band.  All of these adults except two were banded as young of the year (age 0), so 

the ages of the bands, and birds, in 2010 were known, and ranged from 6.5 to 17.5 years, 

with all intermediate ages represented.  The other two birds were banded originally as 

adults, but were known to be >13 years old in 2010.  After 7.5 years, the youngest birds 

and their original bands had aged from 6.5 to 14 years, and the oldest had aged from 17.5 

to 25 years.  The maximum life span that we have documented in this population is 28 

years (unpub. data).     

 Across the 7.5 year window, 332 of the 335 adults also bore their original band.  

Expressed on a per year basis and assuming an equal rate in every calendar year, the 

average annual probability of retaining the original band is 0.9988.  In a given calendar 

year, 12 birds of 10,000 would be expected to lose their bands by it spreading to a gap 

sufficient for the band to fall from the bird.  

 We asked whether an original band’s age (= the bird’s age in this case) was 

related to average annual probability of retaining by grouping the adults recaptured in 

2017 into those whose 7.5 year window passed mostly in the first half of the adult life 
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span (6-13 group through 9.5-17 group; “younger”) and those whose window passed 

mostly in the second half (13-21 group through 17.5-25 group; “older”).  The average 

annual probability of band loss of younger original bands (0.0011; 2 of 249 lost the 

original band at some point in the 7.5 years) was essentially identical to that of older 

bands (0.0020; 1 of 67 lost).  The contribution of band loss, and in particular age-specific 

band loss, to the age-specific patterns of mortality reported in our study is minute, at 

most. 

 

Stage 2: estimating individual early reproductive effort 

 “Early adulthood” encompassed the period of early-life improvement ending at or 

before age 12, (Anderson & Apanius 2003; Tompkins et al. 2017).  Summed clutch 

initiations during early adulthood (EACI, Figs. S2,3) represented reproductive effort in 

our analyses because initiating a clutch, and not fledging offspring, depresses short-term 

survival in some years (Townsend & Anderson 2007).  Early-adult clutch initiations 

(EACI) was calculated as the sum of clutch initiations, excluding re-nesting attempts, 

across the five-year period 1992-96 for cohorts 1984-87 and 2000-04 for cohorts 1992-

1996 (Figs. S2,3).  Breeder/non-breeder status is not known before 1992 or during 2005-

2009, explaining our choice of five-year period.  Five-year periods fall across different 

ages for different cohorts (Figs. S2,3) and summed clutch initiations were divided by 

cohort-specific means to give a relative measure of performance (considering the entire 

cohort, not just individuals surviving to appear in late-life analyses).    
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Stage 2: estimating individual quality 

 Individuals raising an offspring to independence achieve the highest survival 

probabilities in some breeding seasons and tend to maintain their status in subsequent 

years (Townsend & Anderson 2007a; b) suggesting that the ability to raise young may be 

a reliable marker of persistent between-individual heterogeneity.  Individual quality (Q) 

was calculated as the first principal component of a standardized principal component 

analysis (PCA) run on three variables: recruitment age, clutch/brood effect (Maness & 

Anderson 2013), and average fledging success.  The clutch brood effect calculates the 

number of eggs laid (females) + number of eggs hatched (both sexes).  Recruitment was 

estimated by an individual’s age at first appearance in the annual BRS (following the 

juvenile period).  Age at first breeding would measure recruitment more directly but is 

unknown for 1980s cohorts because reproduction was not monitored before 1992.  

Clutch/brood effect was calculated by summing the number of eggs laid (one or two) and 

the number of eggs hatched (one or two) across the same five-year period used to 

calculate early-adult clutch initiations.  For males, only the number of eggs hatched were 

summed because males are not known to influence their partner’s clutch size.  

Clutch/brood effect was standardized within cohort by dividing by each cohort’s average 

value.  Lastly, average fledging success was calculated using all breeding attempts for 

ages ≤ 12 as the number of fledglings produced by an individual divided by the number 

of breeding attempts made during the relevant breeding seasons.  Missing information for 

clutch/brood effect or average fledging success (for males who never bred before age 12, 

primarily) was imputed using the R package missMDA (Josse & Husson 2016); ~ 10% of 

males appearing in senesce datasets fall into this category.   
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Stage 2 survival: threshold models 

 A threshold approach using CMR models evaluated the timing of senescent 

decline in survival probability by early-adult diet or reproductive effort.  The sexes were 

modelled separately following Stage 2 approaches for mortality rate and reproductive 

response variables.  Data were restricted to ages 12 to 23 so that equivalent age ranges 

were considered for both early-adult sardine diet and early-adult flying fish diet cohorts.  

Thus, the final survival estimate corresponds to the interval between ages 23 and 24.  

Recapture occasions for ages > 24 were set to zero and survival estimates were fixed to 

zero (i.e., not estimated within the model) for ages > 23.  Detection probability was 

modelled by additive effects of age and breeding season, both multi-level factors (based 

on the importance of age and breeding season for explaining variation in recapture 

probability revealed in Stage 1).   

 A dichotomous variable distinguished early-adult sardine diet cohorts (1984-

1987) from early-adult flying fish diet cohorts (1992-1996).  Threshold ages were 

separately assigned to each early-adult diet and a series of models was  constructed for all 

combinations of threshold values between the ages of 13-19 (females) or 14-20 (males).  

All models included Q as a continuous predictor of annual survival probability.  

Threshold age ranges were restricted to ±3 years from the sex-specific thresholds 

estimated in Stage 1 to restrict the number of candidate models.  For the same reason, the 

timing of senescent decline by early-adult diet was analyzed separately from the timing 

of senescent decline by early-adult reproductive effort.  Annual survival probability was 

restricted to a constant value (no change with age) before the first threshold and varied 

linearly with age afterwards.  This restriction located the threshold at the point where 

survival starts to decline from the constant-survival apparent across much of the lifespan 
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(slope of age-effect on survival before the first threshold in Stage 1: β = -0.02 [-0.04, 

0.00] in males, β = 0.00 [-0.03, 0.02]).  Following stage 1, inference was based on model 

rankings by AICc, profile likelihood 95% CIs on threshold ages, and Akaike weights 

comparing models grouped by 1) synchronous senescence, 2) delayed senescence in 

Sardine Cohorts, and 3) delayed senescence in Flying Fish Cohorts.  

 Individuals were binned by the 25th and 75th percentiles of the distribution of 

EACI, and independent threshold ages were assigned to each group to test for differences 

in the timing of senescent decline by early-adult reproductive effort.  We followed the 

same procedure used for early-adult diet.  For both early-adult diet and early-adult 

reproductive effort, model sets were run twice, the second time omitting data from the 

years 1996 and 1997 (because of potentially lower survival probabilities in those two 

years compared to the rest) and results were compared with the full analyses ignoring 

temporal effects on average survival probability.  
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SI Tables  

Table S1.  Coefficient estimates from the best-supported (lowest LOOIC) model 

describing changes in Annual Breeding Success with age in Nazca boobies (Stage 1).  

Posterior mean, median, 95% Bayesian credible intervals, and posterior scale reduction 

criteria (R-hat) are shown.  "(Age - TSEX,t)+" denotes the product of (Age - TSEX,t) times 

an indicator function equaling 1 when Age ≥ TSEX,t  and 0 otherwise, see SI Methods for 

details.  Sex = 0 for males, 1 for females.  N3DJF, continuous interannual variation in the 

El Niño-Southern Oscillation; FP, a dichotomous factor separating two diet regimes; 

ALA, approximate lifespan; TSEX,t, first and second threshold ages dividing the lifespan 

in each sex.  All continuous predictors were standardized (0 mean, 1 SD) prior to 

analysis.  Interactions are marked with ":".  
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 Coefficient Mean 2.5% 50.0% 97.5% R-hat 
Intercept 1.46 0.55 1.47 2.33 1.00 
Sex 2.95 1.68 2.91 4.47 1.01 
Age 2.82 2.48 2.81 3.20 1.00 
Sex:Age 1.26 0.19 1.23 2.47 1.00 
(1 - Sex):(Age - TM,1)+ -2.89 -3.30 -2.89 -2.49 1.00 
Sex:(Age - TF,1)+ -3.61 -4.87 -3.57 -2.57 1.00 
(1 - Sex):(Age - TM,2)+ -1.57 -2.03 -1.56 -1.17 1.00 
Sex:(Age - TF,2)+ -1.72 -2.04 -1.72 -1.43 1.00 
N3DJF 0.71 0.15 0.71 1.26 1.00 
N3DJF2 -0.56 -0.84 -0.56 -0.26 1.00 
FP (flying fish) -0.93 -1.91 -0.94 0.06 1.00 
ALA 0.07 0.00 0.07 0.14 1.00 
Sex:ALA 0.07 -0.03 0.07 0.18 1.00 
TM,1 -0.41 -0.51 -0.40 -0.33 1.00 
TM,2 1.05 0.83 1.04 1.31 1.00 
TF,1 -0.99 -1.09 -0.99 -0.88 1.00 
TF,2 0.35 0.13 0.34 0.65 1.00 

      
Group-level SD: Mean 2.5% 50.0% 97.5% R-hat 
Identity 0.73 0.66 0.73 0.79 1.00 
Breeding season 0.96 0.69 0.94 1.37 1.00 

      
Sample Size N     
Records 21,213     
Identity 2,057     
Breeding season  23         
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Table S2.  Coefficient estimates from the best-supported (lowest LOOIC) model 

describing changes in Breeding Probability with age in Nazca boobies (Stage 1).  Results 

presented as in Table S1, except for Breeding Probability. 

Coefficient Mean 2.5% 50.0% 97.5% R-hat 
Intercept 3.62 2.63 3.61 4.63 1.00 
Sex 1.45 0.72 1.46 2.10 1.00 
Age 3.93 3.46 3.91 4.56 1.00 
Sex:Age -0.61 -1.27 -0.60 -0.01 1.00 
(1 - Sex):(Age - TM,1)+ -3.02 -3.64 -3.02 -2.39 1.00 
Sex:(Age - TF,1)+ -3.66 -4.23 -3.67 -3.06 1.00 
(1 - Sex):(Age - TM,2)+ -2.60 -3.11 -2.59 -2.12 1.00 
Sex:(Age - TF,2)+ -1.09 -1.75 -1.09 -0.42 1.00 
N3DJF 0.63 -0.02 0.63 1.26 1.00 
N3DJF2 -0.24 -0.56 -0.24 0.08 1.00 
FP (flying fish) -0.32 -1.30 -0.33 0.67 1.00 
ALA 0.06 -0.03 0.06 0.15 1.00 
Sex:ALA 0.09 -0.05 0.09 0.23 1.00 
TM,1 -0.60 -0.76 -0.59 -0.47 1.00 
TM,2 0.54 0.38 0.54 0.78 1.00 
TF,1 -0.40 -0.55 -0.39 -0.27 1.00 
TF,2 0.94 0.55 0.95 1.29 1.00 

      
Group-level SD: Mean 2.5% 50.0% 97.5% R-hat 
Identity 1.17 1.09 1.17 1.26 1.00 
Breeding season 0.91 0.62 0.88 1.38 1.00 

      
Sample Size N     
Records 15,651     
Identity 2,025     
Breeding season  18         
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Table S3.  Coefficient estimates from the best-supported (lowest LOOIC) model 

describing changes in Fledging Success with age in Nazca boobies (Stage 1).  Results 

presented as in Table S1, except for Fledging Success. 

Coefficient Estimate 2.5% 50.0% 97.5% R-hat 
Intercept 1.97 1.05 1.92 3.39 1.00 
Sex 3.06 1.25 3.04 5.03 1.00 
Age 1.43 0.93 1.35 2.50 1.01 
Sex:Age 1.85 0.49 1.85 3.24 1.00 
(1 - Sex):(Age - TM,1)+ -1.58 -2.31 -1.54 -1.02 1.00 
Sex:(Age - TF,1)+ -3.21 -4.54 -3.17 -2.16 1.00 
(1 - Sex):(Age - TM,2)+ -0.76 -1.35 -0.76 -0.17 1.00 
Sex:(Age - TF,2)+ -1.59 -2.05 -1.58 -1.18 1.00 
N3DJF 0.69 0.21 0.69 1.18 1.00 
N3DJF2 -0.60 -0.86 -0.59 -0.34 1.00 
FP (flying fish) -0.96 -1.80 -0.96 -0.08 1.01 
ALA 0.06 -0.02 0.06 0.14 1.00 
Sex:ALA 0.08 -0.03 0.08 0.20 1.00 
TM,1 -0.50 -1.05 -0.47 -0.20 1.00 
TM,2 0.90 0.27 0.96 1.27 1.00 
TF,1 -1.21 -1.32 -1.21 -1.10 1.00 
TF,2 0.71 0.32 0.75 0.97 1.00 

      
Group-level SD: Mean 2.5% 50.0% 97.5% R-hat 
Identity 0.55 0.46 0.55 0.64 1.01 
Breeding season 0.76 0.50 0.74 1.21 1.00 

      
Sample Size N     
Records 9,233     
Identity 1,781     
Breeding season  18         
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Table S4.  Correlation coefficients describing the relationships between three 

explanatory variables and the first principal component (PC1) estimated in sex-specific 

principal component analyses.  The % of variation explained by PC1 is included below.  

Explanatory variables PC1 females PC1 males 
Age at first appearance in the annual BRS -0.26 -0.17 
No. eggs laid (females only) + no. eggs hatched 

(males and females) in early life 0.84 0.86 
Probability of producing a fledgling, given that a 

clutch was initiated, in early life 0.84 0.86 
   

% of variation 49 51 
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Table S5.  Model selection results for Stage 1 analyses of detection probabilities using 

capture-mark-recapture methods.  Models ranked by ∆AICc to determine which 

predictors best explain variation in annual detection probability.  Number of parameters 

(k) and Akaike model weights (ωi) are included.  Predictors of annual survival probability 

are constant across all candidate models.  Sex, Age, and breeding season (T) are 

categorical variables described in the SI Methods.  Interactions are marked with ":".  

Detection probability model 
Survival probability 
model k AICc ∆AICc ωi 

Sex + T + Age + Sex:T Sex + Age + Sex:Age 120 20,014.36 0.00 0.96 
Sex + T + Age   . 93 20,020.59 6.23 0.04 
Sex + T + Age + Sex:Age . 111 20,027.20 12.85 0.00 
Sex + T + Age + Sex:T + Sex:Age . 138 20,029.51 15.15 0.00 
Sex + T + Sex:T  102 20,106.67 92.32 0.00 
Sex + T  75 20,112.17 97.81 0.00 
T  74 20,113.91 99.55 0.00 
Sex + Age  66 20,129.12 114.76 0.00 
Sex + Age + Sex:Age   84 20,134.81 120.45 0.00 
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Table S6.  Model selection results for Stage 1 analyses of annual survival probability 

using threshold age functions; models ranked to determine the threshold age values in 

males (M) and females (F) best supported by the data.  Models ordered by ∆AICc from 

the top model.  

Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc 
M 17, F 16 0.0 M 20, F 12 11.8 M 15, F 19 31.0 M 12, F 16 50.9 
M 18, F 16 0.3 M 16, F 18 12.5 M 22, F 12 32.0 M 12, F 15 51.3 
M 17, F 15 0.4 M 21, F 18 13.4 M 20, F 21 32.1 M 14, F 20 51.5 
M 18, F 15 0.7 M 17, F 19 13.6 M 17, F 22 32.4 M 22, F 21 51.9 
M 17, F 14 1.5 M 18, F 19 13.9 M 14, F 17 32.5 M 12, F 14 52.2 
M 18, F 14 1.7 M 16, F 12 14.9 M 18, F 22 32.7 M 23, F 17 52.4 
M 19, F 16 2.5 M 17, F 12 15.3 M 14, F 13 33.3 M 23, F 13 53.1 
M 19, F 15 3.0 M 21, F 12 15.6 M 14, F 18 34.8 M 12, F 17 54.1 
M 17, F 17 3.2 M 19, F 19 16.0 M 19, F 22 34.9 M 13, F 19 54.6 
M 18, F 17 3.5 M 15, F 16 17.3 M 16, F 21 35.3 M 23, F 18 54.8 
M 20, F 16 3.9 M 20, F 19 17.4 M 21, F 21 35.6 M 12, F 13 54.9 
M 19, F 14 4.0 M 15, F 15 17.8 M 20, F 22 36.1 M 22, F 22 55.7 
M 17, F 13 4.1 M 15, F 14 18.8 M 14, F 12 37.1 M 12, F 18 56.5 
M 20, F 15 4.3 M 16, F 19 20.6 M 22, F 19 37.9 M 23, F 12 56.9 
M 18, F 13 4.4 M 15, F 17 20.6 M 16, F 22 39.3 M 14, F 21 57.6 
M 20, F 14 5.3 M 21, F 19 21.4 M 21, F 22 39.4 M 12, F 12 58.7 
M 17, F 18 5.6 M 15, F 13 21.4 M 15, F 20 39.7 M 15, F 23 61.0 
M 19, F 17 5.8 M 17, F 20 22.3 M 13, F 16 40.9 M 14, F 22 61.5 
M 18, F 18 5.8 M 18, F 20 22.6 M 13, F 15 41.3 M 23, F 19 62.8 
M 19, F 13 6.6 M 15, F 18 22.9 M 13, F 14 42.3 M 13, F 20 63.2 
M 16, F 16 6.9 M 22, F 16 24.2 M 14, F 19 42.9 M 12, F 19 64.6 
M 20, F 17 7.1 M 22, F 15 24.6 M 17, F 23 43.8 M 22, F 23 66.8 
M 16, F 15 7.3 M 19, F 20 24.7 M 18, F 23 44.1 M 13, F 21 69.2 
M 21, F 16 7.8 M 15, F 12 25.3 M 13, F 17 44.2 M 23, F 20 71.3 
M 20, F 13 8.0 M 22, F 14 25.5 M 13, F 13 44.9 M 14, F 23 72.8 
M 17, F 12 8.0 M 20, F 20 25.9 M 15, F 21 45.8 M 13, F 22 73.1 
M 19, F 18 8.0 M 22, F 17 27.5 M 22, F 20 46.3 M 12, F 20 73.2 
M 21, F 15 8.1 M 22, F 13 28.1 M 19, F 23 46.3 M 23, F 21 76.9 
M 18, F 12 8.3 M 17, F 21 28.5 M 13, F 18 46.5 M 12, F 21 79.1 
M 16, F 14 8.3 M 18, F 21 28.8 M 20, F 23 47.4 M 23, F 22 80.8 
M 21, F 14 9.1 M 14, F 16 29.2 M 13, F 12 48.8 M 12, F 22 83.0 
M 20, F 18 9.4 M 16, F 20 29.2 M 23, F 16 49.1 M 13, F 23 84.4 
M 16, F 17 10.1 M 14, F 15 29.6 M 23, F 15 49.5 M 23, F 23 91.9 
M 19, F 12 10.5 M 21, F 20 29.8 M 15, F 22 49.7 M 12, F 23 94.3 
M 16, F 13 11.0 M 22, F 18 29.8 M 23, F 14 50.5   
M 21, F 17 11.0 M 14, F 14 30.6 M 21, F 23 50.6   
M 21, F 13 11.7 M 19, F 21 31.0 M 16, F 23 50.6     

  



 

145 
 

Table S7.  Comparing this Table to Table S6 shows that adding “Period” as a predictor 

of annual survival probability (accounting for temporal changes in average annual 

survival probability) enhances support for delays in male threshold age relative to female 

threshold age.  Results presented as in Table S6. 

Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc 
M 20, F 16 0.0 M 17, F 13 8.1 M 19, F 23 20.0 M 23, F 20 37.9 
M 21, F 16 0.1 M 20, F 20 8.3 M 16, F 20 20.3 M 23, F 21 39.6 
M 20, F 18 0.6 M 21, F 20 8.4 M 18, F 23 20.7 M 15, F 23 39.7 
M 21, F 18 0.8 M 17, F 19 8.8 M 22, F 21 21.0 M 23, F 22 40.0 
M 20, F 17 0.9 M 17, F 12 9.7 M 22, F 22 21.5 M 14, F 20 40.1 
M 21, F 17 1.1 M 19, F 20 10.2 M 15, F 16 21.6 M 13, F 16 40.5 
M 20, F 15 1.3 M 21, F 21 10.2 M 15, F 18 22.2 M 13, F 18 41.2 
M 21, F 15 1.4 M 20, F 21 10.3 M 16, F 21 22.3 M 13, F 17 41.5 
M 19, F 16 1.8 M 21, F 22 10.6 M 15, F 17 22.5 M 13, F 15 41.8 
M 20, F 14 2.3 M 20, F 22 10.8 M 17, F 23 22.6 M 14, F 21 42.0 
M 21, F 14 2.3 M 18, F 20 10.9 M 16, F 22 22.7 M 14, F 22 42.4 
M 19, F 18 2.4 M 22, F 16 11.0 M 15, F 15 22.9 M 13, F 14 42.8 
M 18, F 16 2.5 M 22, F 18 11.7 M 15, F 14 23.9 M 17, F 16 44.0 
M 19, F 17 2.7 M 16, F 16 11.8 M 15, F 13 25.3 M 13, F 13 44.2 
M 18, F 18 3.1 M 22, F 17 11.9 M 15, F 19 26.0 M 13, F 19 45.0 
M 19, F 15 3.1 M 19, F 21 12.2 M 15, F 12 26.8 M 13, F 12 45.7 
M 18, F 17 3.4 M 22, F 15 12.2 M 22, F 23 28.6 M 12, F 16 47.0 
M 20, F 13 3.7 M 16, F 18 12.5 M 23, F 16 29.5 M 23, F 23 47.2 
M 21, F 13 3.7 M 19, F 22 12.7 M 16, F 23 30.0 M 12, F 18 47.7 
M 18, F 15 3.8 M 16, F 17 12.8 M 15, F 20 30.0 M 12, F 17 48.0 
M 19, F 14 4.1 M 17, F 20 12.9 M 23, F 18 30.2 M 12, F 15 48.3 
M 20, F 19 4.3 M 18, F 21 12.9 M 23, F 17 30.4 M 13, F 20 49.0 
M 17, F 16 4.4 M 16, F 15 13.1 M 23, F 15 30.7 M 12, F 14 49.3 
M 21, F 19 4.5 M 22, F 14 13.2 M 14, F 16 31.6 M 14, F 23 49.7 
M 18, F 14 4.8 M 18, F 22 13.4 M 23, F 14 31.7 M 12, F 13 50.7 
M 17, F 18 5.0 M 16, F 14 14.1 M 15, F 21 32.0 M 13, F 21 50.8 
M 20, F 12 5.3 M 22, F 13 14.6 M 14, F 18 32.3 M 13, F 22 51.3 
M 21, F 12 5.3 M 17, F 21 14.9 M 15, F 22 32.4 M 12, F 19 51.5 
M 17, F 17 5.3 M 17, F 22 15.3 M 14, F 17 32.6 M 12, F 12 52.2 
M 19, F 13 5.5 M 22, F 19 15.4 M 14, F 15 32.9 M 12, F 20 55.5 
M 17, F 15 5.7 M 16, F 13 15.6 M 23, F 13 33.1 M 12, F 21 57.3 
M 19, F 19 6.1 M 22, F 12 16.1 M 14, F 14 33.9 M 12, F 22 57.8 
M 18, F 13 6.2 M 16, F 19 16.3 M 23, F 19 33.9 M 13, F 23 58.6 
M 17, F 14 6.7 M 16, F 12 17.1 M 23, F 12 34.6 M 12, F 23 65.0 
M 18, F 19 6.9 M 21, F 23 17.8 M 14, F 13 35.3    
M 19, F 12 7.1 M 20, F 23 18.1 M 14, F 19 36.1    
M 18, F 12 7.8 M 22, F 20 19.3 M 14, F 12 36.8     
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Table S8.  Candidate models, and model-rankings by DIC, exploring effects of early-

adult diet (D) and early-adult reproductive effort (EACI bin) on mortality rate for ages 12+ 

in female (N =  472) and male (N = 668) Nazca boobies (Stage 2).  D, a dichotomous 

factor distinguishing Sardine Cohorts (1984-87) from Flying Fish Cohorts (1992-1996); 

Q, a continuous measure of individual phenotypic quality; EACI bin, a three-level factor 

binning individuals by the 25th and 75th quantiles of each sex’s distribution of early-adult 

clutch initiations. “:” denotes an interaction.  

(a) Females        
 Model k DIC ∆DIC 
 Intercept 25 2,973.0 12.0 
 Q 26 2,975.3 14.3 
 Q + EACI bin 32 2,975.9 14.9 
 D 28 3,016.6 55.6 
 D + Q 29 2,961.0 0.0 
 D:EACI bin + Q 41 3,041.4 80.4 
     
(b) Males     
 Intercept 26 4,206.7 8.1 
 Q 27 4,198.6 0.0 
 Q + EACI bin 35 4,261.8 63.1 
 D 30 4,307.4 108.8 
 D + Q 31 4,296.4 97.8 
  D:EACI bin + Q 47 4,373.9 175.2 
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Table S9.  For female Nazca boobies, model selection for Stage 2 analyses of annual 

survival probability by early-adult reproductive effort using threshold age functions; 

models ranked to determine the threshold age values best supported by the data for 

females displaying low (L), medium (M), or high (H) early-adult reproductive effort.  

Models ordered by ∆AICc from the top model.  Only models within a ΔAICc of 10 are 

shown.  

Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc 
L 13, M 16, H 15 0.0 L 17, M 16, H 13 3.1 L 19, M 15, H 15 4.4 
L 13, M 16, H 13 0.1 L 14, M 14, H 16 3.2 L 14, M 17, H 14 4.5 
L 13, M 16, H 14 0.4 L 15, M 15, H 16 3.2 L 14, M 13, H 14 4.5 
L 13, M 15, H 15 0.4 L 16, M 15, H 13 3.2 L 19, M 15, H 13 4.6 
L 13, M 15, H 13 0.5 L 14, M 16, H 17 3.3 L 13, M 14, H 17 4.6 
L 14, M 16, H 15 0.6 L 16, M 16, H 16 3.4 L 16, M 14, H 15 4.6 
L 13, M 16, H 16 0.7 L 18, M 16, H 14 3.4 L 19, M 16, H 16 4.7 
L 13, M 15, H 14 0.7 L 17, M 16, H 14 3.4 L 15, M 14, H 16 4.7 
L 14, M 16, H 13 0.7 L 18, M 15, H 15 3.4 L 16, M 14, H 13 4.7 
L 14, M 16, H 14 1.0 L 17, M 15, H 15 3.4 L 14, M 17, H 16 4.8 
L 14, M 15, H 15 1.0 L 16, M 15, H 14 3.5 L 19, M 15, H 14 4.8 
L 13, M 15, H 16 1.0 L 13, M 17, H 15 3.5 L 14, M 13, H 16 4.9 
L 14, M 15, H 13 1.1 L 18, M 15, H 13 3.5 L 15, M 16, H 17 4.9 
L 14, M 16, H 16 1.3 L 17, M 15, H 13 3.5 L 17, M 14, H 15 4.9 
L 14, M 15, H 14 1.4 L 13, M 13, H 15 3.5 L 18, M 14, H 15 4.9 
L 14, M 15, H 16 1.7 L 13, M 17, H 13 3.6 L 16, M 14, H 14 5.0 
L 13, M 14, H 15 1.9 L 13, M 13, H 13 3.6 L 17, M 14, H 13 5.0 
L 13, M 14, H 13 2.0 L 18, M 16, H 16 3.6 L 18, M 14, H 13 5.1 
L 15, M 16, H 15 2.1 L 17, M 16, H 16 3.7 L 19, M 15, H 16 5.1 
L 13, M 14, H 14 2.2 L 14, M 15, H 17 3.7 L 14, M 14, H 17 5.2 
L 15, M 16, H 13 2.3 L 16, M 15, H 16 3.8 L 15, M 15, H 17 5.3 
L 14, M 14, H 15 2.5 L 18, M 15, H 14 3.8 L 16, M 14, H 16 5.3 
L 15, M 16, H 14 2.5 L 17, M 15, H 14 3.8 L 17, M 14, H 14 5.3 
L 15, M 15, H 15 2.5 L 13, M 17, H 14 3.9 L 18, M 14, H 14 5.3 
L 13, M 14, H 16 2.5 L 13, M 13, H 14 3.9 L 16, M 16, H 17 5.4 
L 14, M 14, H 13 2.6 L 19, M 16, H 15 4.0 L 17, M 14, H 16 5.6 
L 15, M 15, H 13 2.6 L 15, M 14, H 15 4.0 L 18, M 14, H 16 5.6 
L 16, M 16, H 15 2.7 L 18, M 15, H 16 4.1 L 15, M 17, H 15 5.7 
L 13, M 16, H 17 2.7 L 17, M 15, H 16 4.1 L 18, M 16, H 17 5.7 
L 15, M 16, H 16 2.8 L 15, M 14, H 13 4.1 L 15, M 13, H 15 5.7 
L 16, M 16, H 13 2.8 L 14, M 17, H 15 4.1 L 17, M 16, H 17 5.7 
L 14, M 14, H 14 2.9 L 19, M 16, H 13 4.1 L 15, M 17, H 13 5.8 
L 15, M 15, H 14 2.9 L 13, M 17, H 16 4.2 L 13, M 16, H 18 5.8 
L 18, M 16, H 15 3.0 L 14, M 13, H 15 4.2 L 15, M 13, H 13 5.8 
L 17, M 16, H 15 3.0 L 13, M 13, H 16 4.2 L 16, M 15, H 17 5.8 
L 16, M 16, H 14 3.1 L 14, M 17, H 13 4.3 L 19, M 14, H 15 6.0 
L 16, M 15, H 15 3.1 L 14, M 13, H 13 4.3 L 15, M 17, H 14 6.0 
L 13, M 15, H 17 3.1 L 15, M 14, H 14 4.4 L 15, M 13, H 14 6.1 
L 18, M 16, H 13 3.1 L 19, M 16, H 14 4.4 L 19, M 14, H 13 6.1 

Continued on the following page.        
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Continued from previous page.       
Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc 

L 18, M 15, H 17 6.1 L 18, M 17, H 16 7.1 L 18, M 17, H 17 9.2 
L 17, M 15, H 17 6.1 L 17, M 17, H 16 7.1 L 17, M 17, H 17 9.2 
L 13, M 15, H 18 6.2 L 19, M 15, H 17 7.2 L 18, M 15, H 18 9.2 
L 16, M 17, H 15 6.2 L 13, M 18, H 14 7.2 L 17, M 15, H 18 9.2 
L 13, M 17, H 17 6.2 L 17, M 13, H 16 7.3 L 13, M 17, H 18 9.3 
L 13, M 13, H 17 6.3 L 16, M 14, H 17 7.3 L 15, M 18, H 14 9.4 
L 16, M 13, H 15 6.3 L 18, M 13, H 16 7.3 L 17, M 13, H 17 9.4 
L 15, M 17, H 16 6.3 L 14, M 18, H 15 7.5 L 18, M 13, H 17 9.4 
L 16, M 17, H 13 6.3 L 19, M 17, H 15 7.5 L 16, M 18, H 15 9.5 
L 19, M 14, H 14 6.3 L 13, M 18, H 16 7.5 L 13, M 18, H 17 9.5 
L 15, M 13, H 16 6.4 L 14, M 18, H 13 7.6 L 15, M 18, H 16 9.6 
L 16, M 13, H 13 6.4 L 19, M 17, H 13 7.6 L 16, M 18, H 13 9.6 
L 14, M 16, H 18 6.4 L 13, M 14, H 18 7.6 L 18, M 18, H 15 9.7 
L 18, M 17, H 15 6.5 L 17, M 14, H 17 7.7 L 17, M 18, H 15 9.8 
L 17, M 17, H 15 6.5 L 18, M 14, H 17 7.7 L 15, M 14, H 18 9.8 
L 16, M 17, H 14 6.6 L 19, M 13, H 15 7.7 L 19, M 16, H 18 9.8 
L 18, M 17, H 13 6.6 L 19, M 13, H 13 7.8 L 18, M 18, H 13 9.9 
L 17, M 17, H 13 6.6 L 14, M 18, H 14 7.8 L 16, M 18, H 14 9.9 
L 19, M 14, H 16 6.6 L 19, M 17, H 14 7.9 L 17, M 18, H 13 9.9 
L 17, M 13, H 15 6.6 L 15, M 16, H 18 8.0 L 13, M 16, H 19 9.9 
L 16, M 13, H 14 6.7 L 19, M 13, H 14 8.1 L 14, M 17, H 18 9.9 
L 18, M 13, H 15 6.7 L 14, M 18, H 16 8.1 L 14, M 13, H 18 10.0 
L 19, M 16, H 17 6.7 L 19, M 17, H 16 8.1   
L 15, M 14, H 17 6.7 L 14, M 14, H 18 8.3   
L 17, M 13, H 13 6.8 L 15, M 15, H 18 8.3   
L 18, M 13, H 13 6.8 L 19, M 13, H 16 8.4   
L 14, M 15, H 18 6.8 L 15, M 17, H 17 8.4   
L 13, M 18, H 15 6.8 L 15, M 13, H 17 8.4   
L 14, M 17, H 17 6.9 L 16, M 16, H 18 8.5   
L 18, M 17, H 14 6.9 L 19, M 14, H 17 8.7   
L 16, M 17, H 16 6.9 L 18, M 16, H 18 8.8   
L 17, M 17, H 14 6.9 L 17, M 16, H 18 8.8   
L 14, M 13, H 17 6.9 L 16, M 15, H 18 8.9   
L 13, M 18, H 13 7.0 L 16, M 17, H 17 8.9   
L 16, M 13, H 16 7.0 L 15, M 18, H 15 9.0   
L 17, M 13, H 14 7.0 L 16, M 13, H 17 9.0   
L 18, M 13, H 14 7.0 L 15, M 18, H 13 9.1     
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Table S10.  For male Nazca boobies, model selection for Stage 2 analyses of annual 

survival probability by early-adult reproductive effort using threshold age functions; 

models ranked to determine the threshold age values best supported by the data for males 

displaying low (L), medium (M), or high (H) early-adult reproductive effort.  Models 

ordered by ∆AICc from the top model.   

Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc 
L 16, M 16, H 19 0.0 L 15, M 14, H 18 5.6 L 17, M 17, H 16 8.9 
L 16, M 16, H 18 0.6 L 15, M 16, H 17 5.6 L 16, M 15, H 16 8.9 
L 16, M 17, H 19 0.7 L 18, M 16, H 18 5.8 L 17, M 14, H 17 9.0 
L 17, M 16, H 19 0.8 L 18, M 17, H 19 5.8 L 14, M 18, H 19 9.0 
L 15, M 16, H 19 1.2 L 15, M 17, H 20 5.9 L 18, M 16, H 20 9.1 
L 16, M 17, H 18 1.4 L 17, M 17, H 17 5.9 L 19, M 16, H 18 9.2 
L 17, M 16, H 18 1.4 L 16, M 15, H 17 6.0 L 19, M 17, H 19 9.2 
L 17, M 17, H 19 1.5 L 16, M 18, H 19 6.1 L 15, M 17, H 16 9.3 
L 16, M 15, H 19 1.6 L 17, M 15, H 20 6.3 L 15, M 14, H 17 9.3 
L 15, M 16, H 18 1.8 L 15, M 17, H 17 6.3 L 16, M 16, H 15 9.4 
L 15, M 17, H 19 1.9 L 18, M 17, H 18 6.5 L 18, M 14, H 18 9.5 
L 17, M 17, H 18 2.1 L 14, M 14, H 19 6.6 L 18, M 16, H 17 9.6 
L 16, M 15, H 18 2.2 L 18, M 15, H 19 6.7 L 14, M 18, H 18 9.6 
L 17, M 15, H 19 2.4 L 15, M 15, H 20 6.7 L 17, M 15, H 16 9.7 
L 15, M 17, H 18 2.6 L 16, M 18, H 18 6.8 L 18, M 17, H 20 9.8 
L 15, M 15, H 19 2.7 L 17, M 15, H 17 6.8 L 19, M 17, H 18 9.9 
L 14, M 16, H 19 2.9 L 14, M 16, H 20 6.8   
L 17, M 15, H 18 3.0 L 17, M 18, H 19 6.9   
L 15, M 15, H 18 3.4 L 15, M 15, H 17 7.2   
L 14, M 16, H 18 3.5 L 14, M 14, H 18 7.2   
L 14, M 17, H 19 3.6 L 15, M 18, H 19 7.3   
L 16, M 14, H 19 3.7 L 14, M 16, H 17 7.3   
L 16, M 16, H 20 4.0 L 18, M 15, H 18 7.3   
L 14, M 17, H 18 4.2 L 16, M 16, H 16 7.4   
L 16, M 14, H 18 4.4 L 17, M 18, H 18 7.5   
L 14, M 15, H 19 4.4 L 14, M 17, H 20 7.6   
L 16, M 16, H 17 4.4 L 16, M 14, H 20 7.7   
L 17, M 14, H 19 4.5 L 15, M 18, H 18 7.9   
L 16, M 17, H 20 4.7 L 14, M 17, H 17 8.0   
L 17, M 16, H 20 4.8 L 16, M 17, H 16 8.1   
L 15, M 14, H 19 4.9 L 16, M 14, H 17 8.1   
L 14, M 15, H 18 5.1 L 17, M 16, H 16 8.2   
L 18, M 16, H 19 5.1 L 14, M 15, H 20 8.4   
L 16, M 17, H 17 5.2 L 17, M 14, H 20 8.5   
L 15, M 16, H 20 5.2 L 19, M 16, H 19 8.5   
L 17, M 14, H 18 5.2 L 15, M 16, H 16 8.5   
L 17, M 16, H 17 5.2 L 14, M 15, H 17 8.8   
L 17, M 17, H 20 5.5 L 15, M 14, H 20 8.8   
L 16, M 15, H 20 5.5 L 18, M 14, H 19 8.9   
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Table S11.  Comparing this Table to Table S9 shows the influence of omitting the first 

two years of recapture data (1996, 1997; because of lower survival potentially 

influencing ageing rates) on model selection results for Stage 2 analyses of average 

annual survival probability by early-adult reproductive effort in females.  Results 

presented as in Table S9.  

Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc 
L 13, M 16, H 13 0.0 L 15, M 15, H 14 4.6 L 18, M 15, H 15 6.6 
L 13, M 15, H 13 0.2 L 14, M 13, H 15 4.8 L 15, M 13, H 13 6.7 
L 13, M 16, H 15 0.4 L 13, M 17, H 16 4.9 L 13, M 16, H 18 6.7 
L 13, M 16, H 14 0.6 L 14, M 13, H 14 4.9 L 16, M 14, H 15 6.8 
L 13, M 15, H 15 0.6 L 13, M 14, H 17 4.9 L 18, M 15, H 14 6.8 
L 13, M 15, H 14 0.8 L 16, M 16, H 13 4.9 L 13, M 15, H 18 6.9 
L 13, M 16, H 16 1.2 L 14, M 16, H 17 5.0 L 17, M 16, H 16 6.9 
L 13, M 15, H 16 1.4 L 15, M 16, H 16 5.1 L 16, M 14, H 14 7.0 
L 13, M 14, H 13 1.5 L 16, M 15, H 13 5.1 L 15, M 13, H 15 7.1 
L 14, M 16, H 13 1.5 L 14, M 15, H 17 5.2 L 13, M 18, H 13 7.1 
L 14, M 15, H 13 1.7 L 14, M 17, H 13 5.2 L 13, M 17, H 17 7.1 
L 13, M 14, H 15 1.8 L 15, M 15, H 16 5.3 L 17, M 15, H 16 7.1 
L 14, M 16, H 15 1.9 L 15, M 14, H 13 5.3 L 17, M 14, H 13 7.2 
L 13, M 14, H 14 2.0 L 16, M 16, H 15 5.3 L 18, M 16, H 16 7.2 
L 14, M 16, H 14 2.1 L 16, M 16, H 14 5.5 L 15, M 13, H 14 7.3 
L 14, M 15, H 15 2.1 L 16, M 15, H 15 5.5 L 15, M 16, H 17 7.3 
L 14, M 15, H 14 2.3 L 14, M 17, H 15 5.6 L 19, M 16, H 13 7.4 
L 13, M 14, H 16 2.7 L 14, M 13, H 16 5.6 L 18, M 15, H 16 7.5 
L 14, M 16, H 16 2.7 L 17, M 16, H 13 5.7 L 13, M 18, H 15 7.5 
L 13, M 13, H 13 2.8 L 15, M 14, H 15 5.7 L 15, M 15, H 17 7.5 
L 14, M 15, H 16 3.0 L 16, M 15, H 14 5.7 L 15, M 17, H 13 7.5 
L 14, M 14, H 13 3.0 L 14, M 17, H 14 5.8 L 18, M 14, H 13 7.6 
L 13, M 13, H 15 3.2 L 15, M 14, H 14 5.9 L 17, M 14, H 15 7.6 
L 14, M 14, H 15 3.4 L 17, M 15, H 13 5.9 L 16, M 14, H 16 7.7 
L 13, M 13, H 14 3.4 L 18, M 16, H 13 6.0 L 19, M 15, H 13 7.7 
L 13, M 16, H 17 3.5 L 17, M 16, H 15 6.1 L 13, M 18, H 14 7.7 
L 14, M 14, H 14 3.5 L 16, M 16, H 16 6.2 L 17, M 14, H 14 7.7 
L 13, M 15, H 17 3.7 L 17, M 16, H 14 6.2 L 19, M 16, H 15 7.8 
L 13, M 17, H 13 3.7 L 18, M 15, H 13 6.3 L 16, M 13, H 13 7.8 
L 15, M 16, H 13 3.8 L 17, M 15, H 15 6.3 L 14, M 13, H 17 7.9 
L 15, M 15, H 13 4.0 L 13, M 13, H 17 6.3 L 15, M 17, H 15 7.9 
L 13, M 17, H 15 4.1 L 16, M 15, H 16 6.4 L 18, M 14, H 15 7.9 
L 13, M 13, H 16 4.1 L 18, M 16, H 15 6.4 L 15, M 13, H 16 7.9 
L 15, M 16, H 15 4.2 L 16, M 14, H 13 6.4 L 19, M 16, H 14 8.0 
L 14, M 14, H 16 4.2 L 14, M 17, H 16 6.4 L 19, M 15, H 15 8.0 
L 13, M 17, H 14 4.2 L 14, M 14, H 17 6.5 L 15, M 17, H 14 8.1 
L 14, M 13, H 13 4.4 L 17, M 15, H 14 6.5 L 18, M 14, H 14 8.1 
L 15, M 16, H 14 4.4 L 15, M 14, H 16 6.5 L 13, M 14, H 18 8.2 
L 15, M 15, H 15 4.4 L 18, M 16, H 14 6.6 L 16, M 13, H 15 8.2 
Continued on the following page.        
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Continued from previous page.   
Thresholds  ΔAICc Thresholds  ΔAICc 

L 19, M 15, H 14 8.2 L 18, M 15, H 17 9.7 
L 14, M 16, H 18 8.2 L 16, M 17, H 16 9.8 
L 13, M 18, H 16 8.3 L 17, M 13, H 16 9.8 
L 16, M 13, H 14 8.4 L 14, M 18, H 16 9.9 
L 16, M 16, H 17 8.4 L 16, M 14, H 17 9.9 
L 14, M 15, H 18 8.4 L 17, M 17, H 14 9.9 
L 17, M 14, H 16 8.4 L 18, M 17, H 15 10.0 
L 17, M 13, H 13 8.6   
L 16, M 17, H 13 8.6   
L 16, M 15, H 17 8.6   
L 19, M 16, H 16 8.6   
L 14, M 18, H 13 8.7   
L 14, M 17, H 17 8.7   
L 15, M 17, H 16 8.7   
L 15, M 14, H 17 8.8   
L 18, M 14, H 16 8.8   
L 19, M 15, H 16 8.9   
L 19, M 14, H 13 9.0   
L 18, M 13, H 13 9.0   
L 17, M 13, H 15 9.0   
L 16, M 17, H 15 9.0   
L 14, M 18, H 15 9.0   
L 16, M 13, H 16 9.1   
L 17, M 16, H 17 9.1   
L 17, M 13, H 14 9.1   
L 16, M 17, H 14 9.2   
L 14, M 18, H 14 9.2   
L 19, M 14, H 15 9.3   
L 18, M 13, H 15 9.3   
L 17, M 17, H 13 9.3   
L 17, M 15, H 17 9.4   
L 18, M 16, H 17 9.5   
L 19, M 14, H 14 9.5   
L 18, M 13, H 14 9.5   
L 14, M 14, H 18 9.7   
L 18, M 17, H 13 9.7   
L 17, M 17, H 15 9.7     
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Table S12.  Comparing this Table to Table S10 shows the influence of omitting the first 

two years of recapture data (1996, 1997; because of lower survival potentially 

influencing ageing rates) on model selection results for Stage 2 analyses of average 

annual survival probability by early-adult reproductive effort in males.  Results presented 

as in Table S10. 

Thresholds  ΔAICc Thresholds  ΔAICc Thresholds  ΔAICc 
L 16, M 16, H 19 0.0 L 15, M 16, H 17 5.6 L 15, M 14, H 17 8.8 
L 16, M 16, H 18 0.7 L 17, M 17, H 20 5.7 L 16, M 15, H 16 8.9 
L 17, M 16, H 19 0.9 L 14, M 14, H 19 5.8 L 19, M 16, H 19 8.9 
L 16, M 17, H 19 0.9 L 16, M 15, H 17 5.9 L 14, M 18, H 19 9.2 
L 15, M 16, H 19 1.1 L 15, M 17, H 20 5.9 L 18, M 16, H 20 9.3 
L 16, M 15, H 19 1.3 L 18, M 16, H 18 6.1 L 18, M 14, H 18 9.3 
L 17, M 16, H 18 1.6 L 17, M 15, H 20 6.1 L 17, M 17, H 16 9.5 
L 16, M 17, H 18 1.7 L 15, M 15, H 20 6.2 L 15, M 17, H 16 9.6 
L 15, M 16, H 18 1.8 L 18, M 17, H 19 6.3 L 14, M 14, H 20 9.6 
L 17, M 17, H 19 1.9 L 17, M 17, H 17 6.4 L 19, M 16, H 18 9.6 
L 15, M 17, H 19 2.0 L 14, M 16, H 20 6.5 L 16, M 16, H 15 9.7 
L 16, M 15, H 18 2.1 L 14, M 14, H 18 6.6 L 17, M 15, H 16 9.8 
L 17, M 15, H 19 2.2 L 16, M 18, H 19 6.6 L 19, M 17, H 19 9.8 
L 15, M 15, H 19 2.4 L 15, M 17, H 17 6.6 L 15, M 15, H 16 9.9 
L 17, M 17, H 18 2.6 L 18, M 15, H 19 6.7 L 14, M 18, H 18 10.0 
L 14, M 16, H 19 2.6 L 17, M 15, H 17 6.8 L 18, M 16, H 17 10.0 
L 15, M 17, H 18 2.8 L 15, M 15, H 17 7.0   
L 17, M 15, H 18 3.0 L 18, M 17, H 18 7.1   
L 15, M 15, H 18 3.1 L 16, M 14, H 20 7.1   
L 16, M 14, H 19 3.2 L 14, M 16, H 17 7.2   
L 14, M 16, H 18 3.4 L 16, M 18, H 18 7.3   
L 14, M 17, H 19 3.6 L 18, M 15, H 18 7.5   
L 16, M 16, H 20 3.9 L 14, M 17, H 20 7.5   
L 14, M 15, H 19 3.9 L 17, M 18, H 19 7.5   
L 16, M 14, H 18 4.0 L 16, M 16, H 16 7.6   
L 17, M 14, H 19 4.1 L 15, M 18, H 19 7.6   
L 15, M 14, H 19 4.3 L 16, M 14, H 17 7.8   
L 14, M 17, H 18 4.3 L 14, M 15, H 20 7.8   
L 16, M 16, H 17 4.6 L 17, M 14, H 20 8.0   
L 14, M 15, H 18 4.7 L 15, M 14, H 20 8.1   
L 17, M 16, H 20 4.8 L 14, M 17, H 17 8.2   
L 16, M 17, H 20 4.8 L 17, M 18, H 18 8.2   
L 17, M 14, H 18 4.9 L 15, M 18, H 18 8.4   
L 15, M 16, H 20 4.9 L 17, M 16, H 16 8.5   
L 15, M 14, H 18 5.0 L 14, M 15, H 17 8.5   
L 16, M 15, H 20 5.2 L 16, M 17, H 16 8.5   
L 18, M 16, H 19 5.4 L 18, M 14, H 19 8.6   
L 17, M 16, H 17 5.5 L 15, M 16, H 16 8.6   
L 16, M 17, H 17 5.5 L 17, M 14, H 17 8.7   
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Table S13.  For female Nazca boobies, candidate models evaluating early/late-life trade-offs and the long-term influence of early-

adult diet on late-life Annual Breeding Success (Stage 2).  Models within 2 LOOIC units of the lowest LOOIC value (in bold or 

italics) are most parsimonious.  However, within this top model set, additional complexity contained in the more complex models is 

not supported if the additional effects are estimated with little precision (posterior means and 95% credible intervals for the relevant 

coefficients are shown below).  N3DJF, continuous inter-annual variation in the El Niño-Southern Oscillation; D, early-adult diet, a 

dichotomous factor distinguishing Sardine Cohorts (1984-87) from Flying Fish Cohorts (1992-1996); Q, a proxy for individual 

phenotypic quality; EACI, continuous early-adult clutch initiations.  Interactions are marked with ":".  
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Females (ages 13-23 years)
Formula k LOOIC (SE) ∆LOOIC Select coefficients [95% CI]
Age + N3DJF + N3DJF2 6 2,957.8 (53.5) 18.4 (8.5)
Age + N3DJF + N3DJF2 + D 7 2,957.5 (53.6) 18.1 (8.6)
Age + N3DJF + N3DJF2 + Q 7 2,945.1 (53.9) 5.7 (4.8)
Age + N3DJF + N3DJF2 + Q + D 8 2,944.3 (53.9) 4.9 (4.9)
Age + N3DJF + N3DJF2 + Q + EACI 8 2,939.4 (53.9) 0
Age + N3DJF + N3DJF2 + Q + EACI + D 9 2,940.2 (54.0) 0.8 (1) D β = -0.14 [-0.78, 0.50]
Age + N3DJF + N3DJF2 + Q + EACI + D + D:EACI 10 2,940.3 (53.9) 0.8 (1.1) D β = -0.17 [-1.42, 1.07]

D:EACI β = 0.01 [-1.14, 1.11]

Age + N3DJF + N3DJF2 + D + Age:D 8 2,958.8 (53.7) 19.4 (8.6)
Age + N3DJF + N3DJF2 + Q + D + Age:D 9 2,948.0 (54.1) 8.5 (4.9)
Age + N3DJF + N3DJF2 + Q + EACI + Age:EACI 9 2,941.2 (53.9) 1.8 (0.9) Age:EACI β = 0.03[-0.49, 0.56]
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI 10 2,941.8 (54.0) 2.4 (1.2)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:D 10 2,941.9 (54.0) 2.5 (1.5)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI + Age:D 11 2,942.6 (54.1) 3.2 (1.4)
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Table S14.  For male Nazca boobies, candidate models evaluating early/late-life trade-offs and the long-term influence of early adult 

diet on late-life Annual Breeding Success.  Results presented as in Table S13. 

 

Males (ages 16-23 years)
Formula k LOOIC (SE) ∆LOOIC Select coefficients [95% CI]
Age + N3DJF + N3DJF2 6 2,367.6 (57.7) 4.3 (4.9)
Age + N3DJF + N3DJF2 + D 7 2,367.0 (57.9) 3.7 (4.9)
Age + N3DJF + N3DJF2 + Q 7 2,369.0 (57.8) 5.7 (4.8)
Age + N3DJF + N3DJF2 + Q + D 8 2,367.2 (57.8) 3.9 (4.9)
Age + N3DJF + N3DJF2 + Q + EACI 8 2,363.3 (57.8) 0
Age + N3DJF + N3DJF2 + Q + EACI + D 9 2,363.6 (57.9) 0.3 (1.4) D β = 0.14 [-0.55, 0.95]
Age + N3DJF + N3DJF2 + Q + EACI + D + D:EACI 10 2,364.2 (58.0) 0.8 (1.4) D β = 0.16 [-0.85, 1.24]

 D:EACI β = -0.02 [-0.77, 0.69]
Age + N3DJF + N3DJF2 + D + Age:D 8 2,365.6 (58.1) 2.3 (5.8)
Age + N3DJF + N3DJF2 + Q + D + Age:D 9 2,367.7 (58.0) 4.3 (6.0)
Age + N3DJF + N3DJF2 + Q + EACI + Age:EACI 9 2,365.8 (57.9) 2.5 (2.0)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI 10 2,364.8 (58.0) 1.5 (2.0) D β = 0.14 [-0.54, 0.96]

Age:EACI β = 0.10 [-0.18, 0.37]
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:D 10 2,364.4 (58.2) 1.1 (3.6) D β = 0.06 [-0.62, 0.77]

Age:D β = 0.42 [-0.03, 0.86]
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI + Age:D 11 2,364.8 (58.2) 1.5 (3.9) D β = 0.05 [-0.61, 0.76]

Age:D β = 0.42 [-0.05, 0.87]
Age:EACI β = 0.10 [-0.18, 0.38]
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Table S15.  For female Nazca boobies, candidate models evaluating early/late-life trade-offs and the long-term influence of early 

adult diet on late-life Breeding Probability (Stage 2).  LOOIC values may be unreliable for these models (some shape parameter 

estimates for the generalized Pareto distribution > 0.7).  Candidate model rankings using 10-fold cross validation are also presented.  

