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ABSTRACT 

Nazca boobies (Sula granti) are socially and genetically monogamous, long-lived, 

ground-nesting, pelagic seabirds that have been the subject of recent behavioral and 

endocrine research due to two aspects of their life-history: obligate siblicide, and 

maltreatment of nestlings by unrelated non-breeding adults.  The frequency of 

maltreatment as a nestling predicts future adult maltreatment behavior in a “cycle of 

violence”, similar to that observed in humans.  The research described here builds upon 

this previous work to investigate potential endocrine organization of this behavior and 

other physiological and behavioral traits of the Nazca booby.  At the nestling stage, 

maltreatment causes transient surges in circulating corticosterone concentration ([CORT], 

the primary avian stress hormone), but no change in baseline [CORT] or testosterone, 

implicating short, but dramatic, hypothalamic-pituitary-adrenal (HPA) axis stress 

responses in organization of maltreatment behavior.  Adult Nazca boobies exhibit 

personality traits on which early-life organizational effects could act: Gardening (anxiety-

related movement of nest materials), Shaking (anxiety-related rotary movements), and 

Aggression.  These traits and several aspects of the CORT stress response are 

consistently expressed at the individual level, across several years in adults.  Nestling 

maltreatment experience, growth rate, and siblicide experience predict the frequency of 

anxiety-related behaviors displayed and the CORT stress response in Nazca booby adults.  

This research includes the longest analysis to date of organizational effects in a wholly 

wild, free-living animal, and detects long-term effects of maltreatment that are strikingly 

similar to those observed in humans, suggesting conservation of response to early life 

trauma between avian and mammalian taxa. 
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CHAPTER 1.  GENERAL INTRODUCTION 

Overview 

 

 Hormones can permanently alter animal behavior and physiology through 

organization of the central nervous system (Viglietti-Panzica et al. 2007).  These 

“organizational effects” include such well-known examples as androgens inducing 

masculinization (Wingfield et al. 1990), and developmental nutritional restriction 

inducing “thrifty phenotypes” (Bateson et al. 2004).  Currently the majority of research in 

avian organizational effects focuses on what occurs within the egg, specifically hormone-

mediated maternal effects that modify the embryonic phenotype epigenetically 

(Groothuis et al. 2005; Eising et al. 2006; Groothuis & Schwabl 2008; Wingfield et al. 

2008).  Little is known, however, regarding avian post-natal organizational effects that 

occur via endogenous hormones.  Post-natal hormonal organizational effects may be an 

important tool that young animals can use to modify their phenotype to match the 

anticipated adult environment, based on early-life cues (Giudice et al. 2011; Sih 2011). 

Here I investigate how maltreatment experience as a nestling and other post-natal 

experiences modify adult personality and stress response, perhaps through endocrine 

organization, in the Nazca booby, Sula granti, a wild, free-living seabird. 

 

Maltreatment in the Nazca booby and the “Cycle of Violence” 

 

 The Nazca booby is a long-lived, pelagic, ground-nesting seabird (Anderson & 

Apanius 2003).  At our long-term study site on Isla Española, Galápagos, Nazca boobies 

tolerate the proximity of humans well (Apanius et al. 2008), permitting easy observation 

and capture.  Adults are identified by permanent numbered metal leg bands.  Nazca 
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boobies exhibit biparental incubation and care of their altricial offspring (Anderson & 

Ricklefs, 1992; Apanius et al., 2008), and are socially and genetically monogamous 

within a breeding season (Anderson & Boag, 2006; Maness & Anderson, 2007).  In a 

given breeding season, a large fraction of adults either do not breed (mostly males, due to 

a male-biased adult sex ratio; Maness et al. 2007; Maness & Anderson 2008), or try to 

breed and fail (Anderson et al. 2004).  These male and female non-breeders search for 

unguarded chicks.  Upon locating one,  the adult moves purposefully and directly to the 

nestling and engages in aggressive (51.5% of interactions), affiliative (46.3%), and/or 

sexual behavior (attempted copulation; male-type behavior shown by both sexes of adult; 

12.2%; (Anderson et al. 2004)).  Virtually all nestlings are visited by these Non-parental 

Adult Visitors (NAVs) at least once during the nestling period and are vulnerable from 

approximately 25 days of age, when foraging parents leave nestlings unguarded, until 

approximately 70 days, when nestlings are mature enough to repel NAVs (Anderson et 

al. 2004).  Intense social interest in young drives the interaction, even when a nestling has 

been experimentally relocated outside of a breeding colony (Townsend et al., 2002). 