Models within 2 LOOIC units of the lowest LOOIC value (in bold or italics) are most parsimonious.  However, within this top model 

set, additional complexity contained in the more complex models is not supported if the additional effects are estimated with little 

precision (posterior means and 95% Bayesian credible intervals for the relevant coefficients are shown below).  N3DJF, continuous 

interannual variation in the El Niño-Southern Oscillation; D, early-adult diet, a dichotomous factor distinguishing Sardine Cohorts 

(1984-87) from Flying Fish Cohorts (1992-1996); Q, a proxy for individual phenotypic quality; EACI, early-adult clutch initiations 

(representing early-adult reproductive effort).  Interactions are marked with ":".  
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Females (ages 16-19 years)
Formula k ∆10-fold IC LOOIC (SE) ∆LOOIC Select coefficients [95% CI]
Age + N3DJF + N3DJF2 6 578.7 (42.5) 17.3 (59.2) 572.8 (42.6) 4.7 (5.7)
Age + N3DJF + N3DJF2 + D 7 574.7 (42.7) 13.3 (59.1) 572.2 (42.8) 4.1 (6.1)
Age + N3DJF + N3DJF2 + Q 7 583.8 (44.2) 22.3 (60.0) 572.8 (42.7) 4.7 (4.5)
Age + N3DJF + N3DJF2 + Q + D 8 581.4 (43.1) 20.0 (59.9) 569.9 (42.7) 1.8 (4.2) D β = -0.05 [-1.74, 1.64]
Age + N3DJF + N3DJF2 + Q + EACI 8 581.4 (43.4) 20.0 (60.2) 568.6 (42.6) 0.5 (1.9)
Age + N3DJF + N3DJF2 + Q + EACI + D 9 581.6 (43.5) 20.2 (60.7) 568.1 (42.6) 0 D β = 0.07 [-1.63, 1.75]
Age + N3DJF + N3DJF2 + Q + EACI + D + D:EACI 10 573.4 (42.8) 12.0  (57.8) 571.7 (43.2) 3.6 (2.2)
Age + N3DJF + N3DJF2 + D + Age:D 8 588.8 (43.9) 27.4 (58.3) 576.5 (43.2) 8.4 (5.9)

Age + N3DJF + N3DJF2 + Q + D + Age:D 9 571.9 (42.8) 10.5 (58.8) 572.5 (42.9) 4.4 (4.2)
Age + N3DJF + N3DJF2 + Q + EACI + Age:EACI 9 577.5 (43.1) 16.1 (58.5) 574.6 (43.2) 6.5 (2.4)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI 10 561.4 (41.8) 0 570.2 (42.8) 2.1 (1.9) D β = 0.07 [-1.63, 1.75]

Age:EACI β = 0.05 [-1.07, 1.17] 
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:D 10 584.8 (43.9) 23.4 (60.6) 571.8 (43.1) 3.7 (2.4)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI + Age:D 11 576.6 (43.1) 15.2 (60.2) 571.5 (43.1) 3.4 (2.4)

10-fold CV 
(SE)
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Table S16.  For male Nazca boobies, candidate models evaluating early/late-life trade-offs and the long-term influence of early adult 

diet on late-life Breeding Probability.  Results presented as in Table S15. 

 

Males (ages 14-19 years)
Formula k ∆10-fold IC LOOIC (SE) ∆LOOIC Select coefficients [95% CI]
Age + N3DJF + N3DJF2 6 1,759.9 (51.1) 0 1,744.2 (51.8) 1.2 (4.3)
Age + N3DJF + N3DJF2 + D 7 1,764.2 (51.3) 4.2 (72.2) 1,746.6 (51.8) 3.5 (4.1)
Age + N3DJF + N3DJF2 + Q 7 1,809.3 (53.4) 49.4 (74.0) 1,746.3 (52.1) 3.3 (4.4)
Age + N3DJF + N3DJF2 + Q + D 8 1,771.4 (51.9) 11.5 (73.9) 1,746.9 (52.2) 3.9 (4.2)
Age + N3DJF + N3DJF2 + Q + EACI 8 1,775.2 (52.2) 15.3 (72.3) 1,746.8 (52.0) 3.8 (2.9)
Age + N3DJF + N3DJF2 + Q + EACI + D 9 1,766.1 (51.5) 6.2 (73.2) 1,743.0 (52.1) 0 Q β = -0.06 [-0.28, 0.14]

EACI β = 0.62 [0.16, 1.11]
D β = 1.19 [-0.63, 2.85]

Age + N3DJF + N3DJF2 + Q + EACI + D + D:EACI 10 1,792.1 (52.2) 32.2 (72.2) 1,747.3 (52.3) 4.2 (3.1)
Age + N3DJF + N3DJF2 + D + Age:D 8 1,791.8 (51.6) 31.9 (72.3) 1,746.6 (52.0) 3.6 (4.4)
Age + N3DJF + N3DJF2 + Q + D + Age:D 9 1,770.0 (51.5) 10.1 (71.2) 1,747.3 (52.1) 4.3 (4.2)
Age + N3DJF + N3DJF2 + Q + EACI + Age:EACI 9 1,780.2 (52.6) 20.3 (72.4) 1,751.4 (52.4) 8.4 (3.5)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI 10 1,774.4 (52.0) 14.5 (72.0) 1,747.8 (52.3) 4.8 (3.2)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:D 10 1,778.9 (51.7) 19.0 (71.6) 1,747.6 (52.3) 4.6 (2.9)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI + Age:D 11 1,809.4 (54.1) 49.5 (75.0) 1,745.2 (52.4) 2.1 (3.8) 

10-fold CV 
(SE)
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Table S17.  For female Nazca boobies, candidate models evaluating early/late-life trade-offs and the long-term influence of early 

adult diet on late-life Fledging Success in female Nazca boobies (Stage 2).  Models within 2 LOOIC units of the lowest LOOIC value 

(in bold or italics) are most parsimonious.  However, within the well-supported model set, additional complexity contained in the more 

complex models is not supported the additional effects are estimated with little precision (posterior means and 95% credible intervals 

for the relevant coefficients are shown below).  N3DJF, continuous interannual variation in the El Niño-Southern Oscillation; D, 

early-adult diet, a dichotomous factor distinguishing Sardine Cohorts (1984-87) from Flying Fish Cohorts (1992-1996); Q, a proxy for 

individual phenotypic quality; EACI, early-adult clutch initiations (representing early-adult reproductive effort).  Interactions are 

marked with ":".  
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Females (ages 15-19 years)
Formula k LOOIC (SE) Select coefficients [95% CI]
Age + N3DJF + N3DJF2 6 1,263.0 (26.7) 8.8 (6.6)
Age + N3DJF + N3DJF2 + D 7 1,263.0 (27.0) 8.9 (6.7)
Age + N3DJF + N3DJF2 + Q 7 1,256.9 (27.5) 2.7 (4.0)
Age + N3DJF + N3DJF2 + Q + D 8 1,256.0 (27.5) 1.8 (4.1) D β = 0.61 [-0.66, 1.98]
Age + N3DJF + N3DJF2 + Q + EACI 8 1,256.2 (27.5) 2.0 (3.4)
Age + N3DJF + N3DJF2 + Q + EACI + D 9 1,256.2 (27.8) 2.0 (3.6) D β = 0.68 [-0.53, 2.08]
Age + N3DJF + N3DJF2 + Q + EACI + D + D:EACI 10 1,255.0 (27.8) 0.8 (3.6) D β = 0.69 [-1.23, 2.77]

D:EACI β = 0.02 [-1.49, 1.58]

Age + N3DJF + N3DJF2 + D + Age:D 8 1,264.3 (27.0) 10.1 (6.9)
Age + N3DJF + N3DJF2 + Q + D + Age:D 9 1,256.0 (28.0) 1.8 (4.4) D β =  0.48 [-0.72, 1.87]

Age:D β = -0.33 [-0.83, 0.18]
Age + N3DJF + N3DJF2 + Q + EACI + Age:EACI 9 1,254.2 (27.6) 0
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI 10 1,254.9 (27.8) 0.7 (1.3) D β = 0.66 [-0.52, 1.95]
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:D 10 1,257.4 (28.0) 3.2 (4.0)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI + Age:D 11 1,254.5 (27.9) 0.3 (2.3) D β = 0.53 [-0.70, 1.84]

Age:D β = -0.26 [-0.78, 0.24]

∆LOOIC 
(SE)
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Table S18.  For male Nazca boobies, candidate models evaluating early/late-life trade-offs and the long-term influence of early adult 

diet on late-life Fledging Success.  Results presented as in Table S17. 

 

Males (ages 16-19 years)
Formula k LOOIC (SE) Select coefficients [95% CI]
Age + N3DJF + N3DJF2 6 1,157.3 (22.7) 2.4 (4.3)
Age + N3DJF + N3DJF2 + D 7 1,157.2 (22.9) 2.3 (4.3)
Age + N3DJF + N3DJF2 + Q 7 1,159.1 (23.0) 4.2 (4.5)
Age + N3DJF + N3DJF2 + Q + D 8 1,159.3 (23.0) 4.5 (4.4)
Age + N3DJF + N3DJF2 + Q + EACI 8 1,157.4 (23.3) 2.6 (5.5)
Age + N3DJF + N3DJF2 + Q + EACI + D 9 1,157.3 (23.4) 2.5 (5.6)
Age + N3DJF + N3DJF2 + Q + EACI + D + D:EACI 10 1,159.6 (23.7) 4.7 (5.8)
Age + N3DJF + N3DJF2 + D + Age:D 8 1,154.9 (23.4) 0
Age + N3DJF + N3DJF2 + Q + D + Age:D 9 1,157.7 (23.5) 2.8 (1.3)
Age + N3DJF + N3DJF2 + Q + EACI + Age:EACI 9 1,158.1 (23.4) 3.3 (5.9)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI 10 1,158.7 (23.7) 3.8 (6.0)
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:D 10 1,154.3 (23.8) 0.6 (3.6) Q β = 0.02 [-0.12, 0.17]

EACI β = 0.30 [-0.03, 0.64]
Age + N3DJF + N3DJF2 + Q + EACI + D + Age:EACI + Age:D 11 1,155.6 (24.0) 1.0 (4.2) Q β = 0.02 [-0.12, 0.17]

EACI β = 0.32 [0.01, 0.67]
Age:EACI β = 0.12 [-0.14, 0.40]

∆LOOIC 
(SE)
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Table S19.  For female Nazca boobies, coefficient estimates from the best-supported model for each reproductive response variable 

evaluating early/late-life trade-offs and the long-term influence of early-adult diet on late-life reproduction (Stage 2).  Posterior means 

and 95% credible intervals are shown.  N3DJF, continuous interannual variation in the El Niño-Southern Oscillation; D, early-adult 

diet, a dichotomous factor distinguishing Sardine Cohorts (1984-87) from Flying Fish Cohorts (1992-1996); Q, a proxy for individual 

phenotypic quality; EACI, continuous early-adult clutch initiations.  Interactions are marked with ":".  
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  Annual Breeding Success   Breeding Probability   Fledging Success 
Coefficient Mean 2.5% 97.5%   Mean 2.5% 97.5%   Mean 2.5% 97.5% 
Intercept -1.65 -2.56 -0.73  1.63 -0.50 4.05  -1.58 -2.68 -0.57 
Age -0.65 -0.80 -0.49  -0.43 -1.60 0.69  -0.89 -1.64 -0.15 
N3DJF 0.76 0.08 1.50  0.20 -0.73 1.18  0.67 0.04 1.40 
N3DJF2 -0.59 -1.04 -0.24  0.41 -0.06 1.19  -0.17 -0.43 0.07 
EACI 0.80 0.24 1.36  1.76 0.11 3.44  0.65 -0.20 1.52 
Q 0.20 0.10 0.30  0.24 -0.09 0.60  0.23 0.08 0.38 
D (flying fish) - - -  0.13 -1.56 1.83  - - - 
Age:EACI - - -  0.05 -1.07 1.17  0.60 -0.09 1.29 
Age:D - - -  - - -  - - - 
            
Group-level SD: Mean 2.5% 97.5%   Mean 2.5% 97.5%   Mean 2.5% 97.5% 
Identity 0.62 0.45 0.79  2.09 1.47 2.85  0.83 0.49 1.14 
Breeding season 1.10 0.68 1.77  0.79 0.23 1.94  0.80 0.43 1.44 

            
Sample Size N    N    N   
Records 2,853    1,084    1,053   
Identity 449    371    365   
Breeding season  18       11       12     

 

 



 

 

164 

Table S20.  For male Nazca boobies, coefficient estimates from the best-supported models evaluating early/late-life trade-offs and the 

long-term influence of early-adult diet on late-life reproduction.  Results presented as in Table S19.  

  Annual Breeding Success   Breeding Probability   Fledging Success 
Coefficient Mean 2.50% 97.50%   Mean 2.50% 97.50%   Mean 2.50% 97.50% 
Intercept -1.96 -2.57 -1.39  1.51 0.40 2.50  -0.96 -2.15 0.10 
Age -0.50 -0.67 -0.34  -0.41 -0.74 -0.08  -0.61 -1.09 -0.16 
N3DJF 0.07 -0.46 0.58  0.62 -0.39 1.61  0.64 -0.21 1.59 
N3DJF2 -0.21 -0.57 0.12  -0.25 -0.62 0.12  -0.22 -0.55 0.08 
EACI 0.40 0.12 0.66  - - -  - - - 
Q -0.01 -0.11 0.10  - - -  - - - 
D (flying fish) - - -  - - -  0.39 -1.08 1.92 
Age:EACI - - -  - - -  - - - 
Age:D - - -  - - -  0.57 0.06 1.10 

            
Group-level SD: Mean 2.50% 97.50%   Mean 2.50% 97.50%   Mean 2.50% 97.50% 
Identity 1.02 0.83 1.23  2.47 2.12 2.88  0.92 0.53 1.31 
Breeding season 0.69 0.41 1.14  1.45 0.83 2.66  0.97 0.44 2.01 

            
Sample Size N    N    N   
Records 2,588    2,013    926   
Identity 524    542    411   
Breeding season  15       12       11     
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Table S21.  For female Nazca boobies, model selection for Stage 2 analyses of annual 

survival probability by early-adult diet using threshold age functions; models ranked to 

determine the threshold age values best supported by the data for females raised in early-

adult Sardine Cohorts (S) vs. Flying Fish Cohorts (FF).  Models ordered by ∆AICc from 

the top model.  On the right, results using all data ages 12-23 (breeding seasons 1996-

2017), on the left, results using data from 1998 on (low survival in 1996-1997 could have 

affecting estimated aging patterns).  
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Data from all years    Data from 1998 onwards 
Thresholds  AICc ΔAICc  Thresholds  AICc ΔAICc 
S 14, FF 16 4,224.6 0.0  S 13, FF 16 4,161.2 0.0 
S 13, FF 16 4,224.7 0.0  S 14, FF 16 4,162.5 1.2 
S 15, FF 16 4,225.1 0.5  S 13, FF 15 4,163.4 2.2 
S 14, FF 15 4,226.8 2.2  S 13, FF 14 4,163.9 2.7 
S 13, FF 15 4,226.9 2.2  S 15, FF 16 4,164.0 2.7 
S 15, FF 15 4,227.3 2.6  S 13, FF 17 4,164.0 2.8 
S 14, FF 14 4,227.3 2.7  S 13, FF 13 4,164.4 3.2 
S 13, FF 14 4,227.4 2.7  S 14, FF 15 4,164.6 3.4 
S 16, FF 16 4,227.4 2.8  S 14, FF 14 4,165.2 3.9 
S 14, FF 17 4,227.4 2.8  S 14, FF 17 4,165.2 4.0 
S 13, FF 17 4,227.5 2.8  S 14, FF 13 4,165.6 4.4 
S 14, FF 13 4,227.8 3.2  S 15, FF 15 4,166.2 4.9 
S 15, FF 14 4,227.8 3.2  S 15, FF 14 4,166.7 5.4 
S 13, FF 13 4,227.8 3.2  S 15, FF 17 4,166.8 5.5 
S 15, FF 17 4,227.9 3.3  S 15, FF 13 4,167.1 5.9 
S 15, FF 13 4,228.3 3.6  S 16, FF 16 4,167.2 6.0 
S 16, FF 15 4,229.6 4.9  S 13, FF 18 4,168.7 7.5 
S 17, FF 16 4,229.8 5.1  S 16, FF 15 4,169.4 8.2 
S 16, FF 14 4,230.1 5.5  S 16, FF 14 4,169.9 8.7 
S 16, FF 17 4,230.2 5.5  S 14, FF 18 4,170.0 8.7 
S 16, FF 13 4,230.6 5.9  S 16, FF 17 4,170.0 8.8 
S 18, FF 16 4,231.3 6.7  S 17, FF 16 4,170.4 9.1 
S 17, FF 15 4,232.0 7.3  S 16, FF 13 4,170.4 9.2 
S 14, FF 18 4,232.2 7.5  S 15, FF 18 4,171.5 10.2 
S 13, FF 18 4,232.2 7.6  S 18, FF 16 4,172.5 11.2 
S 17, FF 14 4,232.5 7.8  S 17, FF 15 4,172.5 11.3 
S 17, FF 17 4,232.5 7.9  S 17, FF 14 4,173.1 11.8 
S 15, FF 18 4,232.6 8.0  S 17, FF 17 4,173.1 11.9 
S 17, FF 13 4,232.9 8.3  S 17, FF 13 4,173.5 12.3 
S 18, FF 15 4,233.5 8.9  S 18, FF 15 4,174.7 13.4 
S 18, FF 14 4,234.0 9.4  S 16, FF 18 4,174.7 13.5 
S 18, FF 17 4,234.1 9.5  S 18, FF 14 4,175.2 13.9 
S 18, FF 13 4,234.5 9.9  S 18, FF 17 4,175.2 14.0 
S 16, FF 18 4,234.9 10.3  S 18, FF 13 4,175.6 14.4 
S 19, FF 16 4,235.5 10.8  S 19, FF 16 4,177.2 15.9 
S 13, FF 18 4,237.3 12.6  S 13, FF 18 4,177.9 16.6 
S 19, FF 15 4,237.7 13.0  S 13, FF 19 4,179.1 17.9 
S 19, FF 14 4,238.2 13.5  S 19, FF 15 4,179.4 18.1 
S 19, FF 17 4,238.3 13.6  S 19, FF 14 4,179.9 18.6 
S 19, FF 13 4,238.6 14.0  S 18, FF 18 4,179.9 18.7 
S 18, FF 18 4,238.8 14.2  S 19, FF 17 4,180.0 18.7 
S 14, FF 19 4,242.6 17.9  S 19, FF 13 4,180.3 19.1 
S 13, FF 19 4,242.6 18.0  S 14, FF 19 4,180.4 19.1 
S 19, FF 18 4,242.9 18.3  S 15, FF 19 4,181.9 20.6 
S 15, FF 19 4,243.0 18.4  S 19, FF 18 4,184.6 23.4 
S 16, FF 19 4,245.3 20.6  S 16, FF 19 4,185.1 23.9 
S 13, FF 19 4,247.6 23.0  S 13, FF 19 4,188.2 27.0 
S 18, FF 19 4,249.2 24.5  S 18, FF 19 4,190.3 29.0 
S 19, FF 19 4,253.3 28.6   S 19, FF 19 4,194.9 33.7 
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Table S22.  For male Nazca boobies, model selection for Stage 2 analyses of annual 

survival probability by early-adult diet using threshold age functions; models ranked to 

determine the threshold age values best supported by the data for males raised in early-

adult Sardine Cohorts (S) vs. Flying Fish Cohorts (FF).  Results presented as in Table 

S21 but for males.  
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Data from all years    Data from 1998 onwards 
Thresholds  AICc ΔAICc  Thresholds  AICc ΔAICc 
S 17, FF 17 5,593.5 0.0  S 17, FF 17 5,541.0 0.0 
S 17, FF 16 5,593.8 0.4  S 17, FF 16 5,541.3 0.4 
S 16, FF 17 5,594.0 0.5  S 16, FF 17 5,541.4 0.4 
S 16, FF 16 5,594.3 0.9  S 16, FF 16 5,541.7 0.7 
S 17, FF 15 5,595.2 1.8  S 17, FF 15 5,542.7 1.7 
S 16, FF 15 5,595.7 2.2  S 16, FF 15 5,543.1 2.1 
S 18, FF 17 5,595.8 2.3  S 18, FF 17 5,543.4 2.4 
S 18, FF 16 5,596.2 2.7  S 18, FF 16 5,543.8 2.8 
S 19, FF 17 5,596.4 2.9  S 15, FF 17 5,543.8 2.8 
S 15, FF 17 5,596.5 3.0  S 19, FF 17 5,544.0 3.1 
S 17, FF 14 5,596.6 3.1  S 17, FF 14 5,544.1 3.1 
S 19, FF 16 5,596.8 3.3  S 15, FF 16 5,544.1 3.1 
S 15, FF 16 5,596.8 3.4  S 19, FF 16 5,544.4 3.4 
S 16, FF 14 5,597.1 3.6  S 16, FF 14 5,544.4 3.4 
S 18, FF 15 5,597.5 4.1  S 18, FF 15 5,545.1 4.2 
S 17, FF 18 5,597.9 4.4  S 17, FF 18 5,545.4 4.4 
S 20, FF 17 5,598.1 4.6  S 15, FF 15 5,545.5 4.5 
S 19, FF 15 5,598.1 4.7  S 16, FF 18 5,545.8 4.8 
S 15, FF 15 5,598.2 4.7  S 19, FF 15 5,545.8 4.8 
S 16, FF 18 5,598.3 4.9  S 20, FF 17 5,545.8 4.8 
S 20, FF 16 5,598.5 5.0  S 20, FF 16 5,546.2 5.2 
S 18, FF 14 5,598.9 5.4  S 14, FF 17 5,546.4 5.4 
S 14, FF 17 5,599.2 5.7  S 18, FF 14 5,546.5 5.5 
S 19, FF 14 5,599.5 6.0  S 14, FF 16 5,546.7 5.8 
S 14, FF 16 5,599.6 6.1  S 15, FF 14 5,546.8 5.9 
S 15, FF 14 5,599.6 6.1  S 19, FF 14 5,547.2 6.2 
S 20, FF 15 5,599.9 6.4  S 20, FF 15 5,547.6 6.6 
S 18, FF 18 5,600.1 6.7  S 18, FF 18 5,547.8 6.8 
S 19, FF 18 5,600.7 7.3  S 14, FF 15 5,548.1 7.1 
S 15, FF 18 5,600.9 7.4  S 15, FF 18 5,548.2 7.2 
S 14, FF 15 5,600.9 7.5  S 19, FF 18 5,548.4 7.4 
S 20, FF 14 5,601.2 7.8  S 20, FF 14 5,548.9 7.9 
S 14, FF 14 5,602.3 8.8  S 14, FF 14 5,549.4 8.5 
S 20, FF 18 5,602.5 9.0  S 20, FF 18 5,550.2 9.2 
S 14, FF 18 5,603.6 10.1  S 14, FF 18 5,550.8 9.8 
S 17, FF 19 5,608.2 14.7  S 17, FF 19 5,555.7 14.7 
S 16, FF 19 5,608.7 15.2  S 16, FF 19 5,556.1 15.1 
S 18, FF 19 5,610.5 17.0  S 18, FF 19 5,558.1 17.1 
S 19, FF 19 5,611.0 17.5  S 15, FF 19 5,558.5 17.5 
S 15, FF 19 5,611.2 17.7  S 19, FF 19 5,558.7 17.7 
S 20, FF 19 5,612.8 19.3  S 20, FF 19 5,560.5 19.5 
S 14, FF 19 5,613.9 20.4  S 14, FF 19 5,561.1 20.2 
S 17, FF 20 5,617.9 24.4  S 17, FF 20 5,565.4 24.4 
S 16, FF 20 5,618.3 24.9  S 16, FF 20 5,565.8 24.8 
S 18, FF 20 5,620.2 26.7  S 18, FF 20 5,567.8 26.8 
S 19, FF 20 5,620.7 27.2  S 15, FF 20 5,568.1 27.2 
S 15, FF 20 5,620.8 27.3  S 19, FF 20 5,568.4 27.4 
S 20, FF 20 5,622.3 28.9  S 20, FF 20 5,570.1 29.1 
S 14, FF 20 5,623.5 30.0   S 14, FF 20 5,570.7 29.8 
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SI Figures 

Fig. S1.  Focal individual age (N = 2,317) versus partner age for members of focal 

(known-age) cohorts (1984-87, 1992-96) pairing with known-age partners. 
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Fig. S2.  For females, cohort-specific age-ranges used to calculate individual early-adult 

clutch initiations (EACI, black rectangles) and to model Stage 2 late-life reproductive 

performance (shades of blue).  The year of hatching and parental care for all individuals 

preceded 1997 (not shown); that is, the period of parental care fell during the Sardine 

Phase for all individuals.  The youngest and oldest ages are labelled within each time 

span.  Age spans for each reproductive response variable were set by the start of 

senescent decline (lower boundary), limits to the data collected (shades of grey, both 

lower and upper boundaries), and cohort age at the end of the study (upper boundary).  

Breeding seasons and cohorts are labelled by the first year in each two-year span.  

Number of females in each cohort contributing late-life reproductive phenotypes are 

listed on the right.  ABS = Annual Breeding Success, BP = Breeding Probability, FS = 

Fledging Success.  
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Fig. S3.  For males, cohort-specific age-ranges used to calculate individual early-adult 

clutch initiations (EACI, black rectangles) and to model Stage 2 late-life reproductive 

performance (shades of blue).  The year of hatching and parental care for all individuals 

preceded 1997 (not shown); that is, the period of parental care fell during the Sardine 

Phase for all individuals.  The youngest and oldest ages are labelled within each time 

span.  Age spans for each reproductive response variable were set by the start of 

senescent decline (lower boundary), limits to the data collected (shades of grey, both 

lower and upper boundaries), and cohort age at the end of the study (upper boundary).  

Breeding seasons and cohorts are labelled by the first year in each two-year span.  

Number of males in each cohort contributing late-life reproductive phenotypes are listed 

on the right.  ABS = Annual Breeding Success, BP = Breeding Probability, FS = 

Fledging Success.  
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Fig. S4.  Female Nazca boobies initiate late-life declines in annual survival probability 

one year earlier than males.  Solid lines (a) show predictions from the best-supported 

Stage 1 threshold model (Table S6); shaded intervals show 95% CIs.  Points and intervals 

(a) show age-specific means and 95% CI (age effects modelled as a multi-level factor 

interacting with sex).  Horizontal dashed lines in (a) show profile likelihood 95% CI 

around the best-supported threshold ages (points) for each sex.  Points and dashed lines in 

(b) show log likelihood profiles around the best-supported threshold ages.  The y-axis is 

twice the difference between the log likelihood of the best-supported model vs. that of 

models with higher/lower threshold ages.  The intersection of the solid black line with 

dashed lines shows where ∆deviance = 2.71, defining the 95% CI (Ulm & Cox 1989). 
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Fig. S5.  Comparing this figure to Fig. S4 shows that adding “Period” as a predictor of 

annual survival probability (accounting for temporal changes in average annual survival 

probability) enhances the model-predicted delays in male survival senescence relative to 

the onset of survival senescence in females.  Results presented as in Fig. S4.  
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Fig S6.  Model-predicted patterns of reproductive success by age and sex in Nazca 

boobies from the best-fitting Stage 1 threshold model (dashed line) agree with predicted 

relationships from a GAMM fitting age using a non-parametric smoother (solid lines).  

Sex-specific age/reproduction relationships described by a simpler quadratic age 

parameterization are also displayed (dotted line).  All models contain additional 

covariates (environmental effects, lifespan, group-level identity and year).  Shaded areas 

show 95% CIs for the GAMM.  
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Fig. S7.  Annual Breeding Success (a) and component Fledging Success (b) show a 

hump- shaped relationship with interannual variability in the phase and intensity of the El 

Niño-Southern Oscillation (ENSO).  Sea surface temperature anomalies (SSTA) from the 

Nino3 region averaged over December-January represented ENSO variability.  Solid 

lines show predictions from the best-fitting Stage 1 threshold model for ABS (a) and FS 

(b), dashed lines show 95% Bayesian credible intervals. 
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Fig. S8.  Estimated rates of decline in reproductive performance with age for Annual 

Breeding Success (ABS), Breeding Probability (BP), and Fledging Success (FS) in 

female (a) and male (b) Nazca boobies are not altered by omitting approximate lifespan 

(ALA; age at last appearance in annual band resight surveys) as a predictor from Stage 2 

models.  Model estimated coefficients (β) are from the best-supported Stage 2 GLMM for 

each reproductive response variable.  Intervals show 95% Bayesian credible intervals.  

Data were the Stage 2 datasets, except that all individual still alive were omitted.  N = 

2,029 for female ABS, N = 1,614 for male ABS, N = 706 for female BP, N = 1,268 for 

male BP, N = 690 for female FS, N = 528 for male FS.  
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Fig. S9.  Senescence age-at-onset and survival probability trajectories with age in female (a,b), and male (c,d) Nazca boobies 

displaying high, medium, or low early-adult reproductive investment.  Solid lines (a,c) show predictions from the best-supported Stage 

2 threshold model in each sex (Tables S9, S10); shaded intervals show 95% CIs.  Horizontal dashed lines (a,c) show profile likelihood 

95% CI around the best-supported threshold age (points) for each sex.  Age-specific survival estimates (age fit as a multi-level factor) 

are now shown (in place of raw data) for image clarity.  The open intervals in (a) show 95% CIs extends beyond the lower limit of 

threshold ages examined (13-19 years of age in females).  Points and dashed lines in (b,d) show log likelihood profiles for threshold 

ages in each early-adult reproductive effort category.  The y-axis shows twice the difference between the log likelihood of the best-

supported model vs. that of models with higher/lower threshold ages.  The intersection of the solid black line with dashed lines shows 

where ∆deviance = 2.71, defining the 95% CI (Ulm & Cox 1989). 
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Fig. S10.  Comparing this figure to Fig. S9 shows there is little effect of omitting years 1996-1997 from the data (this figure, Table 

S11, S12) to control for potentially lower mean survival in those years affecting estimated ageing patterns.  Results presented as in 

Fig. S9. 
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Fig. S11.  Female (a,b), but not male (c,d) Nazca boobies show a delay in senescence onset for cohorts experiencing a low-quality 

flying fish diet in early-adulthood.  Solid lines (a,c) show predictions from the best-supported Stage 2 threshold model in each sex 

(Tables S21, S22); shaded intervals show 95% CIs.  Points and intervals (a,b) show age-specific means and 95% CI (age effects 

modelled as a multi-level factor).  Horizontal dashed lines (a,c) show profile likelihood 95% CI around the best-supported threshold 

age (points) for each sex. The open interval in (a) shows the 95% CI extends beyond the lower limit of threshold ages examined (13-

19 years of age in females).  Points and dashed lines in (b,d) show log likelihood profiles for threshold ages in each early-adult diet 

category.  The y-axis shows twice the difference between the log likelihood of the best-supported model vs. that of models with 

higher/lower threshold ages.  The intersection of the solid black line with dashed lines shows where ∆deviance = 2.71, defining the 

95% CI (Ulm & Cox 1989). 
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Fig. S12.  Comparing this figure to Fig. S11 shows little effect of omitting years 1996-1997 from the data (this figure) to control for 

potentially lower mean survival in those years affecting estimated ageing patterns.  Results presented as in Fig. S11.  
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Fig. S13. Average environmental conditions (a) and proportion of successful breeding 

attempts (b) in a comprehensively monitored subsection of the colony (the “Study Area”) 

are nearly equal between years contributing late-life FS phenotypes for Sardine Cohorts 

(cohorts 1984-87) and years contributing late-life FS phenotypes for Flying Fish Cohorts 

(cohorts 1992-96).  
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CHAPTER 3 

Age of female Nazca boobies dictates breeding responses to El Niño-Southern 

Oscillation warm and cool events 

 

ABSTRACT 

 Age and environment are important determinants of reproductive parameters in 

long-lived organisms.  These factors may interact to determine breeding responses to 

environmental change, yet few studies have examined environmental-dependence of 

ageing patterns across the entire lifespan.  I do so, using an 18-year longitudinal dataset 

of reproductive phenotypes in long-lived female Nazca boobies (Sula granti), a seabird, 

breeding in the eastern tropical Pacific.  Young and old females may suffer from 

inexperience and senescence, respectively, and/or practice reproductive restraint.  

Breeding performance (for breeding date, clutch size, egg volume, and offspring 

production) was expected to be lower in these age classes, particularly under 

environmental challenge, in comparison with middle-aged breeders.  Sea surface 

temperature anomalies (SSTA) captured inter-annual variation in the El Niño-Southern 

Oscillation (ENSO) and were one proxy for environmental quality (a population count of 

clutch initiations was a second).  Young and old female Nazca boobies had poorer 

performance than middle-age birds for all reproductive traits.  Following expectations, 

challenging environments often increased age effects across young to middle ages.  

Interactive effects of age and environment were relevant across the entire lifespan: the 

strength of late-life performance declines varied by breeding season in the last six years 

of the study.  Both early and late in life, important exceptions to the predicted form of age 
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by environment interactions suggested significant biological complexity, involving 

optimization of multi-trait phenotypes and environmentally-independent sources of 

constraint.  Finally, independent of age, breeding responses of female Nazca boobies to 

the ENSO did not follow expectations derived from oceanic forcing of primary 

productivity.  During El Niño-like conditions, egg-laying traits (clutch size, breeding 

date, egg volume) improved but offspring production declined, while La Niña-like 

conditions were “poor” environments throughout the breeding cycle, including the egg-

laying period.  Complex responses by Nazca booby females to the ENSO in our data may 

result from positive SSTA increasing prey access (because conditions favor booby 

associations with subsurface tuna) but reducing prey species abundance (a potentially 

lagged effect) and from La Niña-like conditions immediately following El Niño-like 

conditions.   

 

KEYWORDS: Age by environment interaction, breeding date, clutch size, diet, egg 

volume, fledging success, Galápagos, El Niño-Southern Oscillation, La Niña, seabird, 

senescence 
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INTRODUCTION 

 Long-lived, iteroparous organisms confront substantial variation in the quality of 

the breeding environment during a lifespan.  Life history theory suggests they should 

respond flexibly, tracking environment with shifts in behavior and investment strategy to 

maximize fitness (Stearns 1992; Erikstad et al. 1998).  Age, too, influences the 

constraints organisms face and their optimal allocation of reproductive effort (Williams 

1966; Schaffer 1974; McNamara et al. 2009).  At the intersection of these two factors, 

breeding responses to environmental quality can be age-dependent (Sydeman et al. 1991; 

Laaksonen, Korpimaki, & Hakkarainen 2002; Kawasaki et al. 2008; Oro et al. 2014), 

with implications for individual fitness and population dynamics (Coulson et al. 2001; 

Stafoggia et al. 2006; Pardo et al. 2017).  Studies evaluating these age by environment 

interactions are still relatively rare, in part because decades are required to observe old 

age classes in a range of environmental settings for long-lived species.  Here, I use an 18-

year longitudinal dataset to evaluate how reproductive phenotypes change with age and 

inter-annual variation in the El Niño-Southern Oscillation (ENSO) in long-lived Nazca 

boobies (Sula granti), a seabird, breeding in the eastern tropical Pacific (ETP).  I then 

explore interactive effects of age and environment (ENSO and a second proxy for 

environmental quality) on reproductive traits. 

 On the individual, longitudinal level, age-related improvement in performance 

could result from increasing foraging or breeding competence with experience or growth 

(the "constraint" hypothesis; Nur 1984; Ratcliffe, Furness, & Hamer 1998; Catry & 

Furness 1999), and/or low motivation in early life to risk allocation to current breeding 

when residual reproductive value is highest (the "restraint" hypothesis; Williams 1966; 
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Curio 1983).  These within-individual explanations for the relatively poor performance of 

young birds – inexperience or optimization of reproductive effort – each predict that 

young birds perform particularly poorly when resources are limited.  Age effects on 

reproduction should, therefore, be relatively large under poor breeding environments and 

attenuated when conditions are good (Ratcliffe et al. 1998; Laaksonen et al. 2002).  

Accordingly, performance discrepancies between the offspring production of young 

versus that of middle-aged birds are larger when food availability is low in Western gulls 

(Larus occidentalis; Sydeman et al. 1991), Tengmalm’s owls (Aegolius funereus; 

Laaksonen et al. 2002), and Australasian gannets (Morus serrator; Bunce, Ward, & 

Norman 2005), although differences between age classes are independent of environment 

in other systems (Nevoux, Weimerskirch, & Barbraud 2007; Vieyra, Velarde, & Ezcurra 

2009).   

  Turning to old age, reproductive senescence is common in seabirds (Reed et al. 

2008; Rebke et al. 2010; Kim et al. 2011), although far from ubiquitous (Sydeman et al. 

1991; Ratcliffe et al. 1998; Berman, Gaillard, & Weimerskirch 2009).  Age-related 

declines in reproductive parameters may reflect physiological senescence (documented in 

ageing seabirds: Angelier et al. 2007; Elliott et al. 2014a, 2015, but see Lecomte et al. 

2010) and/or terminal restraint (McNamara et al. 2009).  Terminal restraint is expected 

when an individual’s remaining lifespan is set by physiological state and not by age.  

Under this hypothesis, reproductive activity in a poor environment advances biological 

age more than the same activity under benign conditions and should be avoided 

(McNamara et al. 2009).  A competing idea posits that old individuals, faced with 

dwindling opportunities for future reproduction, should make terminal investments 
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(Clutton-Brock 1984).  Both terminal investment (e.g., Velando, Drummond, & Torres 

2006) and terminal restraint (e.g., Elliott et al. 2014) have received empirical support, 

complicating predictions regarding environmental effects on age-dependent trait 

expression for prime-age birds and older.  However, in Nazca boobies, any potential 

increase in reproductive investment in old age is apparently overwhelmed by senescence 

because old females perform much worse than middle-aged females, including for 

breeding probability (Tompkins & Anderson in press).  Thus, in Nazca boobies, old birds 

– constrained by physiological senescence or practicing adaptive restraint – are expected 

to show relatively greater reductions in performance, compared to middle-aged 

individuals, when resources are scarce.     

 I examined environment-specific age effects on reproductive performance of 

Nazca boobies with respect to the ENSO, a globally important climate phenomenon 

bringing striking changes to oceans and atmosphere in the eastern equatorial Pacific 

Ocean (Fiedler 2002; McPhaden, Zebiak, & Glantz 2006).  Nazca boobies forage for 

pelagic fishes (Anderson 1989; Tompkins, Townsend, & Anderson 2017) 10s-100s of km 

offshore in the eastern tropical Pacific (ETP; Anderson & Ricklefs 1987; Zavalaga et al. 

2012).  This foraging area is in the equatorial “cold tongue”, a protrusion of usually cold 

and productive waters stretching west along the equator from the coast of South America 

and subject to dramatic changes according to ENSO state.  El Niño warm events lie at 

one ENSO extreme.  During an El Niño event, easterly trade winds slacken, and the 

warm waters from the western Pacific move eastward, raising sea surface temperatures 

(SST) and deepening the thermocline (a steep vertical gradient of SST discriminating 

well-mixed surface waters from cooler waters below; Wang & Fiedler 2006).  Physical 
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changes during El Niño reduce primary productivity in the ETP (Feldman, Clark, & 

Halpern 1984; Pennington et al. 2006) and resonate through biological communities, 

influencing high trophic level organisms primarily through effects on prey species 

abundance or availability (Barber & Chavez 1983; Jahncke & Goya 2000; Ancona, 

Calixto-Albarrán, & Drummond 2012).  At high trophic levels, foraging parameters or 

spatial distributions of long-lived seabirds in the ETP are altered by extreme El Niño 

events (Spear, Ballance, & Ainley 2001; Ballance, Pitman, & Fiedler 2006) and 

populations respond with delayed breeding (Ancona et al. 2011) and reduced recruitment 

(Oro et al. 2010), breeding participation (Cubaynes et al. 2011), fledging success 

(Schreiber & Schreiber 1984; Anderson 1989; Ancona et al. 2011), juvenile survival 

(Champagnon et al. 2018), and/or adult survival (Vargas et al. 2006; Oro et al. 2010).  At 

the other ENSO extreme, easterly tradewinds intensify during “La Niña” events, cooling 

eastern equatorial Pacific surface water and reducing thermocline depth.  Some studies 

report enhanced primary productivity (Pennington et al. 2006) or reproductive success of 

seabirds when surface waters are cool (Oro et al. 2010; Ancona et al. 2011).  However, 

important exceptions to predicted patterns (El Niño bad, La Niña good; e.g, Spear et al. 

2001, 2007; Doherty et al. 2004; Devney, Short, & Congdon 2009), including in Nazca 

boobies (Champagnon et al. 2018), emphasize the need for a deeper understanding of the 

connections between trophic relationships, life histories, and breeding responses to 

oceanographic changes. 

  Nazca boobies are long-lived with high annual adult survival (Anderson & 

Apanius 2003; Townsend & Anderson 2007b) and low annual fecundity, producing at 

most one offspring per breeding season (Humphries et al. 2006).  Breeding is seasonal 
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and protracted (4.5-6 months from laying to offspring independence; Maness et al. 2011).  

ENSO-associated sea surface temperature anomalies (SSTA) in the ETP peak in the 

boreal winter, when Nazca boobies lay eggs and brood small nestlings.  Female Nazca 

boobies rarely skip breeding (Champagnon et al. 2018) and inter-annual variation in the 

ENSO has little, if any, influence on breeding probability (Tompkins & Anderson in 

press, Champagnon et al. 2018).  Thus, characteristics of a nest initiation, more than the 

dichotomous decision to breed or not breed, may better reflect behavioral responses by 

Nazca boobies to changes in the marine environment.  Early breeding and laying a two-

egg (vs. a one-egg) clutch influence hatching success and offspring production in Nazca 

boobies (Anderson 1990; Clifford & Anderson 2001a) and, especially for clutch size, trait 

expression is tightly linked to food availability (Clifford & Anderson 2001a, 2002).  

Causal relationships between ENSO phase and primary productivity suggest that El Niño 

warm events should provide poor environments for breeding and La Niña cool events 

good ones.  Surprisingly, the latter stage of breeding (rearing larger nestlings) and 

juvenile survival are affected negatively by both ENSO extremes (Champagnon et al. 

2018, Tompkins & Anderson in press), motivating our exploration of ENSO effects on 

traits expressed when oceanographic anomalies associated with El Niño/La Niña are at 

their most extreme.   

 The first goal of the current study was to expand our understanding of Nazca 

booby breeding responses to the ENSO to include effects of SSTA on egg-laying traits 

(breeding date, clutch size, egg volume).  Our second goal was to expand our 

understanding of age-related performance patterns in this species, first by modelling egg-

laying traits as a function of female age and of her male mate’s age, and then by 
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determining the extent to which female age interacts with environmental variation to 

determine breeding phenotypes in this population.  Environments associated with high 

average performance for each trait (early breeding, larger clutch size, egg volume, and 

fledging success) were expected to show reduced differences between young and middle-

aged females, compared to results from challenging environments.  Few studies have 

examined how age interacts with oceanographic parameters to affect reproduction in 

seabirds and even fewer have incorporated old age classes (Vieyra et al. 2009; Pardo et 

al. 2013; Oro et al. 2014).  I fill an important empirical gap, and do so in the context of 

the ENSO, a climate phenomenon of global importance forecast to undergo changes in 

the character and frequency of extreme El Niño/La Niña phases under global climate 

change (Yeh et al. 2009; Cai et al. 2014). 
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METHODS 

Data collection 

 Data on egg-laying traits and offspring production in known-age female Nazca 

boobies were collected at the Punta Cevallos colony on Isla Española in the Galápagos 

Islands (1°20’ S, 89°40’ W; colony described in Huyvaert & Anderson 2004; Apanius, 

Westbrock, & Anderson 2008).  Nazca boobies at Punta Cevallos breed from October 

until May or June of the following calendar year.  Breeding seasons are referenced by the 

first year in each two-year span.  Since the early 1980s, alphanumeric steel bands identify 

individuals in the monitored area (Huyvaert & Anderson 2004).  Leg banding, coupled 

with high natal and breeding philopatry (Huyvaert & Anderson 2004) and the relatively 

open and flat terrain, allows the accumulation of detailed longitudinal data on individual 

clutch initiations and breeding performance.  The monitored area (Huyvaert & Anderson 

2004) was searched for new nest initiations of banded individuals, and existing nests 

were visited every other day (1992-1993 seasons) or daily (1994-2004, 2010-2015) from 

early in the breeding season through mid-January, when egg laying is effectively 

complete.  This procedure established breeding dates and clutch sizes for all banded 

breeders.  Parent bands and sex (from sex-specific vocalizations; Nelson 1978) are 

recorded at each nest, establishing breeder/non-breeder status for all living banded 

individuals.  In March-May, all surviving offspring are banded and parental identities 

recorded.  Banded young of the year not found dead during this period, or at the start of 

the following breeding season, are assumed to have survived to independence.  Data for 

the current study comprise the breeding records of known-age females (banded as young 
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of the year in cohorts 1984 and later) in seasons with detailed data on breeding attempts 

in the monitored area: 1993-2004 and 2010-2015.  

 

Breeding response variables 

 Age and environmental effects on breeding response variables were evaluated for 

Breeding Date, Clutch Size, volume of the first laid (“A”) egg, and the probability of 

producing an independent offspring in Nazca boobies.  Breeding Date was defined as the 

laying date of the first-laid egg in a clutch and was recorded in Camp Calendar Dates 

(CCD), the number of days since January 1st of the first year in each breeding season’s 

two-year span.  Breeding Dates refer to the first laid clutch in a season (a renest clutch is 

sometimes laid after first clutch failure).  A-egg Volume (in cm3) was calculated from 

measurements of egg length and breadth as 0.00051 * length * breadth2 + 1.22, following 

Clifford & Anderson (2002).  Nazca boobies lay one or two eggs and Clutch Size was 

defined as the probability of laying two eggs, given that a clutch was initiated (a 

dichotomous response variable).  When both eggs hatch, two-nestling broods are reduced 

to one by obligate siblicide (Humphries et al. 2006) and Fledging Success was defined as 

the probability of raising a single offspring to independence, given that a nest was 

initiated.  Offspring from renest and original clutches were not distinguished.  Additional 

details of data selection and adjustments to handle missing information are described in 

the SI Methods.  For clarity, response variable names are capitalized throughout.  
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Statistical analyses 

 Statistical analyses were conducted in a short sequence for each breeding 

response variable.  First, independent effects of female age and environmental variables 

on egg-laying traits were examined (these relationships are already described for 

Fledging Success, Tompkins et al. 2017, Tompkins & Anderson in press).  Next, using 

deceased individuals, I evaluated the selective disappearance of low-quality phenotypes 

(Van De Pol & Verhulst 2006), revealing whether age effects are driven by compositional 

change within populations, within-individual processes, or both.  Then, using records 

with both pair members banded, I examined how male and female age jointly influence 

reproductive traits.  Of interest in its own right, controlling male age also strengthened 

inference regarding the form of female age effects.  Lastly, the environmental-

dependence of ageing patterns was addressed, using separate analyses for young- to 

middle-aged and middle- to old-aged records.  Predictor variables and approaches to 

statistical inference are described below.  Briefly, when coefficient values captured the 

effect of interest (e.g., the slope of each response variable on a measure of environmental 

variation), effect size and the span of the coefficients’ 95% Bayesian Credible Interval 

(BCI) were used to determine significance.  Where a single coefficient value did not 

capture the effect of interest (e.g., when fitting age as a flexible smooth function) or the 

relevant coefficients cannot be fewer than zero (e.g., variance estimates), model selection 

was used.  Table 1 compares the predictor variables used in the full model at each 

analysis stage.   
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Additive effects of female age and environment on egg-laying traits 

 Breeding Date, Clutch Size, and A-egg Volume were modelled as functions of 

female age and environment using data including most of the adult lifespan (ages 4-23; 

age 3 and ages > 23 not included because of small sample sizes).  Models were 

Generalized Additive Mixed Models (GAMMs) fit in a Bayesian Framework using 

program Stan (Carpenter et al. 2017) and the rstanarm package (v. 2.13.1, Stan 

Development Team 2016) in R (v. 3.4.3, R Core Team 2017).  GAMMs were employed 

to flexibly model the relationship between breeding traits and female age using non-

parametric smoothers (thin plate regression splines; Wood 2006) because changes in trait 

value with increasing age may be inadequately represented by simpler linear/quadratic 

parameterizations of age.  Group-specific (“random”) effects of female identity and 

breeding season accounted for the non-independence of records measured within the 

same breeding season or from the same individual.  Clutch Size and Fledging Success 

were modelled using a binomial error structure and a logit link function; models for all 

other response variables assumed Gaussian errors.   

 Continuous inter-annual variation in the ENSO was quantified as the average of 

monthly SSTA in December-February from the Nino3 region (5°S-5°N, 150°W-90°W; 

“N3DJF”).  The Nino3 region includes the Nazca booby foraging range while rearing 

nestlings (Zavalaga et al. 2012) and inter-annual variation in ENSO state is highest 

during December-February (Cai et al. 2014), explaining our choice of time period.  

Trenberth (1997) defined an El Niño (La Niña) event as occurring when 5-month running 

mean SSTA are ≥ 0.4 (≤ -0.4) for 6 months or longer in the Nino3.4 region (west of Isla 

Española, 5°N-5°S, 120°W-170°W).  Positive SSTA anomalies are, therefore, “El Niño-
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like” and negative ones “La Niña-like”.  Our continuous measure of inter-annual 

variation in the ENSO is compared with the presence/absence of El Niño and La Niña in 

Fig. S1.  The most general model for each egg-laying trait included N3DJF as both linear 

and quadratic predictors, allowing peak breeding performance to associate with SSTA 

close to zero (Tompkins & Anderson in press, Champagnon et al. 2018).  SSTA values 

were downloaded from the LDEO/IRI data library (https://iridl.ldeo.columbia.edu, 

accessed December 21, 2017).    

 La Niña and El Niño events are often coupled, with warm El Niño conditions 

preceding or following cool La Niña conditions in the ETP (Wang & Fiedler 2006).  In 

our data, breeding seasons with negative SSTA (characteristic of La Niña) follow years 

with positive SSTA (characteristic of El Niño) and  relatively low fledging success 

(because few offspring reach independence when SSTA are strongly positive).  To 

distinguish effects driven by oceanographic changes from a lagged influence of 

reproductive effort in the previous breeding season, models included a dichotomous 

predictor describing female fledging success during the previous breeding season (0 = did 

not breed or the breeding attempt failed, 1 = raised an offspring to independence).  Note 

that offspring survival to fledging was monitored in 1992 and 2009, as well as during all 

years included in the present study, so this variable is available for all 18 years of the 

study.  

 The most general model for each breeding response variable included the 

following predictors: female age (continuous, smooth function), N3DJF (continuous, 

linear and quadratic terms), fledging success in the previous breeding season (“FS(t-1)”, a 

factor), and two additional explanatory variables describing inter-annual differences in 
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the breeding environment.  First, a dichotomous predictor mapped a decadal-scale change 

in the diet of Nazca boobies from high quality sardine prey before 1997 to low-quality 

flying fish prey thereafter (“Fish Phase”; Tompkins et al. 2017).  Second, a continuous 

measure of the breeding population size was included as another measure of 

environmental quality (following Maness & Anderson 2013), one that may integrate 

reductions or augmentations in intraspecific competition (Cubaynes et al. 2011).  

Breeding population size was defined as the annual number of clutch initiations 

(excluding re-nests) in a comprehensively monitored section of the colony (variable Nest 

Count).  N3DJF and Nest Count were uncorrelated across the 18 years of our study (r = 

0.19, d.f. = 16, p = 0.45), allowing simultaneous estimation of their respective effects on 

egg-laying traits.  The most general model for Clutch Size and A-egg Volume also 

included relative breeding date (standardized within each year) as a linear predictor to 

account for potential seasonal declines in performance (Rowe, Ludwig, & Schluter 1994). 

 Female age and Nest Count independent variables were standardized to a zero 

mean and unit standard deviation (SD) before analysis.  Dependent Breeding Date and A-

egg Volume variables were likewise standardized to a zero mean and unit SD across all 

years (preserving differences between years).  Sample sizes were specific to each 

breeding trait response variable (due to missing data) but were > 11,700 records and > 

2,400 females for all traits.  

 The importance of female age as a predictor of Breeding Date, Clutch Size, and 

A-egg Volume was determined by comparing the predictive ability of the most general 

model for each trait with that of a GLMM excluding the female age smoother but 

identical in all other respects (two models run for each egg-laying trait).  Predictive 
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abilities of models with/without female age as a covariate were ranked using 10-fold 

cross validation (Gelman, Hwang, & Vehtari 2014).  The significance of other individual-

level (“fixed effect”) explanatory variables was evaluated using the span of the 95% 

Bayesian credible interval (BCI) on each parameter estimate.  Higher order terms (e.g., 

quadratic or interaction terms) with 95% BCI on coefficient estimates spanning zero were 

sequentially removed and simplified models re-run to verify the significance of lower-

order terms.  Details of priors, posterior estimation, and model fit are included in the SI 

Methods.  

 

Selective disappearance 

 Heterogeneity in phenotypic quality is typically high in young cohorts and falls 

over time as mortality of poor-quality individuals homogenizes cohort composition (e.g., 

Barbraud & Weimerskirch 2005; Lescroël et al. 2009).   If this process causes 

progressive improvement of average phenotypic quality with cohort age then it can 

obscure or enhance ageing trends due to within-individual processes (e.g., learning, 

senescence).  “Additive effects of female age and environment” analyses did not account 

for this “selective disappearance” of poor-quality individuals because evaluating 

environmental effects was best served by retaining records from young females 

(individuals are still alive) for all years of the study.  Accounting for selective 

disappearance with respect to Fledging Success does not affect the magnitude or form of 

estimated ageing patterns in Nazca boobies (Tompkins & Anderson in press), suggesting 

bias from ignoring selective disappearance in the present study will be minimal.  Even so, 

the most general model for each egg-laying trait was re-run using only data from 
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deceased individuals and including a proxy for lifespan as an additional predictor of 

breeding performance.  Only 36-37% of breeding records were retained (depending on 

the response variable).  A linear increase in performance with increasing lifespan is 

evidence for the selective disappearance of low-quality individuals with respect to egg-

laying phenotypes (Van De Pol & Verhulst 2006).  Age at last appearance in annual Band 

Resight Surveys (BRS, data from 1984-2017, except 1988) was our proxy for lifespan, 

assigned to females absent two or more years from the BRS (i.e., presumed dead) and 

was standardized (zero mean, unit SD) before analysis.   