 Aggressive Nazca booby NAV behavior differs from typical interactions between 

adults and unrelated conspecific young in that NAVs do not kill nestlings to obtain direct 

nutritional benefits, or indirect fitness benefits through reducing future competition (e.g., 

in mammals: reviewed in Ebensperger 1998; in birds: Ashbrook et al. 2008).  Altruistic 

and sexual behaviors between adults and unrelated young are also known to occur for a 

variety of ultimate and proximate-level reasons, but these typically occur at a very low 

frequency under disturbed circumstances.  In contrast, nearly 100% of Nazca boobies 

exhibit NAV behavior in their adult life (all birds will be non-breeders, or failed breeders 
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at some point; Anderson et al. 2004); given this high frequency, the motivation and action 

represent a usual part of the behavioral repertoire. 

Adult NAV behavior is connected to nestling experience, perhaps through 

endocrine organization.  Birds that were siblicidal as nestlings perform NAV behavior at 

a higher frequencey than those that did not participate in siblicide (Müller et al. 2008).  

Approximately 1/3 of nestlings are the survivors of obligate siblicide as hatchlings 

(Humphries et al. 2006), during which circulating testosterone (T) is up-regulated sharply 

and temporarily (Ferree et al. 2004); implicating T as a potential organizational hormone.  

Nestlings also vary in their degree of victimization byNAVs (determined by number and 

severity of NAV interactions) and degree of victimization as a chick is a strong predictor 

of frequency of NAV behavior exhibited as an adult (Müller et al. 2011).  This striking 

parallel to the “cycle of violence” in human biology suggests that NAV behavior may be 

a model system for intergenerational transmission of behavior and, specifically, child 

abuse.  In fact, the Nazca booby offers the only known non-human model to study the 

underlying mechanisms of sexual maltreatment, and physical maltreatment by non-

parents.  Rhesus macaque (Macaca mulatta) mothers are popular models for physical 

maltreatment, but exhibit no sexual behavior during maltreatment episodes (Maestripieri 

2005).  In contrast, sexual abuse accounted for approximately 9.1% of all child abuse 

cases in 2008 (Child Maltreatment 2010) and NAVs engage in sexual behavior with 

nestlings at a similar frequency (12.2%).  The Nazca booby provides several advantages 

as a model system: NAV behavior occurs naturally in the wild, is ubiquitous among both 

sexes, has no apparent adaptive value, and is easy to observe and manipulate at our study 

site. 
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Despite extensive documentation of intergenerational transmission of adult-young 

maltreatment behavior in human and non-human primate biology (Chapman & Scott 

2001; Heyman & Slep 2002; Maestripieri et al. 2005; Maestripieri 2005; Fang & Corso 

2007), little is known regarding the mechanisms underlying this “cycle of violence” 

(Widom 1989).  Three non-mutually exclusive hypotheses exist: (1) abused children 

acquire maltreatment behavior through observational learning (Chapman & Scott 2001); 

(2) child abuse results in long-term neuroendocrine changes that cause later abusive 

tendencies (De Bellis 2001; Teicher et al. 2003; Maestripieri 2005); and (3) genetic 

predispositions to abuse interact with experience to produce abusive adults (Caspi et al. 

2002; Kaufman et al. 2004; Widom & Brzustowicz 2006; McCormack et al. 2009).  Tests 

of these hypotheses have been hampered by experimental limitations, small sample sizes, 

lack of adequate controls, overdependence on retrospective self-reporting, and 

confounding demographic variables (e.g., socioeconomic status; Widom 1989; Fang & 

Corso 2007).  Animal models can overcome some of these difficulties, but non-human 

primate research remains restricted by exclusively parental abuse, small samples, and 

frequently artificially induced offspring maltreatment (Maestripieri 2005).   