 

Male age and identity effects on egg-laying traits and Fledging Success   

 Male characteristics, including age, are increasingly shown to influence egg-

laying traits in long-lived birds (Velando et al. 2006; Brommer & Rattiste 2008; 

Teplitsky et al. 2010; Auld, Perrins, & Charmantier 2013).  Understanding the role of 

male age and identity is critical to isolating and understanding the influence of female age 

and identity on breeding parameters whenever pair member ages are correlated.  Over 

half of all breeding attempts by known-age females involved a banded male partner (56-

57% of cases, depending on response variable).  Using this subset of records, models 

evaluating “Additive effects of female age and environment on egg-laying traits” were 

extended to incorporate male age and identity effects on breeding response variables.  

Fledging Success was an additional response variable.  Some records (12-13%, 

depending on response variable) involved males banded as adults; these records were 

retained to bolster the number of different males breeding with each female (average 1.5-

1.6 males per female, depending on the response variable).  Age at banding for these 
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males was assigned to 4 years old, the median recruitment age (Maness & Anderson 

2013). 

 Estimated male age was weakly correlated with female age (e.g., for Clutch Size: 

r = 0.25, d.f. = 6,859, p << 0.01) and was modelled as a three level factor: “young” males 

were ≤ 9 years old, “middle-aged” males were 10-15 years old, and “old” males were ≥ 

16 years.  A previous study placed transitions between early-life improvement and 

middle age, and between middle age and late-life declines in breeding probability and 

fledging success at ~9 and ~15 years of age, respectively, explaining our choice of cut-off 

for male age (Tompkins & Anderson in press).  Female age was modelled as a 

continuous covariate using flexible smooth functions, which interacted with categorical 

male age in the most general model, allowing distinct relationships between female age 

and each response variable for females breeding with young, middle-aged, and old males.  

Additional fixed effects were as in “Additive effects of female age and environment on 

egg-laying traits”.  Females laying two-egg clutches, and breeding relatively early in a 

season, have higher Fledging Success (Clifford & Anderson 2001b); in some years, A-

egg Volume positively influences hatchability (Clifford & Anderson 2002).  Therefore, 

apparent influence of environmental predictors on Fledging Success may be driven by 

environmental influence on earlier expressed traits and the positive correlation between 

these traits and offspring production.  To isolate environmental effects on Fledging 

Success from those on egg-laying traits, Clutch Size (a dichotomous factor), relative A-

egg Volume (standardized within year), and relative Breeding Date (standardized without 

year) were fit as additional predictors of Fledging Success.   
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 Male identity was fit as a random effect.  Variance component estimates 

associated with male identity quantified among-male phenotypic differences influencing 

egg-laying traits and Fledging Success.  The ability of male identity to explain variation 

in each breeding parameter was evaluated by considering the size of the male identity 

variance parameter relative to the total variance not accounted for by the model’s fixed 

effects, and also by model ranking, using 10-fold cross validation, of three models with 

the full complement of fixed effects and increasingly complex random effect structures.  

The simplest model included only breeding season as a group-specific effect; next female 

identity was added, and then male identity, all three as random intercept terms.  Support 

for the interaction between male and female age was then evaluated, maintaining the 

best-supported random effect structure and comparing two models, one including and one 

excluding the interaction between continuous female age (modelled using a smooth 

function) and categorical male age. 

 

Interactive effects of female age and environment on egg-laying traits and Fledging 

Success  

 Finally, the importance of interactions between female age and continuous 

measures of environmental quality (N3DJF, Nest Count) was evaluated for our breeding 

response variables.  Data for the oldest age classes were limited to recent years, so age by 

environment interactions were examined in distinct analyses for 1) young- to middle-age 

records and 2) middle- to old-age records.  Young- to middle-aged analyses covered ages 

3-12 (Tompkins et al. 2017, Tompkins & Anderson in press), with the upper limit chosen 

to limit the number of age classes absent from some breeding seasons (e.g., the oldest 
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cohort reaches age 12 in 1996, and years 1993-1995 do not include records for 12-year 

olds) while still capturing the period of waning improvement and subsequent plateau 

usually defined as middle age.  In place of smooth functions, the influence of age on egg-

laying traits and Fledging Success was approximated using a quadratic function over both 

halves of the lifespan (models are GLMMs, instead of GAMMs).  This allowed the sign 

of age by environment interaction coefficients to describe the strengthening/weakening of 

age-related trait expression with changing environmental quality.  For example, if 

performance typically improves in early life (a positive slope of trait value on age), then a 

negative age by environment interaction coefficient describes shrinking differences 

between age classes (slope of trait value on age becomes less steep) with increasing 

environmental quality. 

 For young- to middle-age analyses, N3DJF, N3DJF2, Nest Count and other fixed 

and random effects were modelled as in “Additive effect of female age and environment 

on egg-laying traits”.  All pairwise interactions between female age effects (F Age, F 

Age2) and continuous measures of environmental quality (N3DJF, N3DJF2, Nest Count) 

were included in the full model for each breeding response variable.  Interaction 

coefficients distinct from zero imply variation in early-life improvement (affecting slopes 

and/or curvature) with environmental quality.  An increasingly positive slope of Clutch 

Size/A-egg Volume/Fledging Success on age is expected as environmental quality 

declines, implying widening performance differences between young and middle-aged 

birds (an increasingly negative slope on Breeding Date implies the same).  Statistically 

supported age by environment interactions were then evaluated in the context of changes 

in mean trait value with N3DJF and Nest Count.  Particularly for Clutch Size and 
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Fledging Success, much variation in trait expression is explained by food availability 

(Clifford & Anderson 2001a, 2002; Tompkins et al. 2017).  As in earlier stages, 

parameter estimates for fixed effects were evaluated by the span of the 95% BCI relative 

to zero.  Insignificant higher order terms were removed sequentially to verify the 

significance of lower-order terms. 

 Environmental dependence of senescence was evaluated over six recent breeding 

seasons (years with large samples of old birds) and the age range 14-23 using data from 

known- and estimated-age females.  No nestlings were banded from 1988-1991 and 

extreme environmental conditions from 1997-1999 meant that few offspring survived to 

independence.  These two gaps in available known-age cohorts (restricting the ages 

available within certain years) motivated the inclusion of females banded as adults.  Age 

was assigned to 4 years old in the year of banding (the median age at recruitment) for the 

29% of females in this category.  The full model for middle- to old-age analyses included 

Breeding Season as a multi-level factor (distinct levels for each of six seasons) and 

pairwise interactions between female age effects (F Age, F Age2) and Breeding Season.  

Model comparison using 10-fold cross validation was used to distinguish among the full 

model, a model with only the linear age term interacting with Breeding Season, and a 

model omitting all age by Breeding Season interactions.  Models also included FS(t-1), 

earlier expressed breeding traits, and female identity as a random effect.   
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RESULTS 

Influence of female age on egg-laying traits and Fledging Success 

 Middle-aged female boobies laid clutches earlier in the breeding season, had 

higher probabilities of laying a two-egg clutch, and larger A-egg Volumes than young or 

very old females (Fig. 1).  The age-dependence of egg-laying traits was supported 

statistically: a GAMM modelling each response variable as a smooth function of female 

age had greater out-of-sample predictive accuracy than otherwise-equivalent models 

omitting age as a predictor (Table 2).  Age-related changes were similar across egg-

laying traits, although Clutch Size showed the earliest completion of early-life 

improvement and the most abrupt, and latest, transition from the middle-age plateau to 

senescence.   

 For the subset of individuals already dead, females with long lifespans did not lay 

earlier (β = -0.02 [95% BCI: -0.07, 0.02]) or have a higher probability of producing a 

two-egg clutch (β = 0.00 [95% BCI: -0.11, 0.10]) than females dying young, suggesting 

little opportunity for compositional change in an ageing cohort to obscure or artificially 

enhance estimated age functions.  Females living long lives had marginally greater A-egg 

Volumes (β = 0.07 [0.00, 0.13]), but effects were weak (increasing lifespan from 10 to 20 

years of age results in a 0.72 cm3 increase in A-egg Volume; see Fig. 1b for scale) and do 

not alter inferred early-life improvement followed by late-life decline (Fig. S2).    

 

Influence of male age and identity on egg-laying traits and Fledging Success 

 Repeatable elements of each pair member’s phenotype contribute to Breeding 

Date in Nazca boobies.  Repeatabilities for each sex were calculated as intra-class 
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correlation coefficients (ICC), the proportion of variance not accounted for by fixed 

effects in the model.  Male repeatability for Breeding Date was very low (ICC = 0.06, 

Table 4), and smaller in magnitude than Female repeatability (ICC = 0.17, Table 4).

 For Clutch Size and A-egg Volume, two models were supported by cross-

validation: the model including Female Identity, Male Identity, and Breeding Season 

variance components, and a simpler model excluding Male Identity (Table 4).  Male 

repeatabilities were very small for both Clutch Size and A-egg Volume (< 0.03), 

explaining model selection uncertainty and emphasizing that differences among females, 

not males, are most relevant to expression of these traits.  Female repeatability for Clutch 

Size was low (ICC = 0.09) and was much higher for A-egg Volume (ICC = 0.66, Table 3, 

Table 4). 

 The model partitioning variation in Fledging Success by Male Identity, Female 

Identity, and Breeding Season mixed poorly with respect to the identity terms, struggling 

to distinguish male vs. female effects and requiring double the iterations to reach the 

target effective sample size as simpler models.  Estimated repeatabilities for both sexes 

under this model were low (Male ICC = 0.04, Female ICC = 0.04, Table 4); while I fail 

to disentangle male and female identity effects for this trait, these effects are very small.  

 Male and female ages interacted to influence Breeding Date in Nazca boobies.  A 

GAMM including an interaction between female age and categorical male age 

outperformed a model omitting the interaction (Δ expected log predictive density (elp̂d) 

in favor of the interaction model = 30.4, SE 14.0).  Females breeding with young males 

laid later in the season than females pairing with middle-aged or old partners and 
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breeding delays were particularly long for females aged 14 and above when they paired 

with young males (Fig. 2).   

 Male age influenced Clutch Size, A-egg Volume, and Fledging Success, but did 

not interact with female age.  For all three response variables, the simpler model (lacking 

an interaction between continuous female age and categorical male age) was best-

supported by cross validation.  Differences between the two models were slight (Δ elp̂d 

CS = 7.8, SE 5.2; Δ elp̂d AV = 36.0, SE 20.7; Δ elp̂d FS = 6.1, SE 4.8), but the slightly 

better predictive performance of the simpler model suggests that the additional 

complexity of a female age by male age interaction explains little additional variance.  

Compared to breeding with a middle-aged male, A-egg Volumes of females paired with a 

young male were 0.26 cm3 smaller (β = -0.05 [-0.09, -0.01]) and the probability of laying 

a two-egg clutch was reduced by 0.025 (β = -0.14 [-0.28, -0.01]), holding all other 

predictors in the model at their mean value.  No disadvantage of pairing with a young 

male was found for Fledging Success (β = -0.07 [-0.20, 0.06]).  Pairing with an old male 

reduced the probability of raising an offspring to independence by 0.017 (β = -0.51 [-

0.72, -0.31]) but did not affect Clutch Size (β = 0.05 [-0.16, 0.27]) or A-egg Volume (β = 

0.04 [-0.02, 0.11]) when compared to trait values expressed with a middle-aged partner.   

 

Influence of environmental variability on egg-laying traits   

  Fish Phase did not significantly alter egg-laying traits (Table 3).  Clutch Size 

covaried positively with N3DJF, our proxy for yearly differences in the ENSO (Table 3).  

A moderate increase in SSTA from 0-1°C increased the probability of laying a two-egg 

clutch by 0.07 (holding all other covariates at their mean value).  Clutch Size also 
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covaried positively with Nest Count, increasing with the number of breeding pairs (Table 

3).  A-egg Volume, in contrast, was not affected by yearly variation in either continuous 

measure of environmental quality (Table 3).   

  Breeding Date was unique among egg-laying traits in several respects relevant to 

the interpretation of environmental effects on timing of laying.  First, in most years some 

clutch initiations were missed because eggs were laid before monitors arrived and then 

failed before hatching dates could be used to back-calculate laying.  For these clutches, 

Breeding Date was assigned to the median (back-calculated) Breeding Date for clutches 

laid before monitor arrival but gave a hatching date (SI Methods).  Seasons 1998 and 

1999 have an unusually high degree of missing data of this type (33% and 20%, 

respectively) and analyses at each stage were re-run without these years.  Results were 

not affected by the omission of 1998 and 1999 except for the interaction between female 

age and Nest Count (described below; Tables S1-3).  Second, posterior predictive checks 

on models fit to Breeding Date suggested certain distributional assumptions made by our 

GAMMs and GLMMs were not met.  Error variances were not equal across years (Fig. 

S3) but accounting for heteroscedasticity did not alter our results (Tables S4-6).  Also, 

random Breeding Season effects for 2013-2015 were dramatically larger than expected 

under the assumption that all Breeding Season effects were drawn from the same 

Gaussian distribution, leading me to consider a posteriori the existence of an 

unrecognized environmental effect applicable to 2013-2015 that contributes to the 

apparent magnitude of the year effect.   

 Breeding was delayed by ~one month in 2013-2015 relative to the other 15 years 

of the study (Fig. 3; Fig. S4).  Under our original model parameterization, Breeding Date 
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did not covary with Nest Count and the Breeding Season variance component was 

relatively large (Var. = 0.43, ICC = 0.42; Fig. 3), implying that much of the variation not 

attributed to the model’s fixed effects is explained by year-to-year differences in average 

Breeding Date.  Controlling late laying in 2013-2015 with an additional fixed factor, 

breeding was earlier in years with low Nest Count (Fig. 3) and little variance is explained 

by Breeding Season (Var. = 0.05, ICC = 0.08; Table S2).  Under our original model 

parameterization, Breeding Date also did not covary with N3DJF (Fig. 3), contrasting 

with early breeding observed during the moderate 1986-87 El Niño (Anderson 1989).  

Controlling late laying in 2013-2015 with an additional fixed factor, clutches were 

initiated earlier with increasing SSTA, agreeing with Anderson (1989).  Our data include 

two out of the three strongest El Niño warm events ever observed (since at least the 

1950s; Fig. S1).  The 1997-98 El Niño followed an ENSO-neutral year; the 2015-16 El 

Niño followed a weak El Niño (Fig. S1).  Taking these events individually, eggs were 

laid significantly earlier during the El Niño year than in the previous season (Wilcoxon 

test, both p << 0.001).  My data include two weak El Niño warm events: breeding was 

also earlier in 2014-15 than during the ENSO-neutral year before (Wilcoxon test, p << 

0.001), but the same was not true of the 2002-03 event (Wilcoxon test, p = 0.98).  With 

the 1985-86 El Niño event (Anderson 1989), early breeding appears to be a consistent 

response to strong El Niño events and I conclude that only uncontrolled additional 

sources of temporal variability prevent detection of this signal in our original model.  Our 

long-term monitoring program does not yet suggest an explanation for delayed laying in 

2013-2015.  
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Interactive effects of female age and environment on egg-laying traits and Fledging 

Success 

Age span 3-12 

 In young to middle-aged Nazca boobies, age by environment interactions were 

common, with forms that depended on the trait and the measure of environmental quality.  

When SST was relatively warm, average Clutch Size was high and Breeding Date was 

early (when late laying in 2013-15 is controlled, Fig. 4a vs. b).  For Breeding Date, 

differences between young and middle-aged females are reduced in these “good” 

environments (Fig. 4a,b).  For A-egg Volume, in contrast, differences between young and 

middle-aged females increased when SST was warm, a pattern driven by a positive 

covariation between A-egg Volume and SSTA in middle-aged birds (Fig. 4f).  For Clutch 

Size, sea surface temperatures close to the long-term average had the shallowest age-

related increases in the probability of laying a two-egg clutch.  Relatively good and 

relatively poor environments (positive and negative SSTA, respectively) associated with 

relatively steep increase, and high curvature, in the relationship between Clutch Size and 

female age (Fig. 4d).   

 Nazca boobies produced the most offspring surviving to independence during 

ENSO-neutral years, while both extremely positive and negative SSTA reduced Fledging 

Success.  However, environmental quality measured via N3DJF did not interact with age 

to influence Fledging Success, implying parallel responses by different age classes to 

environmental changes associated with the ENSO.   

 Clutch Size and Fledging Success increased with the number of nests initiated in 

the Study Area, while Breeding Dates were delayed.  The female age by Nest Count 
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interaction for Breeding Date estimated using the full dataset showed evidence of bias 

introduced by our method of coping with missing information.  All females with missing 

information on Breeding Dates were assigned the same median Breeding Date value 

(back-calculated from the subset of nests laid before crew arrival, but that did hatch), 

regardless of their age, a practice expected to artificially shrink differences between age 

classes. The two years with the lowest values for Nest Count (1998 and 1999), also had 

unusually high missing information for Breeding Date.  The full data indicated that age 

effects shrink with decreasing Nest Count, but when excluding 1998 and 1999, the 

opposite pattern emerges: age-related differences in Breeding Dates expand with 

decreasing environmental quality, a marginal effect (Table S3; Age by Nest Count β = 

0.01 [0.00, 0.03]).  Because of potential bias introduced by the high degree of missing 

data, I display, and focus on, results that exclude 1998 and 1999 (Fig. 4c). 

 Female age did not interact with Nest Count to explain variation in A-egg Volume 

(Table S7).  For Clutch Size, differences between young and middle-aged breeders grew 

with decreasing Nest Count because the performance of the youngest breeders, in 

particular, dropped under challenging environmental conditions.  Coefficient values 

signaled a similar pattern for Fledging Success (Table S7), and performance differences 

between young vs. middle-aged females did shrink with increasing Nest Count on the 

logit scale (Fig. 4h), but on the data scale a hard lower limit on Fledging Success 

(probabilities cannot fall below zero) resulted in a more complex pattern (Fig. 4g). 
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Age span 14-23 

 Age by environment interactions affecting middle to old ages were examined 

using data from the most recent six years of the study.  Of three candidate models, one 

including linear female age interacting with categorical Breeding Season was best 

supported for all three egg-laying traits and Fledging Success, outperforming a more 

complex model with Breeding Season-dependent linear and quadratic age effects (Table 

S8).  However, the performance of a simpler model excluding all interactions performed 

nearly as well for each response variable (Table S8).  In the face of model selection 

uncertainty, evidence for year to year differences in reproductive senescence is weak.    

 The six years when late-life phenotypes were measured are bounded by a strong 

La Niña cool event (2010) and a strong El Niño warm event (2015; Fig. S1).  For 

Breeding Date and A-egg Volume, pairwise differences between the relevant slope 

estimates showed that rates of ageing were similar during these two opposite extremes 

(Fig. 5a,b, Tables S9-10).  For Clutch Size, no pairwise differences between senescence 

declines measured in different breeding seasons were distinct from zero (Table S11), but 

estimated age-related declines were most steep during the 2010 La Niña and most 

shallow during the 2015 El Niño (Fig. 5c).  Lastly, for Fledging Success, late-life 

declines were shallow during the ENSO-neutral conditions of 2012 and 2013, and 

steepest during the 2010 La Niña, 2015 El Niño, and in 2011, one of two years with high 

average performance (Table S12).  Relatively steep senescent decline in the strong El 

Niño and La Niña matched patterns of average Fledging Success from the full 18 years of 

the study (highest in ENSO-neutral years, reduced at ENSO extremes).  However, only 

the slope of female age for 2013 was significantly different from that of 2010/2011/2015 
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(Table S12) and unusually low average Fledging Success in 2012 and 2013 is unexpected 

when considering only ENSO state.  
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DISCUSSION 

 Younger and older Nazca boobies initiate clutches later in the season, have lower 

probabilities of laying a two-egg (versus a one-egg) clutch, and lay smaller eggs.  These 

patterns echo early-life improvements and late-life declines in breeding probability and 

Fledging Success (Tompkins et al. 2017, Tompkins & Anderson in press), emphasizing 

that age is a crucial factor structuring variation in fitness-related traits in this population.  

Age effects were driven by processes acting within individuals; selective disappearance 

of low-quality phenotypes cannot explain them.  Young boobies were predicted to 

perform especially poorly in challenging environments (Ratcliffe et al. 1998, Laaksonen 

et al. 2002).  Responses to environmental quality (ENSO variation, Nest Count) were 

age-dependent in young to middle-age birds for most traits/measures of environment.  In 

agreement with constraint and restraint hypotheses, age-related differences were 

generally smaller in good versus poor environments.  However, a novel pattern for Clutch 

Size may be explained by young birds favoring early breeding over the production of an 

insurance egg when confronted with El Niño-like conditions.  Across middle to old ages, 

late life declines in reproductive performance depended on breeding season, confirming 

environmental effects on ageing across the entire lifespan.  I first confront the diversity of 

age by environment interactions revealed in this study with respect to inferred “good” 

and “poor” environments for breeding.  I then return to relationships between the ENSO 

and breeding traits in the context of the foraging biology of Nazca boobies.  

Age-related variation across the lifespan in Nazca boobies  

 All reproductive trait values of Nazca boobies improved with age in early life, 

gains largely explained by changes within individuals, either due to increasing 
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competence and/or reproductive investment (which I do not attempt to distinguish; see 

also (Laaksonen et al. 2002; McCleery et al. 2008; Rebke et al. 2010).  Annual survival 

probabilities in young Nazca booby females (0.91-0.96 at ages 3-6) are similar to those of 

middle-aged birds (0.93-0.96 at ages 10-15), suggesting that some degree of foraging 

competence has already been achieved.  This, plus non-linear early-life improvements 

(increasing steeply before leveling out) implicate the acquisition of breeding skills 

learned during the first few breeding attempts (Curio 1983) in forming observed patterns.  

Familiarity and synchronization with the male partner may also play a role, especially for 

Breeding Date, which advanced (progressively more slowly) across much of the adult 

lifespan.  Although female Nazca boobies rotate mates (Maness & Anderson 2007, 

2008), in doing so they may return to a previous partner or engage with a familiar 

neighbor (breeding site fidelity is high: Huyvaert & Anderson 2004), explaining 

continued improvement through middle age.   

 Selective disappearance of low-quality phenotypes cannot explain these early-life 

improvements.  I find no support for the progressive removal of low-quality individuals 

from an ageing cohort with respect to Breeding Date or Clutch Size (this study, 

Townsend & Anderson 2007a).  Even for A-egg Volume, the pattern of age-dependent 

trait expression was largely unaffected when controlling the weak positive correlation 

between egg size and lifespan (Fig. S2).  Lifespan shows little or no association with 

average performance for egg-laying traits (this study), breeding probability, or Fledging 

Success (Tompkins & Anderson in press), but this does not imply an absence of 

individual heterogeneity in phenotypic quality.  Differences in phenotypic quality exist 

among female Nazca boobies (Townsend & Anderson 2007a; b, Tompkins & Anderson 
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in press) but are uncorrelated with lifespan.  Most lifespans in this species end at sea, 

probably during encounters with other predators.  Boobies plunge dive into fish schools 

driven to the ocean surface by subsurface predators, and observed damage to feet, legs, 

and tail (Zavalaga et al. 2012, DJA personal communication) suggest that some 

encounters with these predators are probably fatal.  If this mortality is independent of age 

or individual quality, it may explain why lifespan is a poor marker of individual quality in 

this species, compared with some other long-lived birds (e.g., Van De Pol & Verhulst 

2006; Zhang et al. 2015).   

 High performance in middle-age was not sustained into late life for any egg-

laying trait, consistent with reproductive senescence.  Senescence begins at ages 15-16 

for breeding probability, offspring production, and survival in female boobies (Tompkins 

& Anderson in press), coincident with the timing of late-life declines in Breeding Date 

and A-egg Volume described in the current study.  The existence of senescence for all 

reproductive traits examined, and similar timing of senescent declines, suggest 

underlying physiological degeneration affecting performance along many axes, perhaps 

through reductions in foraging abilities (Catry et al. 2006; Lecomte et al. 2010).  Nazca 

boobies join a growing list of studies documenting reproductive senescence in seabirds 

(e.g., Reed et al. 2008; Rebke et al. 2010; Pardo et al. 2013), although some or all 

elements of reproductive performance do not senesce in other populations (Sydeman et 

al. 1991; Ratcliffe et al. 1998; Berman et al. 2009; Vieyra et al. 2009).  Elliott et al. 

(2015) suggest breath-hold diving and high flight costs increase susceptibility to 

oxidative damage and physiological senescence, invoking differences in foraging biology 

to explain why thick-billed murres (Uria lomvia) show physiological senescence while 
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other species do not.  If plunge diving, like the pursuit diving of northern hemisphere 

auks, involves particularly high metabolism (as suggested by heart rate monitors; Green 

et al. 2009), the same logic may explain widespread senescence across reproductive traits 

in Nazca and blue-footed boobies (Sula nebouxii; Beamonte-Barrientos et al. 2010; Kim 

et al. 2011). 

 While my focus was on age-dependent reproductive trait expression in female 

boobies, I also found that male age influenced the expression of egg-laying traits and 

Fledging Success using the subset of records with both parents banded.  Breeding with a 

young male reduced the probability of laying a two-egg clutch, reduced A-egg Volume, 

and delayed laying relative to pairing with a middle-aged mate.  The same trend was 

observed for Fledging Success but was not supported statistically.  Timing of breeding is 

increasingly shown to depend on male as well as female phenotypes in long-lived birds 

(Laaksonen et al. 2002; Brommer & Rattiste 2008; Teplitsky et al. 2010; Auld & 

Charmantier 2011).  Egg volume may also respond to male characteristics (e.g., in blue-

footed boobies, Dentressangle, Boeck, & Torres 2008), while expression of clutch size is 

usually sex-limited.  Our results are remarkable for finding effects of male age on all egg-

laying traits assessed (and also for Fledging Success, where breeding with old males 

depressed performance), particularly given that male Nazca boobies do not feed their 

mates.  The influence of partner age is probably indirect: females may reduce investment 

into clutches when paired with a low-quality mate, as in blue-footed boobies 

(Dentressangle et al. 2008; Velando & Torres 2014).  Male and female age acted 

additively on all traits except for Breeding Date, where breeding delays from pairing with 
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a young (presumably inexperienced) male were strongest in females in their late teens 

and older.    

 

Environmental dependence of ageing patterns 

 Clutch Size and Fledging Success increased with Nest Count.  Clutch Size and 

Fledging Success are positively linked to food availability (Clifford & Anderson 2001a, 

2002; Tompkins et al. 2017), thus signaling benign conditions when Nest Count was 

high, and poor conditions when few clutches are initiated.  Aligning with expectations 

based on the constraint and restraint hypotheses, young birds bred later, laid a smaller 

clutch size, and produced fewer surviving offspring than middle-aged birds in all seasons, 

but these age differences shrank in the “good” environment signaled by a high Nest 

Count.  However, for Fledging Success, translating interaction coefficients to trends 

mapped onto the data scale showed a subtle, complex pattern because of a hard, lower 

boundary at zero for Fledging Success (Fig. 4g vs. Fig. 4h).  Biologically, differences 

between 4- and 9-year old females were larger, while differences between 9- and 12-year 

old females were smaller in a good environment versus a poor one (Fig. 4g).  Sources of 

constraint on the performance of young individuals that cannot be alleviated by abundant 

resources (e.g., coordination with a breeding partner) may prevent the performance of 4- 

and 5- year old females from increasing as fast as the performance of 9- and 10-year old 

breeders for a given increment in Nest Initiations.  Fixed lower boundaries on 

performance (e.g., a bird cannot fledge fewer than zero offspring) may also contribute to 

the shape of ageing in the wild, complicating predictions. 
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    Looking across traits, while environmental effects on age-dependent trait 

expression were of the same form in Breeding Date and Clutch Size – reduced age 

differences with increasing Nest Count – they occurred in different contexts with respect 

to the influence of Nest Count on mean performance.  When Nest Count was high, 

average Breeding Date was later in the season (a negative effect) while the probability of 

laying a two-egg clutch was relative high (a positive effect) .  Nest Count, as a measure 

of environmental quality, may capture changes in the composition of the breeding 

population if skipping breeding is an indication of poor quality or inexperience.  

Enhanced participation by groups requiring more time to reach breeding readiness, for 

example by recruits (Oro et al. 2010) or poor-quality individuals (Laaksonen et al. 2002), 

in years with high Nest Count, is consistent with observed effects.   

 Relatively cool sea surface temperatures during December-February increased 

primary productivity in the Nazca booby foraging range but marked a challenging 

environment for egg laying, while anomalously warm surface waters supported high 

performance for Clutch Size, A-egg Volume (middle-aged birds), and Breeding Date 

(these surprising associations are discussed in the next section).  Also agreeing with 

predictions derived from the constraint and restraint hypotheses, age differences in 

Breeding Date across the first half of the lifespan shrank with increasing SSTA (i.e., 

under improving environmental quality).  In contrast, age effects on Clutch Size for 

young- to middle-aged Nazca boobies were minimal during neutral conditions but high 

under both rich and poor environments (strongly positive and negative SSTA, 

respectively).  
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 The novel age by environment pattern observed for Clutch Size may be assessed 

best from a multi-trait perspective.  During El Niño-like conditions, the youngest age 

classes breed earlier, but do not improve their probability of laying a two-egg clutch over 

that expressed in neutral years.  In contrast, model-predicted patterns show nearly all 

middle-aged birds invest in an insurance egg but advance breeding date by a relatively 

small amount (an approx. 12-day shift from extreme negative SSTA to extreme positive 

SSTA, compared with a shift of ~30 days for very young females). A resource allocation 

trade-off between Clutch Size and Breeding Date, with young birds investing in breeding 

early and middle-aged birds investing in an insurance egg, is one potential explanation.  I 

speculate that the insurance value of laying a second egg may be lower in young versus 

middle-aged Nazca boobies.  The benefits of laying a second egg are only cashed in when 

a surviving offspring is produced after the first laid egg fails or its nestling dies 

(Anderson 1990).  Male and female partners share incubation, and if either abandons the 

clutch all eggs are typically destroyed by Galápagos mockingbirds (Nesomimus 

macdonaldi).  Many young females will be relatively unfamiliar with their partner, and a 

lack of coordination between pair members, or even female assessment of her own 

likelihood of future abandonment being high, may discount the value of investing in a 

second egg.  Older females also switch partners (Maness & Anderson 2007, Maness & 

Anderson 2008), but may have had the opportunity to evaluate and interact with potential 

mates during previous seasons (such interactions may include extra-pair copulations, 

which are frequent but do not result in extra-pair paternity; Anderson & Boag 2006).  

Regardless of the factors affecting hypothesized age-dependent optimal strategies, all 

explanations invoke a trade-off between Clutch Size and Breeding Date.  In female Nazca 
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boobies, Clutch Size did not decline across the Breeding Season (Table 3), a surprising 

departure from most studies in birds (Rowe et al. 1994), given that both traits are 

commonly linked to physical condition and phenotypic quality.  Could trade-offs between 

Clutch Size and Breeding Date be obscuring patterns forced by individual heterogeneity?  

A long-term observational study, like the present one, involving multiple traits, can be 

expected to reveal significant biological complexity that is both relevant to understanding 

the forces driving variation in life-history traits but also challenging to interpret.  Here, 

two measures of environment acted in distinct ways on ageing patterns, and within each 

proxy for environmental quality, age by environment interactions were trait-dependent, 

suggesting that many factors (compositional change in the population, allocation trade-

offs between traits, environment-independent levels of constraint on performance) 

contribute to the expression of age by environment interactions in the wild.  

 Only the final six years of the study were available to evaluate the year-specificity 

of reproductive senescence for egg-laying traits and Fledging Success using known-age 

birds.  Year interacted with linear rates of ageing for all four traits, although evidence for 

environmentally-dependent late-life ageing was weakened by model selection 

uncertainty.  The six years were relatively homogenous with respect to Nest Count but 

included a strong La Niña cool event (2010) and an extreme El Niño warm event (2015; 

Fig. S1), allowing me to compare the influence of SSTA on ageing patterns in early life 

with those of SSTA extremes on ageing rates late in life.  Trends for Clutch Size and 

Fledging Success hint that poor environments particularly challenge very old individuals, 

relative to middle-aged breeders, but statistical support was weak.  Age-related declines 

in Clutch Size were steep during the “poor” conditions of the 2010 La Niña and shallow 
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during the 2015 El Niño.  For Fledging Success, both extreme cool and extreme warm 

sea surface temperatures depress average performance in the full dataset (Tompkins & 

Anderson in press, this study) and senescence rates for Fledging Success during the 2010 

La Niña and 2015 El Niño were among the steepest observed in this 6-year span (with 

2011).  However, neither the 2010 La Niña or the 2015 El Niño showed the lowest 

average late-life Fledging Success, implying that significant sources of variation in 

performance and ageing rates remain to be identified.  Late-life declines for Breeding 

Date were not different in the La Niña cool event versus the El Niño warm event, 

contrasting with striking differences in ageing under variation in the ENSO observed in 

early life.  Patterns at middle to old ages mirrored those affecting young to middle ages 

only for Clutch Size, leaving open the possibility that different factors, or combinations 

of factors, shape age-dependent responses to environment early versus late in the 

lifespan.   

 

Effects of El Niño-Southern Oscillation on breeding traits 

 Nazca booby responses to ENSO-related variability began early in the breeding 

cycle and showed a complex array of trait- and age-dependence.  Anomalously warm sea 

surface temperatures (as during an El Niño) reduce primary productivity in the eastern 

equatorial Pacific Ocean (Fiedler et al. 1992; Fiedler 2002), but, contrary to predictions, 

positive SSTAs improved (i.e., increased) A-egg Volumes and Clutch Sizes; strong El 

Niño conditions advance Breeding Dates.  Beneficial effects of warm surface waters on 

egg-laying traits precede detrimental effects on Fledging Success (i.e., a reduction in the 

probability of young reaching independence; Tompkins & Anderson in press, this study) 
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and juvenile survival (Champagnon et al. 2018).  Direct effects of sea surface 

temperature, or other physical correlates of the ENSO, on Nazca booby breeding traits 

are unlikely, except for Fledging Success; heavy rains accompany strongly positive 

SSTA in Galápagos and plausibly increase nestling mortality, particularly if nestlings are 

already challenged by resource restriction (D. J. Anderson, personal communication).  

ENSO influences on seabird populations are typically indirect, mediated by food 

availability (e.g., Schreiber & Schreiber 1984; Anderson 1989; Ancona et al. 2012) and I 

look to Nazca boobies’ foraging biology to understand the observed multi-trait pattern 

(egg laying improves, Fledging Success declines) under positive SSTA.   

 Nazca boobies plunge dive for small pelagic fishes (Anderson & Ricklefs 1992) 

in a wedge-shaped area of open waters southeast to northeast of the breeding colony 

(~1°N-3°S, Zavalaga et al. 2012).  The foraging envelope falls largely within the 

equatorial cold tongue during ENSO-neutral conditions.  North of Galápagos, a steep 

horizontal gradient in sea surface temperatures (the Equatorial Front) separates warm 

tropical waters to the north from the cold tongue (Lavín et al. 2006).  Throughout the 

ETP, but particularly in the tropical waters north of the Front, piscivorous seabirds 

(including boobies) rely on yellowfin tuna (Thunnus albacares) and other subsurface 

predators to drive prey into surface waters (Au & Pitman 1986; Spear et al. 2007).  Nazca 

boobies participate in facilitated foraging with tuna (Spear et al. 2007; Johnston 2011) 

and extensive damage to the feet and legs of Nazca boobies is evidence of their 

interactions with predatory fish, dolphins, or sharks (Zavalaga et al. 2012).  I suggest that 

tuna-facilitated foraging is an important tool for Nazca boobies and that oceanographic 

conditions during El Niño enhance the availability of this tool.  Improved performance 



 

 227   
 

for egg-laying traits but declining performance for Fledging Success is then explained by 

an increase in tuna-facilitated foraging interacting with (potentially lagged) reductions in 

prey population size in breeding seasons with positive December-February SSTAs.   

 Centers of yellowfin tuna abundance (Hu et al. 2018) and the occurrence of tuna-

dolphin-seabird feeding assemblages (Au & Pitman 1986; Spear et al. 2007) lie in 

tropical waters (Fiedler & Talley 2006) around latitude 10°N, north of the Equatorial 

Front, the cold tongue, and the Nazca booby foraging range.  Waters are warmer and the 

thermocline deeper (although still relatively shallow) at ~10°N than in the equatorial cold 

tongue (Fiedler & Talley 2006), conditions preferred by tuna (Boyce, Tittensor, & Worm 

2008; Hu et al. 2018) and implicated in the formation of tuna-dolphin-seabird 

assemblages (Au & Pitman 1986; Fiedler & Reilly 1994; Spear et al. 2001, 2007; 

Ballance et al. 2006).  During El Niño, the Equatorial Front weakens or disappears, the 

cold tongue warms, and the thermocline descends, reducing or eliminating differences (in 

SST, thermocline depth) between tropical and equatorial water masses (Spear et al. 2001; 

Fiedler 2002; Wang & Fiedler 2006; Lavín et al. 2006).  With these oceanographic 

changes, distributional shifts may increase tuna abundance in areas used by foraging 

boobies and/or water column characteristics may be better suited to pursuit of schooling 

fishes by tunas and the formation of tuna-dolphin-seabird foraging groups (Spear et al. 

2001).  In support, data from the yellowfin purse-seine fishery during an extreme El Niño 

imply that tuna distributions shifted south into waters overlapping with Nazca booby 

foraging in October-December of 1982 (Lu et al. 2001; coinciding with the timing of 

booby egg laying) and that tuna-dolphin-seabird foraging flocks are more common in the 
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Galápagos Marine Reserve when SSTs are relatively warm (a seasonal effect, Johnston 

2011).  

 Positive SSTA enhances performance for egg-laying traits but depresses Fledging 

Success.  Environmental effects on Fledging Success integrate conditions during 

incubation, brooding, and late nestling period, activities spanning 6 months during which 

ENSO-associated SSTAs peak in the ETP (November-December) and subsequently 

decay (Wang & Fiedler 2006).  At some point during the breeding cycle, after egg laying, 

resource availability forced by SSTA appears to switch from high to low values.  I have 

speculated that positive SSTA increase prey access by enhancing the potential for tuna-

facilitated foraging.  Negative effects of SSTA on prey abundance may explain low 

Fledging Success and juvenile survival (Champagnon et al. 2018).  Declining forage fish 

abundance may lag oceanographic changes, as warming surface waters and a deepening 

thermocline reduces primary productivity (Pennington et al. 2006), secondary 

productivity (e.g., off of Peru, Fernández-Álamo & Färber-Lorda 2006) and effects work 

their way up to higher trophic levels.  Delayed responses by prey populations would 

explain the inferred switch from high to low resource availability during the course of the 

breeding cycle.  After 1997, thus constituting the majority of this study, the Nazca booby 

diet was dominated by flying fish (Exoceotidae).  Flying fish are poorly studied, but 

female (not male) Nazca boobies captured smaller individuals during the moderate 1986-

87 El Niño (Anderson 1989) potentially signaling negative effects on fish populations.  

Before 1997, Galápagos Nazca boobies ate mostly sardines (Sardinops sagax).  In the 

context of a decadal-scale regime shift (Chavez et al. 2003; Lindegren et al. 2013; Lluch-

Cota 2013), sardine biomass plummeted off the coast of Ecuador and Peru during the 
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strong 1997-98 El Niño warm event and subsequent El Niño/La Niña transition (Bertrand 

et al. 2004).  At the same time, sardines disappeared from opportunistic samples of booby 

regurgitations (DJA personal communication, Tompkins et al. 2017) and loss of sardines 

was probably an important factor in the near-complete reproductive failure of Nazca 

boobies during the 1997 El Niño (Maness & Anderson 2013), one of two extreme warm 

events in our dataset.  More generally, loss of sardines was implicated in the reproductive 

failure of Galápagos sea lions (Zalophus wollebaeki; Trillmich, Limberger, & Url 1985) 

and blue-footed boobies (Anderson 1989) during two El Niños from the 1980s, so that 

restricted sardine availability may be a general feature of El Niño in Galápagos.  On the 

Peruvian coast, El-Niño-associated declines in sardine biomass lagged SSTA by several 

months in 1983 (Barber & Chavez 1983), consistent with negative effects on Nazca 

booby reproduction emerging later in the breeding cycle.  Interactions between diet 

(sardine versus flying fish) and ENSO-related inter-annual variability are possible, but a 

relatively short time series (18 years) and many axes of differentiation between different 

warm and cool events (Trenberth 1997; Capotondi et al. 2015) motivated our focus on 

general responses of Nazca boobies to the ENSO.   

 At the other SSTA extreme, when sea surface temperatures were cool (as during 

La Niña), clutch sizes and A-egg volumes (of middle-aged birds) are small, in step with 

poor reproductive success and juvenile survival (Champagnon et al. 2018).  During the 

La Niña phase, the thermocline shoals and upwelling and primary productivity reach, or 

exceed, levels experienced during neutral years (Behrenfeld et al. 2001; Pennington et al. 

2006).  Our results contradict predictions based solely on primary productivity but are 

consistent with the idea that ENSO’s effects on Nazca boobies act, at least in part, 
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through augmenting or diminishing facilitated foraging.  Oceanographic conditions in the 

cold tongue during La Niña diverge from those associated with the occurrence of tuna-

dolphin-seabird assemblages, potentially explaining reduced performance for all breeding 

traits. In support, during La Niña, piscivorous seabirds are seen in lower density in the 

ETP (Spear et al. 2001) and with lower stomach fullness (Spear et al. 2007).  

Additionally, El Niño and La Niña are not independent phenomena, and in our 18 years 

of data, breeding seasons with strongly negative SSTA follow years with unusually warm 

sea surface temperatures.  Delayed recovery by prey populations after El Niño conditions 

may contribute to poor performance for egg-laying traits and Fledging Success.  In 

summary, breeding season quality appears negatively correlated with SSTA during egg 

laying while both extremely cool and warm sea surface temperatures are poor conditions 

for Fledging Success, relative to neutral years.  Contrasting multi-trait patterns between 

years with strongly positive SSTA (improved egg-laying traits, reduced Fledging 

Success) and years with strongly negative SSTA (reduced egg-laying traits and Fledging 

Success) relative to neutral environments may result from ENSO effects 

augmenting/reducing opportunities for facilitated foraging interacting with delayed (and 

potentially extended) effects of ENSO on prey populations.    
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CONCLUSIONS 

 I used 18 years of detailed longitudinal data on the reproductive phenotypes of 

Nazca boobies to evaluate interactive effects of age and environment on egg-laying traits 

and Fledging Success across the entire lifespan, contributing to a growing number of 

studies addressing the impact of current environment on the reproductive performance of 

old individuals in the wild (e.g., Coulson et al. 2001; Vieyra et al. 2009; Pardo et al. 

2013; Oro et al. 2014).  Age and environment interacted to explain variation in early life 

improvement and late-life decline for all breeding traits.  Young birds bred later, laid 

smaller clutches and eggs, and fledged fewer chicks than middle-aged birds, and these 

age differences were often diminished under “good” conditions.  In late-life, performance 

declined for all traits, consistent with reproductive senescence; differences between ages 

depended on breeding seasons and for Clutch Size only, and old females were more 

negatively affected by poor environmental quality than middle-aged females.  Proxies for 

environmental quality used in this study did not directly measure prey species 

availability, which may have introduced additional, biologically-relevant, complexity to 

challenge simple predictions based in ageing theory, but also lead to improved insight 

into the effects of the ENSO – a phenomenon of global importance potentially affected 

by our changing climate (Yeh et al. 2009, Cai et al. 2014).  

 Breeding parameters of Nazca boobies varied in concert with SSTA, a proxy for 

the ENSO state and intensity, but in a manner inconsistent with simple tracking of 

ENSO-forced changes in primary productivity.  El Niño-like conditions appeared to be 

benign environments for egg-laying Nazca booby females but,  any environmental 

advantages apparently evaporated later in the breeding cycle, and offspring production 
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was low.  At the other ENSO extreme, La Niña-like conditions depressed reproductive 

performance throughout the breeding cycle.  Complex responses by Nazca booby females 

to the ENSO may result from positive SSTA increased access to prey (because conditions 

favor tuna-facilitated foraging) but reducing prey species abundance (a potentially lagged 

response to decreasing primary productivity) and from La Niña conditions developing 

immediately after El Niño conditions decay.  These new ideas are targets of future 

research.  With patterns of population density from Spear et al. (2001), this study 

emphasizes that effects of ENSO on piscivorous seabirds are explained insufficiently by 

patterns of primary productivity alone.  Lastly, the oscillation between positive and 

negative SSTA during El Niño/La Niña is an extension of the typical annual cycle, 

raising the intriguing possibility that hypothesized links between SSTA, facilitated 

foraging with tuna, and access to prey items explains seasonal reproduction in Punta 

Cevallos Nazca boobies: the breeding cycle is oriented so that parents are provisioning 

large chicks during the warmest part of the year when conditions may be most favorable 

to tuna-dolphin-seabird foraging associations.     
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TABLES 

Table 1.  An overview of the predictors used at each stage of analysis to model variation in Nazca booby breeding traits (BD, 

Breeding Date; CS, Clutch Size; AV, A-egg Volume; FS, Fledging Success).  Full models are shown.  Focal predictors at each stage 

of analysis are underlined.  “s(F Age)” indicates the response variable is modelled as a flexible smooth function of female age.  ALA, 

approximate lifespan; N3DJF, a measure of inter-annual variation in the El Niño-Southern Oscillation; Fish Phase, a dichotomous 

factor separating two diet regimes; Nest Count, standardized (zero mean, unit SD) number of nest initiations in a given breeding 

season; FS(t-1), a dichotomous factor describing the previous year’s fledging success; rBD, breeding date standardized within each year 

(zero mean, unit std. dev.); CS, dichotomous factor marking one-egg versus two-egg clutches; rAV, A-egg volume standardized 

within each year (zero mean, unit SD).  “:” denotes an interaction. 
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  Response Predictors included in the most-general model 

Earlier expressed 
traits, predictors of 
certain (response 
variables) 

Group-specific 
effects 

Additive effects of female age and environment on egg-laying traits   

  BD, CS, AV ~ s(F Age) + N3DJF + N3DJF2 + Nest Count + Fish Phase + FS(t - 1) + rBD (CS, AV) 
F ID, Breeding 
Season 

Selective disappearance (only data from "dead" females)   

  BD, CS, AV 
~ s(F Age) + ALA + N3DJF + N3DJF2 + Nest Count + Fish Phase 

+ FS(t - 1) + rBD (CS, AV) 
F ID, Breeding 
Season 

Male age and identity effects on egg-laying traits and Fledging Success (only data with a banded male mate) 

 
BD, CS, AV, FS 

~ s(F Age x M Age) + M Age + N3DJF + N3DJF2 + Nest Count + 
Fish Phase + FS(t - 1) 

+ rBD (CS, AV) F ID, M ID, 
Breeding Season   + rBD, CS, rAV (FS) 

Interactive effects of female age and environment on egg-laying traits and Fledging Success  

 

BD, CS, AV, FS 

~ F Age3-12 + F Age3-12
2 + N3DJF + N3DJF2 + Nest Count + Fish 

Phase + FS(t - 1) + F Age3-12:N3DJF + F Age3-12:N3DJF2 + F 
Age3-12:Nest Count + F Age3-12

2:N3DJF + F Age3-12
2:N3DJF2 

+ F Age3-12
2:Nest Count 

+ rBD (CS, AV) 

F ID, Breeding 
Season   + rBD, CS, rAV (FS) 

     

 
BD, CS, AV, FS 

~ F Age14-23 + Breeding Season + FS(t - 1) + F Age14-23:Breeding 
Season + F Age14-23

2:Breeding Season 
+ rBD (CS, AV) 

F ID   + rBD, CS, rAV (FS) 
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Table 2.  Expected log predictive densities (elp̂d) from 10-fold cross-validation support female age effects on Breeding Date, Clutch 

Size, and A-egg Volume in Nazca boobies.  Higher, or less negative, elp̂d 10-fold CV indicate better model predictive performance.  Δ 

elp̂d gives distance from the best-supported model.  Each response variable was modelled as a non-parametric smooth function of 

female age in Model 1, alongside environmental and other fixed and random effects (Methods).  Model 2 omitted female age as a 

predictor but was otherwise identical to Model 1. 

  Breeding Date   Clutch Size   A-egg Volume 

Model  
elp̂d 10-fold CV 

(SE) 
∆ elp̂d 10-fold 

CV (SE)   
elp̂d 10-fold 

CV (SE) 
∆ elp̂d 10-

fold CV (SE)   
elp̂d 10-fold CV 

(SE) 
∆ elp̂d 10-

fold CV (SE) 
1. Female age predicts 

response -12,586.6 (98.3) 0  -7,042.2 (49.1) 0  -11,403.6 (111.5) 0 

2. Female age omitted 
as a predictor -13,625.7 (98.2) 1,039.1 (50.6)   -7,113.8 (48.5) 71.6 (12.2)   -11,781.2 (109.2) 377.6 (36.6) 

 

 



 

246 
 

Table 3.  Coefficient estimates from GAMMs modelling additive effects of female age and 

annual environmental conditions on egg-laying traits in Nazca boobies.  Unsupported 

quadratic effects of N3DJF were removed from each model to evaluate N3DJF as a linear 

effect.  95% BCI exclude zero for coefficients in bold (fixed effects).  rBD is Breeding 

Date standardized within year (zero mean, unit SD).  All other predictors described in 

Methods. 

  Breeding Date Clutch Size A-egg Volume 
Coefficient Mean [95% BCI] Mean [95% BCI] Mean [95% BCI] 
Intercept -1.18 [-2.52, 0.16] 0.89 [0.05, 1.75] 0.20 [-0.18, 0.57] 
N3DJF -0.01 [-0.29, 0.26] 0.35 [0.17, 0.51] 0.04 [-0.03, 0.11] 
N3DJF2 - - - 
Fish Phase (Flying Fish) 0.44 [-0.28, 1.19] 0.01 [-0.45, 0.47] -0.09 [-0.28, 0.12] 
Nest Count 0.11 [-0.09, 0.31] 0.23 [0.10, 0.37] 0.02 [-0.03, 0.08] 
FS(t - 1) 0.31 [0.28, 0.33] 0.14 [0.03, 0.25] 0.02 [-0.01, 0.05] 
rBD NA -0.02 [-0.07, 0.03] -0.05 [-0.06, -0.03] 

    
Smooth function  SD [95% BCI] SD [95% BCI] SD [95% BCI] 
Female Age 1.53 [0.96, 2.46] 1.46 [0.79, 2.43] 0.90 [0.54, 1.54] 

    
Group-specific effects Var. [95% BCI] Var. [95% BCI] Var. [95% BCI] 
Female ID 0.17 [0.15, 0.18] 0.25 [0.18, 0.34] 0.6 [0.57, 0.64] 
Breeding season  0.40 [0.18, 0.86] 0.14 [0.05, 0.32] 0.03 [0.01, 0.06] 
Residual 0.38 [0.37, 0.39] NA 0.32 [0.31, 0.33] 

    
Sample size  N N N 
Records 12,274 12,406 11,743 
Females 2,501 2,504 2,492 
Breeding seasons 18 18 18 

    
Variance explained 
by model    
Marginal R2 0.15 0.05 0.06 

Conditional R2 0.62 0.10 0.68 
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Table 4.    Model selection results evaluating the influence of male and female identity on egg-laying traits and Fledging Success in 

Nazca boobies.  Models ranked by 10-fold cross validation, and higher, or less negative, elp̂d 10-fold CV indicate better model 

predictive performance.  Models include additional environmental and other fixed effects (Methods), held constant across candidate 

variance component configurations. 

  Breeding Season  Female Identity Male Identity Residual ∆ elp̂d 10-fold 
CV (SE)   Variance model Var. ICC [95% BCI] Var. ICC [95% BCI] Var. ICC [95% BCI] Var. 

B
D

 Br. Season 0.47 0.44 [0.29, 0.65]         0.54 804.5 (38.5) 
Br. Season + F ID 0.44 0.43 [0.27, 0.63] 0.19 0.20 [0.13, 0.26]   0.36 62.7 (17.1) 
Br. Season + F ID + M ID 0.43 0.42 [0.26, 0.62] 0.16 0.17 [0.11, 0.22] 0.06 0.06 [0.03, 0.09] 0.34 0 

C
S 

Br. Season 0.13 0.04 [0.01, 0.10]      22.6 (8.0) 
Br. Season + F ID 0.15 0.04 [0.01, 0.10] 0.33 0.09 [0.05, 0.12]    0.6 (4.3) 
Br. Season + F ID + M ID 0.15 0.04 [0.01, 0.10] 0.29 0.08 [0.04, 0.12] 0.06 0.02 [0.00, 0.06]   0 

A
V

 Br. Season 0.04 0.04 [0.01, 0.09]     0.93 2,773.8 (75.4) 
Br. Season + F ID 0.03 0.03 [0.01, 0.07] 0.62 0.66 [0.62, 0.68]   0.30 23.9 (22.5) 
Br. Season + F ID + M ID 0.03 0.03 [0.01, 0.07] 0.60 0.63 [0.60, 0.66] 0.03 0.03 [0.02, 0.05] 0.28 0 

FS
 Br. Season 0.65 0.16 [0.07, 0.33]           22.1 (6.6) 

Br. Season + F ID 0.70 0.16 [0.06, 0.32] 0.28 0.07 [0.03, 0.10]    2.1 (4.5) 
Br. Season + F ID + M ID 0.72 0.16 [0.07, 0.33] 0.19 0.04 [0.00, 0.09] 0.16 0.04 [0.00, 0.08]   0 
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FIGURES 

Figure 1.  Female age-specific Breeding Date (a), A-egg Volume (b) and probability of 

laying a two-egg clutch (c), in Nazca boobies.  Breeding Date in Camp Calendar Dates 

(CCD, see Methods).  Model predictions (lines) and shaded 95% BCI on smooth 

functions are from the GAMMs reported in Table 3.  Points and intervals show means ± 

95% CI calculated from the raw data binned by female age.  Y-axis limits in (a) and (b) 

approximate the 0.025 and 0.975 quantiles of the raw data. 
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Figure 2.  Male age class interacts with female age to determine Breeding Date in Nazca 

boobies.  Breeding Date in Camp Calendar Dates (see Methods).  Model predictions 

(lines) and 95% BCI are from GAMMs including additional environmental and other 

fixed and random effects (Methods). 
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Figure 3.  Coefficient estimates for variance components (a) and fixed effects (βs; b) 

comparing two GAMMs explaining variation in Breeding Date; in black, the original 

model parameterization from “Additive effects of female age and environment”, and in 

grey, a model adding an explanatory variable distinguishing average breeding dates in the 

years 2013-2015 from all others (a dichotomous factor).  GAMMs included a smooth 

function relating Breeding Date to female age (Fig. 1a).  The models’ intercept values are 

not included because of their larger scale (original model: -1.18 [-2.52, 0.16], revised 

model: -0.90 [-1.42, -0.36]).  
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Figure 4.  Female age interacts with continuous SSTA and nest counts (in a colony 

subsection) to influence breeding traits in young Nazca boobies (ages 3-12).  Lines are 

predictions from GLMMs; one line is included for each breeding season to illustrate the 

distribution of environments within the 18 years of the study (also see points along 

legend gradients).  Models include additional predictors (Table S7).  Points and intervals 

are means and 95% CI of the raw data binned by female age and year.  Models in (a) and 

(b) differed by the addition of an extra fixed factor distinguishing the mean Breeding 

Date for 2013-15 from all others; see Results.  Data from 1998-99 were omitted in (c); 

see Results. (g) and (h) show predictions from the same model on the scale of the data (g) 

versus that of the link function (h).  Breeding Date in Camp Calendar Dates (CCD; 

Methods). 
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Figure 5.   Reproductive senescence patterns for egg-laying traits and Fledging Success 

are breeding season-specific in female Nazca boobies, a marginal effect.  Breeding Dates 

are given in Camp Calendar Dates (CCD; see Methods).  Lines are predictions from 

GLMMs including linear + quadratic age effects and an interaction between linear female 

Age and categorical Breeding Season.  Lines are labelled by Breeding Season (2010-

2015).  A strong El Niño warm event (2015) and a strong La Niña cool event (2010) are 

marked with red boxes.  Points and intervals show averages and 95% CI for the raw data 

binned by female age and year. 
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SUPPLEMENTARY INFORMATION 

SI Methods 

Data selection and adjustments for missing information 

 In most years, some Nazca booby clutches are laid in February or March, months 

after the seasonal peak in laying (November/December) has subsided.  These late 

clutches are typically abandoned quickly and do not produce surviving offspring 

(unpublished data).  Late clutches were excluded from analyses because they were not 

monitored to the same standard in all years.  Three-egg clutches (< 0.5 % of clutches) 

were excluded from clutch size analyses, and rare cases when eggs or nestlings were 

adopted into a clutch (< 2 % of clutches) were excluded from Fledging Success analyses.  

    In many seasons, some number of clutches are established before colony 

monitors arrive.  For these clutches, Breeding Dates were estimated from the laying date 

of the second-laid egg or from hatching date(s) using the average laying asynchrony (5 

days, length of time between laying of the first and second eggs in two-egg clutches; 

Anderson 1989) and/or the average incubation period (43 days; unpublished data).  For 

clutches laid before monitor arrival and missing hatching dates, Breeding Date was 

assigned as the median laying date for clutches laid before monitors arrived and hatching.  

Across all years < 3% of records have Breeding Date assigned this way.  The 1998 and 

1999 seasons (a strong La Niña event) are a special case: following the extreme El Niño 

in 1997-98, breeding was unusually early at the Punta Cevallos colony and, hatching 

success was low, so that 33% and 20% (respectively) of Breeding Dates were assigned to 

the pre-arrival median date.  All Breeding Date analyses were re-run excluding 1998 and 

1999 to verify that inclusion of these years did not alter results.  Note that omitting 
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records because of unknown Breeding Date would have biased estimated timing of laying 

for affected years because only early clutches would be omitted.  

 When two-egg clutches were established before colony monitors arrived, order of 

laying was not available to distinguish A-eggs from B-eggs.  Hatching dates established 

egg identities for some affected clutches.  For others, the larger egg was assumed to be 

the first laid because A-egg volume >= B-egg volume in 90% of clutches with known 

laying order.  For the rest, B-egg volumes and A-egg volumes were similar so that the 

error introduced by a misidentification is small: only 10% of cases where the B-egg 

volume exceeds the A-egg volume have a B-egg volume > 10% larger).  

 

Modelling approaches using program Stan 

 Program Stan (Carpenter et al. 2017) efficiently samples model posterior 

probability distributions using an adaptive variant (the No U-Turn Sampler, or NUTS) of 

Hamiltonian Monte Carlo, an algorithm suited to complex models containing many 

parameters.  I used four chains to sample the posterior distribution for each model, 

running 3,000 warm-up iterations and then a further 3,000 sampling iterations with a 

thinning interval of six.  I retained 2,000 posterior samples per model, which were used to 

calculate marginal posterior means and credible intervals for parameters.  Estimated 

sample sizes (accounting for the autocorrelation inherent to MCMC chains) were always 

greater than >1,500 and often equal to 2,000, justifying our choice of sampling 

procedure.  For each model, chain convergence was diagnosed visually and using the 

potential scale reduction criteria of Gelman et al. (2013).  Fitted models were further 

evaluated using posterior predictive checks (Gabry et al. 2017).  
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 I set weakly regularizing priors on the intercept and slope coefficients common 

across groups (fixed effects), using a normal (µ = 0, σ = 10) prior for covariates fit to 

Breeding Date and A-egg Volume and a normal (µ = 0, σ = 2.5) prior for covariates fit to 

Clutch Size and Fledging Success.  For all response variables, I used the default 

“decomposition of covariance” prior from the rstanarm package (v. 2.13.1) on the group-

specific terms (“random” effects; Stan Development Team 2016), which is equivalent to 

setting a unit exponential prior on the standard deviation for Breeding Season and 

Identity random intercepts.  Posterior means and 95% CI estimates were not different 

under the stronger vs. weaker priors (data not shown).  I used the default unit exponential 

prior on the standard deviation of the smooth terms for fitted GAMMs.  

 

Breeding Date: excluding seasons 1998 and 1999 from the data 

 The methods used to fill in missing values for Breeding Date potentially 

introduced bias into model-estimated parameters describing age by environment 

interactions.  Two breeding seasons, 1998 and 1999, had an unusually high proportion of 

cases with missing information on Breeding Date (33% and 20%, respectively).  For 

clutches laid before colony monitors arrived and failing to hatch, Breeding Date was 

assigned as the back-calculated Breeding Date for clutches laid before monitor arrival 

that hatched.  Without this practice, estimates of year to year changes in Breeding Date 

would be affected by the omission of early clutches in some years.  However, assigning 

all records with missing information the same value may obscure differences in Breeding 

Date by female age.  For this reason, all analyses were re-run on data omitting 1998 and 

1999, and results were compared to detect any sign of introduced bias.   
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 Table S1 compares coefficient estimates including versus excluding data from 

1998 and 1999 for “Additive effects of female age and environment” analyses.  Tables S2 

and S3 make the same comparison for variance component estimates from “Influence of 

male age and identity” and from the full model of young to middle ages from “Interactive 

effects of female age and environment”, respectively.  Results were not affected by the 

omission of 1998 and 1999 except for the interaction between female age and Nest 

Count, which is discussed in the main text Results.  

 

Breeding Date: lack of fit indicated by posterior predictive checking 

 Posterior predictive checks on models fit to Breeding Date suggested important 

distributional assumptions made by our GAMMs and GLMMs were not upheld.  In 

particular, the raw data are more variable in some years than in others (Fig. S3), violating 

the assumption that within-group errors are independent and identically normally 

distributed (Pinheiro & Bates 2000).  Also, group-specific effects for three Breeding 

Seasons (2013-2015) were far larger than expected under the assumption that the 

population of random effects are independent and normally distributed (Pinheiro & Bates 

2000), a result driven by clutch initiations laid approx. one month later in 2013-2015 than 

during the previous 16 years (Fig. S4).  Additional models were fit to Breeding Date at 

each stage (“Additive effects of female age and environment”, “Male age and identity 

effects”, and “Interactive effects of female age and environment”) to evaluate the 

sensitivity of our inferences to model violation of assumptions (Gelman et al. 2013). 

 Table S4 compares coefficient values estimated when including unequal error 

variance by year and when failing to do so for the full model from “Additive effects of 
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female age and environment”.  Both models were fit in R (v. 3.4.3, R Core Team 2017) 

using package MCMCglmm (v. 2.25, Hadfield 2010) because rstanarm (v. 2.13.1, Stan 

Development Team 2016) does not accommodate unequal error variances.  MCMCglmm 

does not fit GAMMs; for this reason, Breeding Date was modelled as a linear + quadratic 

function of female age.  MCMCglmm uses Bayesian approaches, specifically Gibbs 

sampling to estimate the posterior distribution.  I ran a single chain per model, for 

2,000,000 iterations (after a burn-in period of 50,000) with a thinning interval of 1,000.  I 

thus retained 2,000 posterior samples per model, which were used to calculate marginal 

posterior means and credible intervals for coefficients.  Priors were identical to those 

used in our original methods (see above) except for Female Identity and Breeding Season 

random effects, which received parameter-expanded priors (following Hadfield 2011).  

From Table S4, the heteroscedastic model better fit the data (ΔDIC = 2,580), but 

coefficient estimates on fixed effects and variance components were of similar magnitude 

and direction.  Tables S5 and S6 make the same comparison for the full models from 

“Influence of male age and identity” and “Interactive effects of female age and 

environment”, respectively, and lead to the same conclusion: the magnitude and direction 

of effects of interest were affected little by a failure to model year-specific error variance, 

increasing confidence in our original GAMMs (reported in the main text).  

 Group-specific intercept values for seasons 2013-2015 were dramatically larger 

than those estimated for the other 15 years of the study, driven by a breeding delay of 

approximately one month during these three years (Fig. S2).  Under the assumption that 

late egg laying in 2013-2015 was caused by some unmeasured factor independent of the 

environmental variables already in the model, an additional fixed effect factor was added 
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to the full model for Breeding Date at each analysis stage.  The added factor (“2013-

2015”) estimated a separate intercept value for Breeding Dates from 2013-2015 versus 

for those of all other years.  Tables S1-S3 compare coefficient estimates with/without the 

edition of the 2013-2015 factor, for analysis stages: “Additive effects of female age and 

environment”, “Influence of male age and identity”, and “Interactive effects of female age 

and environment”.  Briefly, including the 2013-2015 predictor altered the variance 

associated with random Breeding Season effects (it shrank), the statistical significance of 

Nest Count as a predictor of Breeding Date (it became significant), and the magnitude 

and significance of N3DJF as a predictor of Breeding Date (effect size increased and the 

95% CI on the coefficient estimate excluded zero).  These effects are discussed in the 

main text Results.  
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SI Tables 

Table S1.  A comparison of coefficient estimates describing additive effects of 

female age and environment on Breeding Date between three different model 

versions: the original model (Table 3), a model adding a fixed factor 

distinguishing mean Breeding Date in 2013-2015 from all other years, and the 

original model run on the subset of data excluding years 1998-99.  Original data: 

N = 12,274 records from 2,501 females, across 18 breeding seasons.  N3DJF, 

continuous inter-annual variation in the El Niño-Southern Oscillation; Fish Phase, 

a dichotomous factor separating two diet regimes; Nest Count, standardized (zero 

mean, unit variance) number of nest initiations in a given breeding season; FS(t-1), 

last year’s fledging success, a dichotomous factor.   

  
Breeding Date 

(original)   
Breeding Date 

(plus fixed factor)   

Breeding Date 
(original, minus data 

from 1998-99) 
Coefficient Mean [95% BCI]  Mean [95% BCI]  Mean [95% BCI] 
Intercept -1.18 [-2.52, 0.16]  -0.90 [-1.42, -0.36]  -1.17 [-2.57, 0.16] 
N3DJF -0.01 [-0.29, 0.26]  -0.15 [-0.27, -0.04]  0.01 [-0.33, 0.35] 
N3DJF2 -  -  - 
Fish Phase (Flying 
Fish) 0.44 [-0.28, 1.19]  0.15 [-0.15, 0.45]  0.45 [-0.31, 1.22] 
Nest Count 0.11 [-0.09, 0.31]  0.09 [0.01, 0.17]  0.14 [-0.27, 0.55] 
FS(t - 1) 0.31 [0.28, 0.33]  0.30 [0.28, 0.33]  0.31 [0.28, 0.34] 
Seasons 2013-2015 NA  1.41 [1.06, 1.75]  NA 

      
Smooth function  SD [95% BCI]  SD [95% BCI]  SD [95% BCI] 
Female Age 1.53 [0.96, 2.46]  1.52 [0.97, 2.40]  1.48 [0.93, 2.35] 

      
Group-specific 
effects Var. [95% BCI]  Var. [95% BCI]  Var. [95% BCI] 
Female ID 0.17 [0.15, 0.18]  0.17 [0.15, 0.18]  0.17 [0.16, 0.19] 
Br. Season  0.40 [0.18, 0.86]  0.06 [0.03, 0.14]  0.44 [0.19, 0.98] 
Residual 0.38 [0.37, 0.39]   0.38 [0.37, 0.39]   0.38 [0.37, 0.39] 
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Table S2.  A comparison of variance component estimates describing the influence of female identity, male identity, and breeding 

season on variation in Breeding Date across three different model versions: the original model, a model adding a fixed factor 

distinguishing mean Breeding Date in 2013-2015 from all other years, and the original model run on the subset of data excluding years 

1998-99.  Original data: N = 12,274 records from 2,501 females, across 18 breeding seasons.  The intra-class correlation coefficient 

(ICC) is the proportion of variance in Breeding Date attributed to each variance component (breeding season, female identity, male 

identity) after the model’s fixed effects have been accounted for.   

    Breeding Season  Female Identity Male Identity Residual 
Model version Variance model Var. ICC [95% BCI] Var. ICC [95% BCI] Var. ICC [95% BCI] Var. 
Original Br. Season + F ID + M ID 0.43 0.42 [0.26, 0.62] 0.16 0.17 [0.11, 0.22] 0.06 0.06 [0.03, 0.09] 0.34 
Plus fixed factor Br. Season + F ID + M ID 0.05 0.08 [0.04, 0.16] 0.16 0.26 [0.23, 0.29] 0.06 0.09 [0.07, 0.12] 0.34 
Original minus 
data from 1998-
1999 Br. Season + F ID + M ID 0.44 0.42 [0.28, 0.59] 0.16 0.42 [0.28, 0.59] 0.06 0.06 [0.04, 0.08] 0.34 
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Table S3.  A comparison of coefficient estimates describing “Interactive effects of female 

age and environment” on Breeding Dates of young to-middle-aged Nazca boobies 

between three versions of the same model: the original model, a model adding a fixed 

factor distinguishing mean Breeding Date in 2013-2015 from all other years, and the 

original model run on the subset of data excluding years 1998-99.  Original data: N = 

9,972 records from 2,513 females, across 18 breeding seasons.  N3DJF, continuous inter-

annual variation in the El Niño-Southern Oscillation; Fish Phase, a dichotomous factor 

separating two diet regimes; Nest Count, standardized (0 mean, unit variance) number of 

nest initiations in a given breeding season; FS(t-1), last year’s fledging success, a 

dichotomous factor.   

  
Breeding Date 

(original)   
Breeding Date 

(plus fixed factor)   

Breeding Date 
(original minus 

data from 1998-99) 
Coefficient Mean [95% BCI]  Mean [95% BCI]  Mean [95% BCI] 
Intercept -1.22 [-2.56, 0.19]  -0.96 [-1.55, -0.39]  -1.16 [-2.66, 0.28] 
F Age3-12 -0.33 [-0.35, -0.30]  -0.33 [-0.35, -0.30]  -0.33 [-0.35, -0.31] 
F Age2

3-12 0.14 [0.12, 0.16]  0.14 [0.13, 0.16]  0.16 [0.14, 0.17] 
N3DJF 0.15 [-0.32, 0.60]  -0.08 [-0.27, 0.12]  0.22 [-0.36, 0.86] 
N3DJF2 -0.06 [-0.30, 0.18]  0.00 [-0.09, 0.09]  -0.08 [-0.36, 0.17] 
Fish Phase (Flying 
Fish) 0.44 [-0.34, 1.22]  0.12 [-0.21, 0.46]  0.43 [-0.36, 1.26] 
Nest Count 0.11 [-0.12, 0.33]  0.11 [0.02, 0.20]  0.17 [-0.28, 0.63] 
FS(t - 1) 0.27 [0.23, 0.30]  0.27 [0.23, 0.30]  0.27 [0.24, 0.30] 
2013-2015 NA  1.43 [1.07, 1.79]  NA 
F Age3-12:N3DJF 0.01 [-0.01, 0.04]  0.01 [-0.01, 0.04]  0.04 [0.03, 0.06] 
F Age3-12:N3DJF2 0.01 [-0.01, 0.02]  0.01 [0.00, 0.02]  - 
F Age3-12:Nest Count -0.02 [-0.04, -0.01]  -0.02 [-0.04, -0.01]  0.01 [0.00, 0.03] 
F Age2

3-12:N3DJF -0.07 [-0.09, -0.05]  -0.07 [-0.09, -0.05]  -0.05 [-0.06, -0.03] 
F Age2

3-12:N3DJF2 0.01 [0.00, 0.03]  0.01 [0.00, 0.02]  - 
F Age2

3-12:Nest Count -  -  - 
      

Group-specific effect Var. [95% BCI]  Var. [95% BCI]  Var. [95% BCI] 
Female Identity 0.19 [0.18, 0.21]  0.19 [0.17, 0.21]  0.20 [0.18, 0.22] 
Breeding Season 0.43 [0.20, 0.91]  0.07 [0.03, 0.15]  0.49 [0.21, 1.09] 
Residual 0.36 [0.35, 0.37]   0.36 [0.35, 0.37]   0.35 [0.34, 0.37] 
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Table S4.  A comparison of coefficient estimates describing additive effects of female 

age and environment on Breeding Date between a model ignoring heteroscedasticity 

(homoscedastic model), and one incorporating year-specific residual variances 

(heteroscedastic model).  N = 12,274 records from 2,501 females, across 18 breeding 

seasons.  N3DJF, continuous inter-annual variation in the El Niño-Southern Oscillation; 

Fish Phase, a dichotomous factor separating two diet regimes; Nest Count, standardized 

(zero mean, unit variance) number of nest initiations in a given breeding season; FS(t-1), 

last year’s fledging success, a dichotomous factor.    



 

265 
   

  
Homoscedastic 

model      
Heteroscedastic 

model  
Coefficient Mean [95% BCI]   Coefficient Mean [95% BCI] 
Intercept -1.46 [-2.89, -0.08]  Intercept -1.35 [-2.68, -0.03] 
F Age -0.42 [-0.43, -0.40]  F Age -0.35 [-0.37, -0.34] 
F Age2 0.17 [0.16, 0.18]  F Age2 0.14 [0.13, 0.14] 
N3DJF 0.08 [-0.35, 0.56]  N3DJF 0.07 [-0.39, 0.54] 
N3DJF2 -0.05 [-0.27, 0.19]  N3DJF2 -0.04 [-0.26, 0.20] 
Fish Phase 

(Flying Fish) 0.53 [-0.30, 1.30]  
Fish Phase 

(Flying Fish) 0.50 [-0.31, 1.26] 
Nest Count 0.07 [-0.16, 0.31]  Nest Count 0.08 [-0.14, 0.34] 
FS(t - 1) 0.30 [0.27, 0.32]  FS(t - 1) 0.25 [0.23, 0.28] 

     
Group-specific 
effects Var. [95% BCI]   

Group-specific 
effects Var. [95% BCI] 

Female ID 0.16 [0.15, 0.18]  Female ID 0.13[0.12, 0.14] 
Br. Season  0.44 [0.16, 0.84]  Br. Season  0.43[0.16, 0.83] 
Residual 0.40 [0.39, 0.41]  Residual 1993 0.62 [0.47, 0.77] 

   Residual 1994 0.35 [0.27, 0.44] 
   Residual 1995 0.27 [0.21, 0.35] 
   Residual 1996 0.83 [0.68, 1.01] 
   Residual 1997 0.31 [0.24, 0.37] 
   Residual 1998 0.53 [0.4, 0.66] 
   Residual 1999 1.65 [1.16, 2.18] 
   Residual 2000 0.41 [0.34, 0.48] 
   Residual 2001 1.29 [1.1, 1.49] 
   Residual 2002 0.98 [0.86, 1.12] 
   Residual 2003 0.38 [0.33, 0.44] 
   Residual 2004 0.44 [0.38, 0.5] 
   Residual 2010 0.85 [0.78, 0.91] 
   Residual 2011 0.5 [0.46, 0.53] 
   Residual 2012 0.23 [0.21, 0.25] 
   Residual 2013 0.12 [0.11, 0.13] 
   Residual 2014 0.18 [0.16, 0.2] 
   Residual 2015 0.18 [0.16, 0.19] 
     

DIC 25,350.82   DIC 22,770.85 
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Table S5.  A comparison of coefficient estimates describing male age and identity 

influence on Breeding Dates between a model ignoring heteroscedasticity (homoscedastic 

model), and one incorporating year-specific residual variances (heteroscedastic model).  

N = 6,914 records from 1,900 females and 2,300 males, across 18 breeding seasons.  F 

Age, continuous; M Age, categorical (young = ≤ 9 years, middle = 10-15, old = ≥ 16).  

N3DJF, continuous inter-annual variation in the El Niño-Southern Oscillation; Fish 

Phase, a dichotomous factor separating two diet regimes; Nest Count, standardized (0 

mean, unit variance) number of nest initiations in a given breeding season; FS(t-1), last 

year’s fledging success, a dichotomous factor.  Interactions are marked with ":". 
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Homoscedastic 

model      
Heteroscedastic 

model  
Coefficient Mean [95% BCI]   Coefficient Mean [95% BCI] 
Intercept -1.54 [-2.91, -0.11]  Intercept -1.55 [-3.00, -0.05] 
F Age -0.43 [-0.46, -0.39]  F Age -0.33 [-0.37, -0.30] 
F Age2 0.21 [0.19, 0.23]  F Age2 0.16 [0.14, 0.18] 
M Age (young) -0.03 [-0.07, 0.02]  M Age (young) -0.05 [-0.09, -0.01] 
M Age (old) -0.09 [-0.17, -0.01]  M Age (old) -0.09 [-0.16, -0.02] 
N3DJF 0.03 [-0.26, 0.32]  N3DJF 0.03 [-0.28, 0.33] 
Fish Phase (Flying Fish) 0.50 [-0.24, 1.35]  Fish Phase (Flying Fish) 0.54 [-0.34, 1.33] 
Nest Count 0.11 [-0.08, 0.30]  Nest Count 0.13 [-0.08, 0.32] 
FS(t - 1) 0.29 [0.25, 0.33]  FS(t - 1) 0.25 [0.22, 0.28] 
F Age:M Age (young) 0.08 [0.04, 0.13]  F Age x M Age (young) 0.04 [0.00, 0.08] 
F Age:M Age (old) 0.07 [-0.01, 0.15]  F Age x M Age (old) 0.01 [-0.06, 0.08] 
F Age2:M Age (young) -0.09 [-0.12, -0.07]  F Age2 x M Age (young) -0.07 [-0.09, -0.04] 
F Age2:M Age (old) -0.09 [-0.13, -0.04]  F Age2 x M Age (old) -0.07 [-0.10, -0.03] 

     
Group-specific effects Var. [95% BCI]   Group-specific effects Var. [95% BCI] 
Female ID 0.15 [0.13, 0.17]  Female ID 0.11 [0.10, 0.13] 
Male ID 0.06 [0.04, 0.08]  Male ID 0.04 [0.02, 0.05] 
Br. Season  0.48 [0.18, 0.90]  Br. Season  0.48 [0.18, 0.90] 
Residual 0.35 [0.33, 0.36]  Residual 1993 0.71 [0.35, 1.14] 

   Residual 1994 0.45 [0.23, 0.73] 

   Residual 1995 0.47 [0.23, 0.74] 

   Residual 1996 0.83 [0.54, 1.14] 

   Residual 1997 0.31 [0.19, 0.47] 

   Residual 1998 0.38 [0.17, 0.61] 

   Residual 1999 2.45 [0.84, 4.81] 

   Residual 2000 0.55 [0.37, 0.74] 

   Residual 2001 1.40 [1.01, 1.80] 

   Residual 2002 1.21 [0.92, 1.53] 

   Residual 2003 0.30 [0.22, 0.38] 

   Residual 2004 0.34 [0.25, 0.44] 

   Residual 2010 0.96 [0.86, 1.07] 

   Residual 2011 0.55 [0.50, 0.61] 

   Residual 2012 0.25 [0.22, 0.27] 

   Residual 2013 0.11 [0.09, 0.12] 

   Residual 2014 0.17 [0.15, 0.19] 

   Residual 2015 0.18 [0.16, 0.20] 

     
DIC 13,746.01   DIC 12,399.92 
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Table S6.  A comparison of coefficient estimates describing female age by environment 

interactions on Breeding Dates across young to middle ages (3-12 years) between a 

model ignoring heteroscedasticity (homoscedastic model), and one incorporating year-

specific residual variances (heteroscedastic model).  N = 6,914 records from 1,900 

females, across 18 breeding seasons.  N3DJF, continuous inter-annual variation in the El 

Niño-Southern Oscillation; Fish Phase, a dichotomous factor separating two diet regimes; 

Nest Count, standardized (0 mean, unit variance) number of nest initiations in a given 

breeding season; FS(t-1), last year’s fledging success, a dichotomous factor.  Interactions 

are marked with ":". 
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Homoscedastic 

model      
Heteroscedastic 

model  
Coefficient Mean [95% BCI]   Coefficient Mean [95% BCI] 
Intercept -1.22 [-2.52, 0.32]  Intercept -1.21 [-2.68, 0.20] 
F Age -0.33 [-0.35, -0.3]  F Age -0.30 [-0.32, -0.28] 
F Age2 0.14 [0.12, 0.16]  F Age2 0.11 [0.09, 0.13] 
N3DJF 0.16 [-0.31, 0.65]  N3DJF 0.17 [-0.29, 0.63] 
N3DJF2 -0.06 [-0.29, 0.19]  N3DJF2 -0.07 [-0.30, 0.16] 

Fish Phase (Flying Fish) 0.45 [-0.39, 1.2]  
Fish Phase (Flying 

Fish) 0.46 [-0.36, 1.29] 
Nest Count 0.13 [-0.11, 0.39]  Nest Count 0.11 [-0.12, 0.36] 
FS(t - 1) 0.27 [0.23, 0.3]  FS(t - 1) 0.23 [0.20, 0.25] 
F Age:Nest Count -0.02 [-0.04, -0.01]  F Age:Nest Count -0.02 [-0.04, -0.01] 
F Age:N3DJF 0.02 [-0.01, 0.05]  F Age:N3DJF 0.00 [-0.02, 0.03] 
F Age:N3DJF2 0.01 [-0.01, 0.02]  F Age:N3DJF2 0.01 [0.00, 0.02] 
F Age2:Nest Count -0.01 [-0.02, 0]  F Age2:Nest Count 0.01 [-0.01, 0.02] 
F Age2:N3DJF -0.07 [-0.09, -0.05]  F Age2:N3DJF -0.10 [-0.11, -0.07] 
F Age2:N3DJF2 0.01 [0, 0.02]  F Age2:N3DJF2 0.03 [0.02, 0.04] 

     

Group-specific effects Var. [95% BCI]   
Group-specific 
effects Var. [95% BCI] 

Female ID 0.19 [0.18, 0.21]  Female ID 0.15 [0.13, 0.16] 
Br. Season  0.49 [0.15, 0.94]  Br. Season  0.47 [0.16, 0.93] 
Residual 0.36 [0.35, 0.37]  Residual 1993 0.60 [0.45, 0.76] 

   Residual 1994 0.32 [0.23, 0.40] 
   Residual 1995 0.24 [0.17, 0.31] 
   Residual 1996 0.64 [0.51, 0.79] 
   Residual 1997 0.32 [0.25, 0.40] 
   Residual 1998 0.53 [0.38, 0.68] 
   Residual 1999 1.72 [1.10, 2.41] 
   Residual 2000 0.39 [0.31, 0.47] 
   Residual 2001 1.28 [1.08, 1.52] 
   Residual 2002 1.01 [0.85, 1.16] 
   Residual 2003 0.35 [0.29, 0.41] 
   Residual 2004 0.40 [0.34, 0.47] 
   Residual 2010 0.79 [0.72, 0.86] 
   Residual 2011 0.42 [0.39, 0.46] 
   Residual 2012 0.22 [0.20, 0.24] 
   Residual 2013 0.10 [0.09, 0.11] 
   Residual 2014 0.15 [0.13, 0.16] 
   Residual 2015 0.15 [0.13, 0.16] 
     

DIC 19,767.96   DIC 17,614.35 
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Table S7.  Coefficient estimates describing female age by environment interactions in young to middle-aged Nazca boobies (ages 3-

12).  Models have been reduced by removing higher order terms with coefficient values indistinguishable from zero.  N3DJF, 

continuous inter-annual variation in the El Niño-Southern Oscillation; Fish Phase, a dichotomous factor separating two diet regimes; 

Nest Count, standardized (zero mean, unit variance) number of nest initiations in a given breeding season; FS(t-1), last year’s fledging 

success, a dichotomous factor; rBD, breeding date standardized within each year (zero mean, unit std. dev.); CS, dichotomous factor 

marking one-egg versus two-egg clutches; rAV, A-egg volume standardized within each year (zero mean, unit std. dev).   
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  Breeding Date   Clutch Size   A-egg Volume   Fledging Success 
Coefficient Mean [95% BCI]  Mean [95% BCI]  Mean [95% BCI]  Mean [95% BCI] 
Intercept -1.22 [-2.56, 0.19]  1.11 [0.26, 1.97]  0.50 [0.14, 0.86]  1.25 [-0.17, 2.72] 
F Age3-12 -0.33 [-0.35, -0.30]  0.19 [0.11, 0.26]  0.17 [0.14, 0.19]  0.20 [0.14, 0.27] 
F Age2

3-12 0.14 [0.12, 0.16]  -0.11 [-0.17, -0.05]  -0.11 [-0.12, -0.09]  -0.22 [-0.27, -0.17] 
N3DJF 0.15 [-0.32, 0.60]  0.30 [0.02, 0.55]  0.06 [-0.01, 0.12]  0.44 [-0.02, 0.91] 
N3DJF2 -0.06 [-0.30, 0.18]  0.11 [-0.04, 0.25]  -  -0.42 [-0.65, -0.17] 
Fish Phase (Flying Fish) 0.44 [-0.34, 1.22]  -0.07 [-0.55, 0.38]  -0.20 [-0.41, -0.01]  -0.88 [-1.7, -0.06] 
Nest Count 0.11 [-0.12, 0.33]  0.14 [-0.01, 0.30]  0.02 [-0.03, 0.08]  0.22 [-0.04, 0.47] 
FS(t - 1) 0.27 [0.23, 0.30]  0.15 [0.02, 0.27]  0.03 [-0.01, 0.06]  0.35 [0.21, 0.49] 
rBD NA  0.00 [-0.05, 0.05]  -0.04 [-0.06, -0.02]  -0.11 [-0.17, -0.06] 
CS NA  NA  NA  0.80 [0.69, 0.91] 
rAV NA  NA  NA  0.03 [-0.02, 0.08] 
F Age3-12:N3DJF 0.01 [-0.01, 0.04]  0.00 [-0.08, 0.08]  0.03 [0.01, 0.04]  - 
F Age3-12:N3DJF2 0.01 [-0.01, 0.02]  0.01 [-0.04, 0.05]  -  - 
F Age3-12:Nest Count -0.02 [-0.04, -0.01]  -0.11 [-0.16, -0.06]  -  -0.06 [-0.12, -0.01] 
F Age2

3-12:N3DJF -0.07 [-0.09, -0.05]  0.05 [-0.01, 0.12]  -  - 
F Age2

3-12:N3DJF2 0.01 [0.00, 0.03]  -0.05 [-0.09, -0.02]  -  - 
F Age2

3-12:Nest Count -  0.05 [0.01, 0.10]  -  -         
Group-specific effect Var. [95% BCI]  Var. [95% BCI]  Var. [95% BCI]  Var. [95% BCI] 
Female Identity 0.19 [0.18, 0.21]  0.24 [0.14, 0.35]  0.60 [0.56, 0.64]  0.24 [0.12, 0.37] 
Breeding Season 0.43 [0.20, 0.91]  0.12 [0.04, 0.30]  0.02 [0.01, 0.05]  0.44 [0.18, 1.07] 
Residual 0.36 [0.35, 0.37]  NA  0.32 [0.31, 0.33]  NA         
Sample size N  N  N  N 
Records 9,972  9,868  9,441  9,228 
Females 2,513  2,510  2,501  2,498 
Breeding Season 18   18   18   18 
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Table S8.  Expected log predictive densities (elp̂d) from 10-fold cross-validation support 

breeding season-specific aging patterns in middle- to old-aged Nazca booby females 

(ages 12-23).  Higher, or less negative, elp̂d 10-fold CV indicate better model predictive 

performance (highest values in bold).  All models included additional fixed (last year’s 

fledging success, earlier expressed breeding traits) and random (female identity) effects.  

Br. Season, a multi-level factor (seasons 2010-2016).  N = 1,978 for Breeding Date, N = 

1,888 for A-egg Volume, N = 1,963 for Clutch Size, and N = 1,835 for Fledging Success.  

Breeding Date 

Age and Breeding Season predictors 
elp̂d 10-fold 

CV (SE) 
∆ elp̂d 10-

fold CV (SE) 
F Age + F Age2+ Br. Season + F Age:Br. Season + 

F Age2:Br. Season -2,123.6 (33.2) 7.4 (7.9) 
F Age + F Age2+ Br. Season + F Age:Br. Season -2,116.1 (33.0) 0.0 
F Age + F Age2+ Br. Season -2,117.1 (33.3) 1.0 (8.8) 

   
A-egg Volume 

Age and Breeding Season predictors 
elp̂d 10-fold 

CV (SE) 
∆ elp̂d 10-

fold CV (SE) 
F Age + F Age2+ Br. Season + F Age:Br. Season + 

F Age2:Br. Season -1,837.9 (38.5) 2.7 (15.4) 
F Age + F Age2+ Br. Season + F Age:Br. Season -1,835.2 (39.7) 0.0 
F Age + F Age2+ Br. Season -1,847.5 (39.4) 12.3 (10.1) 

   
Clutch Size 

Age and Breeding Season predictors 
elp̂d 10-fold 

CV (SE) 
∆ elp̂d 10-

fold CV (SE) 
F Age + F Age2+ Br. Season + F Age:Br. Season + 

F Age2:Br. Season -1,211.3 (18.0) 7.6 (4.7) 
F Age + F Age2+ Br. Season + F Age:Br. Season -1,203.7 (17.5) 0.0 
F Age + F Age2+ Br. Season -1,204.2 (17.4) 0.5 (4.4) 

   
Fledging Success 

Age and Breeding Season predictors 
elp̂d 10-fold 

CV (SE) 
∆ elp̂d 10-

fold CV (SE) 
F Age + F Age2+ Br. Season + F Age:Br. Season + 

F Age2:Br. Season -979.5 (21.6) 3.5 (3.2) 
F Age + F Age2+ Br. Season + F Age:Br. Season -975.9 (21.3) 0.0 
F Age + F Age2+ Br. Season -977.7 (21.2) 1.8 (4.4) 
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Table S9.  Pairwise differences between Breeding Season-specific intercept values (top) and slopes (bottom) of Breeding Date on 

female age from the best-supported model evaluating “Interactive effects of female age and environment” on Breeding Dates for old 

females (ages 14-23).  Pairwise differences in bold are distinct from zero.  For reference, intercept and slope values for each breeding 

season are displayed above each grid showing pairwise differences between years.  Breeding Date was standardized (zero mean, unit 

variance) across all years (preserving differences between years) before analysis.  Models included additional fixed and random 

effects (Table 1).  Because of the higher-order interaction term in the model, intercept values estimate average Breeding Date at the 

point where female age equals zero (age was standardized before analysis, so this is at the mean age for the data).  
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  Main effects (intercept values) by Breeding Season 
 2010 2011 2012 2013 2014 2015 

 -1.11 -0.33 -0.60 0.61 0.46 0.26 
 Pairwise differences in main effects of Breeding Season 

 2010 2011 2012 2013 2014 2015 
2010   0.78 [0.68, 0.89] 0.51 [0.41, 0.62] 1.73 [1.62, 1.84] 1.57 [1.46, 1.69] 1.37 [1.26, 1.48] 
2011     -0.27 [-0.37, -0.17] 0.94 [0.83, 1.05] 0.79 [0.68, 0.89] 0.58 [0.48, 0.69] 
2012      1.21 [1.11, 1.32] 1.06 [0.96, 1.16] 0.86 [0.75, 0.96] 
2013         -0.15 [-0.27, -0.04] -0.36 [-0.46, -0.25] 
2014       -0.20 [-0.30, -0.11] 

 Slope estimate on female age, by breeding season 
 2010 2011 2012 2013 2014 2015 

 0.00 0.19 0.15 0.09 0.02 0.04 
 Pairwise differences in slope estimates 

 2010 2011 2012 2013 2014 2015 
2010   0.19 [0.08, 0.32] 0.14 [0.03, 0.26] 0.09 [-0.05, 0.22] 0.02 [-0.1, 0.14] 0.04 [-0.07, 0.16] 
2011     -0.05 [-0.16, 0.07] -0.11 [-0.24, 0.02] -0.17 [-0.29, -0.05] -0.15 [-0.27, -0.04] 
2012       -0.06 [-0.18, 0.06] -0.12 [-0.23, -0.02] -0.10 [-0.21, 0.00] 
2013       -0.06 [-0.18, 0.05] -0.04 [-0.15, 0.07] 
2014           0.02 [-0.06, 0.11] 
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Table S10.  Same as Table S9, but for A-egg Volume.  

  Main effects (intercept values) by Breeding Season 
 2010 2011 2012 2013 2014 2015 

 0.10 0.19 0.12 -0.13 -0.20 -0.10 
 Pairwise differences in main effects of Breeding Season 

 2010 2011 2012 2013 2014 2015 
2010   0.09 [-0.01, 0.19] 0.01 [-0.10, 0.12] -0.23 [-0.35, -0.11] -0.30 [-0.43, -0.18] -0.20 [-0.32, -0.07] 
2011     -0.08 [-0.16, 0.01] -0.32  [-0.42, -0.22] -0.39  [-0.50, -0.29] -0.29  [-0.40, -0.19] 
2012      -0.24 [-0.34, -0.15] -0.32 [-0.41, -0.22] -0.21 [-0.31, -0.11] 
2013         -0.07 [-0.17, 0.03] 0.03 [-0.07, 0.14] 
2014        0.11 [0.02, 0.19] 

 Slope estimate on female age, by breeding season 
 2010 2011 2012 2013 2014 2015 

 -0.05 -0.17 -0.23 -0.13 -0.15 -0.13 
 Pairwise differences in slope estimates 

 2010 2011 2012 2013 2014 2015 
2010   -0.12 [-0.23, -0.01] -0.18 [-0.30, -0.07] -0.08 [-0.22, 0.06] -0.10 [-0.24, 0.04] -0.09 [-0.23, 0.06] 
2011     -0.06 [-0.16, 0.05] 0.04 [-0.08, 0.16] 0.02 [-0.10, 0.14] 0.03 [-0.10, 0.17] 
2012       0.10  [0.00,  0.21] 0.08 [-0.02, 0.19] 0.09 [-0.03, 0.21] 
2013       -0.02 [-0.12, 0.08] -0.01 [-0.11, 0.10] 
2014           0.01 [-0.06, 0.09] 
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Table S11.  Same as Table S9, but for Clutch Size.  

  Main effects (intercept values) by Breeding Season 
 2010 2011 2012 2013 2014 2015 

 0.49 0.40 0.83 0.61 0.88 1.54 
 Pairwise differences in main effects of Breeding Season 

 2010 2011 2012 2013 2014 2015 
2010   -0.09 [-0.45, 0.25] 0.34 [-0.04, 0.69] 0.12 [-0.27, 0.50] 0.39 [0.04, 0.75] 1.05 [0.65, 1.44] 
2011     0.43 [0.09, 0.78] 0.21 [-0.15, 0.57] 0.48 [0.14, 0.85] 1.14 [0.78, 1.53] 
2012      -0.22 [-0.62, 0.16] 0.05 [-0.32, 0.43] 0.71 [0.32, 1.11] 
2013         0.27 [-0.12, 0.66] 0.93 [0.53, 1.34] 
2014       0.66 [0.27, 1.05] 

 Slope estimate on female age, by breeding season 
 2010 2011 2012 2013 2014 2015 

 -0.38 -0.14 -0.10 -0.32 -0.26 -0.03 
 Pairwise differences in slope estimates 

 2010 2011 2012 2013 2014 2015 
2010   0.25 [-0.15, 0.67] 0.29 [-0.10, 0.69] 0.06 [-0.34, 0.47] 0.12 [-0.23, 0.52] 0.36 [-0.02, 0.74] 
2011     0.04 [-0.34, 0.42] -0.19 [-0.60, 0.23] -0.12 [-0.51, 0.28] 0.11 [-0.26, 0.48] 
2012       -0.23 [-0.64, 0.19] -0.16 [-0.53, 0.23] 0.07 [-0.31, 0.46] 
2013       0.06 [-0.33, 0.44] 0.29 [-0.09, 0.67] 
2014           0.23 [-0.08, 0.56] 
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Table S12.  Same as Table S9, but for Fledging Success. 

 

 

  Main effects (intercept values) by Breeding Season 
 2010 2011 2012 2013 2014 2015 

 -1.87 -1.03 -2.69 -1.79 -0.73 -1.99 
 Pairwise differences in main effects of Breeding Season 

 2010 2011 2012 2013 2014 2015 
2010   0.83 [0.36, 1.30] -0.82 [-1.34, -0.33] 0.08 [-0.40, 0.59] 1.13 [0.68, 1.60] -0.13 [-0.62, 0.37] 
2011     -1.65 [-2.12, -1.21] -0.75 [-1.17, -0.35] 0.30 [-0.07, 0.67] -0.96 [-1.37, -0.55] 
2012      0.90 [0.40, 1.38]  1.95 [1.51, 2.40] 0.70 [0.25, 1.16] 
2013         1.05 [0.66, 1.47] -0.21 [-0.66, 0.22] 
2014        -1.26 [-1.64, -0.86] 

 Slope estimate on female age, by breeding season 
 2010 2011 2012 2013 2014 2015 

 -0.71 -0.71 -0.37 -0.04 -0.35 -0.68 
 Pairwise differences in slope estimates 

 2010 2011 2012 2013 2014 2015 
2010   0.0 [-0.54, 0.54] 0.34 [-0.28, 0.95] 0.67 [0.07, 1.28] 0.36 [-0.12, 0.89] 0.03 [-0.52, 0.55] 
2011     0.34 [-0.17, 0.89] 0.66 [0.18, 1.21] 0.36 [-0.04, 0.78] 0.03 [-0.42, 0.48] 
2012       0.32 [-0.23, 0.93] 0.02 [-0.50, 0.53] -0.31 [-0.82, 0.20] 
2013       -0.30 [-0.76, 0.13] -0.63 [-1.11, -0.15] 
2014           -0.33 [-0.71, 0.02] 
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SI Figures  

Figure S1.   Time series for two continuous measures of the quality of the Nazca booby 

breeding environment.  Panel (a) shows average December-February monthly SSTA 

from the Niño3 region (black dots) overlaid on the occurrence of El Niño/La Niña 

(shaded red/blue, respectively) following the definition of Trenberth (1997) using 

monthly SSTA from the Nino3.4 region (solid line).  The x-axis in (a) labels January of 

each year, corresponding to the breeding season starting the previous fall: e.g., the 

N3DJF value over year 2016 was experienced by Nazca boobies during the 2015 

breeding season.  Panel (b) shows the annual number of nest initiations in a 

comprehensively monitored colony subsection, with re-nesting attempts excluded. 
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Figure S2.  Accounting for a positive covariation between approximate lifespan and A-egg Volume does not substantially alter 

increases, and later decreases, in A-egg Volume with advancing female age.  Lines and shaded 95% BCI show relationships from 

GAMMs predicting A-egg Volume using a flexible smooth function of female age.  Environmental variation and other fixed and 

random effects are included in each GAMM (Table 3).  
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Figure S3.  Predicted variance in Breeding Dates (grey histogram), by year, from a 

GAMM with homoscedastic error variance (in grey, model described in Table 3) is a 

poor fit to year-specific Breeding Date variance in the original data (black lines).  

Histograms show the distribution from 1,000 posterior predictive samples.  
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Figure S4.  Breeding Date distribution by breeding season from the Study Area, a 

comprehensively monitored colony subsection.   Breeding Dates in Camp Calendar Dates 

(CCD, Methods).  Breeding Dates directly observed, or back-calculated from hatching 

dates, are in black.  Breeding Dates of clutches laid before colony monitors arrived and 

failing to hatch were estimated as the median Breeding Date of samples laid before 

monitors arrived but hatching (shown in grey).   
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CONCLUSIONS 

 Nazca booby females breed nearly every year, but this body of work finds that all 

other reproductive traits tracked changes in diet composition and/or inter-annual variation 

in the El Niño-Southern Oscillation.  Nazca boobies showed diet flexibility, returning to 

the colony with flying fish (Exocoetidae spp.) when their preferred prey, Pacific sardines 

(Sardinops sagax) disappeared from the diet.  Despite this flexibility, Nazca booby 

hatching success and offspring survival to independence dropped dramatically in the 

Flying Fish Phase, and these declines in reproductive success pushed the stochastic 

population growth rate below 1, forecasting a shrinking population.  Lower reproductive 

success in the Flying Fish Phase was accompanied by a small increase in adult survival, 

probably due to individuals incurring lower costs of reproduction, but these 

complementary shifts in breeding and adult survival were insufficient to cope with the 

loss of sardines.  Our time series is not long enough to say whether the loss of sardines in 

1997 was a one-time event or part of a decadal scale oscillation similar to that observed 

on the continental margin (Chavez et al. 2003).  Regardless of the historical nature of 

these trophic interactions, I argue that the thermal biology of the Pacific sardine within 

the Nazca booby foraging range is probably incompatible with the degree of ocean 

warming predicted for the region within the next 100 years (Luo et al. 2015).  Thus, this 

result provides a rare opportunity to forecast the probable indirect, biotic, effects of 

climate change on a tropical marine predator.  Assuming that estimated links between 

demographic rates and diet persist, the Nazca booby population will decline in the 

coming decades under ocean warming.  Nazca boobies are tied to remote oceanic islands 

for breeding while sardine populations are highly mobile; the co-occurrence of close 
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ecological ties to another organism but contrasting capabilities to shift distributions to 

track environmental variables may, more generally, mark populations vulnerable to 

decline under climate changes.   

 Life-history theories of ageing link investment into reproduction early in life to 

senescence, predicting that high reproductive investment when young will cause earlier, 

or steeper, late-life performance declines.  Variables affecting the resources available to 

young birds, and/or their reproductive effort, are thus expected to affect performance 

across the entire lifespan.  In Chapter 1, I showed that reproductive success was much 

lower during the Flying Fish Phase than during the Sardine Phase.  In Chapter 2, I show 

that this diet shift also acted over the long-term, influencing survival in late life (for 

females) and the rate of reproductive senescence (for males).  A high-quality diet 

experienced in early adulthood depressed late-life components of performance.  This 

result is consistent with the idea of long-term costs of reproduction (Sardine cohorts raise 

many offspring in early-life, then suffer poorer late-life performance), but an individual-

level analysis revealed only positive associations with reproductive performance early 

and late in life.  Thus, this surprising finding emphasizes the difficulty of predicting long-

term environmental effects and points to a role for varying levels of individual 

heterogeneity in developing mean patterns of life-history trait expression.  

 This body of work addressed variation in senescence patterns along several axes. 

Nazca boobies are monogamous with bi-parental care, properties expected to select for 

convergent reproductive effort in the two sexes and senescent declines.  However, 

females start breeding at a younger age and breed more frequently because of an excess 

of adult males and “mate rotation” (Maness & Anderson 2007, 2008).  Invoking the 
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disposable soma mechanism (Kirkwood 1977; Kirkwood & Rose 1991), I predicted that 

females show greater senescence for all demographic traits.  Senescence began earlier 

and/or proceeded more rapidly in female boobies for survival probability, annual 

breeding success, and fledging success, but not for breeding probability, where 

senescence was male-biased.  Observed sex differences in ageing aligned broadly with 

predictions based on the idea that early reproduction trades off with late-life performance, 

but within each sex, early reproduction predicted late-life fitness positively (not 

negatively).  Early-adult clutch initiations, estimating reproductive effort when young, 

did not trade off with age-dependent mortality rate or late-life reproduction.  Trade-offs 

between early reproduction and senescence may be difficult to detect or masked by 

unmeasured factors, but, lacking any evidence of negative late-life consequences 

following natural high levels of breeding participation, I suggest that age-dependent mate 

choice by females, plus an excess of adult males, results in few breeding opportunities for 

older males (explaining male-biased senescence for breeding probability).  Observed sex 

differences for fledging success may then be explained by a heterogeneous group of 

females contributing late-life phenotypes (including both low- and high-quality 

individuals), but only high-quality males, breeding at old ages.  Consistent with this 

model, males that bred often when young continued to do so in old age; in Chapter 3, I 

show that females paired with old males suffer a reduction in fledging success, which 

may motivate choosing a younger partner.  For survival, short-term, not long-term, costs 

of reproduction are consistent with earlier and marginally faster female senescence, 

because the discrepancy between female and male breeding probabilities grows with age.  

These new ideas link the population sex ratio to sex differences in senescence, but 
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through mechanisms other than early-late fitness trade-offs.  Biased population sex ratios 

are common in birds (Donald 2007), and may be a useful classification for higher order 

variability in senescence patterns by sex, particularly in monogamous species.  In Nazca 

boobies, the sex ratio has shown little evidence of directional change with time 

(Townsend & Anderson 2007; Maness & Anderson 2013), but in other species 

population sex ratios are being altered by human actions (e.g., Awkerman et al. 2006; 

Grüebler et al. 2008); anthropogenic disruption of population sex ratios may have long-

term effects on population dynamics through altered ageing patterns, in addition to direct 

effects.   

  Age and environment influence the resources available to organisms and their 

optimal resource allocation strategy.  Chapter 1 and especially Chapter 2 establish clear 

early-life improvement and late-life declines affecting reproductive performance in this 

species and suggest that Nazca boobies respond flexibly to environmental quality, 

abandoning a breeding attempt in stressful environments.  In Chapter 3, I build on these 

two previous studies and evaluate interactive effects of age and environment on egg-

laying traits (breeding date, clutch size, A-egg volume) and fledging success across the 

lifespan in female boobies.  I show that age and environment interact to explain variation 

in early-life improvement and late-life decline for all breeding traits.  Young birds bred 

later, laid smaller clutches and eggs, and fledged fewer chicks than middle-aged birds, 

and these age differences shrank under “good” conditions. 

   This study is one of the few to evaluate age by environment interactions across 

the lifespan in a species showing clear reproductive senescence.  Egg-laying traits 

showed late-life declines consistent with senescence; with results from Chapter 2, old 
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females decline in all measured aspects of performance, starting around age 16.  Rates of 

late-life decline were dependent on breeding season but comparing breeding seasons 

across ENSO state did not explain observed patterns for most traits.  For clutch size only, 

old females were more negatively affected by poor environmental quality than middle-

aged females, echoing results from young ages.  This study relied on indirect measures of 

the resources available in the environment, which may have introduced extra biologically 

relevant complexity into our results.  Simple predictions based on constraint and restraint 

(that young and old birds would suffer greater performance declines than prime-age 

breeders in challenging environments) were not met.  However, my approach led to novel 

insights into the potential mechanisms behind Nazca booby responses to the ENSO – a 

phenomenon of global importance potentially affected by our changing climate (Yeh et 

al. 2009, Cai et al. 2014).  Briefly, I propose that complementary effects on prey access 

and prey abundance shape complex associations between Nazca booby breeding 

parameters and SSTA, a proxy for ENSO state and intensity.  Positive sea surface 

temperature anomalies (as during El Niño) may facilitate tuna-dolphin-seabird 

associations and thus improve access to prey species otherwise too deep for plunge 

diving boobies to reach, benefitting egg-laying traits.  However, as El Niño events decay, 

(potentially lagged) negative effects on prey abundance, forced by reductions in primary 

productivity, may explain low levels of reproductive success.  These ideas need further 

testing, but hint at a role for two or more different trophic interactions in shaping the 

Nazca boobies’ response to variation in oceanographic parameters. Taken as a whole, 

these three studies illustrate how long-term, individual-based, ecological studies can 

advance our understanding of topics important to ecology and evolutionary biology, 
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including factors leading to variability in the ageing process, trophic interactions, and the 

responses of individuals and populations to environmental change.   
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