Here I exploit the advantages of Nazca boobies as a model system to examine the 

second hypothesis, that long-term neuroendocrine changes due to maltreatment influence 

behavioral and physiological phenotype, and that these phenotypic changes may underlie 

the cycle of violence.  First, I investigate short- and long-term changes in hormones due 

to maltreatment at the nestling stage to identify potential organizational hormones.  Then 

I test for consistent behavioral and physiological traits (“personality” and “coping style”) 

in the Nazca booby that could be influenced by early-life maltreatment.  Lastly, I 
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examine the effects of nestling experiences, including maltreatment and other early-life 

experiences on adult personality and stress physiology, concluding with implications for 

organization of the cycle of violence and possible proximate mechanisms for the 

observed effects. 

 

Behavioral traits and plasticity as stable personality characteristics 

 

 An assumption of the concept of organizational effects is that behavioral and/or 

physiological differences between adult individuals are relatively consistent across time.  

If individual adult behavior is entirely plastic then behavior/physiology has not or cannot 

be canalized by the early-life hormonal milieu.  Traditionally, biologists have recognized 

the significance of variation in morphology (e.g., beak shape, Grant & Grant 1989) with 

respect to physiology and behavior; however, we have largely considered variation as 

noise confounding the important signal of the population mean (Grant & Grant 1983; 

Williams 2008; Wolf & Weissing 2012).  Only in the past decade has the study of 

individual variation in nonhuman behavior (i.e., personality, “behavioral syndromes”, or 

“coping styles”), moved out of the realm of psychology and become of interest to 

epidemiologists, population biologists, behavioral ecologists, evolutionary biologists, and 

physiologists (Careau et al. 2008).  We now know that individuals of many species 

exhibit consistent and predictable variation in behavior that is maintained across time and 

context (Réale et al. 2010).   

 In birds, personality research has focused on the proactive (fast) - reactive (slow) 

axis, which integrates exploratory behavior, aggressiveness, boldness, and response to 

environmental change (Sih et al. 2004a).  Proactive and reactive personality types differ 
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consistently in behavior, physiology, and conditions under which they are most fit. 

Behaviorally, proactive individuals are characterized by boldness, aggressiveness, and 

fast and superficial exploratory behavior, and are more successful in constant or 

predictable environments.  In contrast, reactive individuals are shy, cautious, and slow 

and thorough explorers, and are most successful in unpredictable conditions (Dingemanse 

et al. 2004; Sih et al. 2004b; Cockrem 2007).  The expression of these behavioral traits 

across time and different contexts classifies them as “personality traits”, and the 

consistent correlations found between these personality traits classifies the 

proactive/reactive types as “personality syndromes” (or “behavioral syndromes”; Sih et 

al. 2004b; Stamps & Groothuis 2010).    

 Contextual plasticity (i.e., a reaction norm or within-individual variation in 

behavior across contexts; Dingemanse et al. 2010; Stamps & Groothuis 2010; Westneat et 

al. 2011) can be related to personality and this is burgeoning field of interest.  The 

integration of stability and plasticity of behavioral traits in the field of personality allows 

for complex relationships between behaviors and life-history strategies.  For example, 

plasticity can be positively correlated with the mean expression of the behavior in which 

plasticity was measured if both plasticity and performance of a behavior are expensive 

and depend on individual “quality” (Betini & Norris 2012).  Alternatively, plasticity and 

behavioral responsiveness may be negatively correlated if low-quality individuals may 

compensate for an inability to perform all energetically expensive behaviors by being 

plastic in their behavioral response (Betini & Norris 2012).  

 The possible relationships between personality and plasticity exemplify one of 

many ways in which personality traits can be related to life-history strategy (Wolf et al. 
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2007; Biro & Stamps 2008; Stamps & Groothuis 2010; von Merten & Siemers 2012).  

Long-lived organisms have high future reproductive potential and may be more risk-

averse and/or plastic in their behavior than shorter-lived organisms with lower future 

reproductive potential (von Merten & Siemers 2012); however, most personality research 

has been conducted on short-lived animals in laboratory settings (Bell et al. 2009; 

Garamszegi et al. 2012).  The questionable ecological validity of these studies (Herborn 

et al. 2010) and neglect of long-lived life-history strategies could bias attempts to 

generate cohesive models of personality and life-history tradeoffs.  Seabirds are attractive 

models for personality research due to their exceptionally long lifespan (Ricklefs 1998), 

which may make life-history trade-offs more pronounced in this group (Patrick et al. 

2013) and their relative indifference to human presence.  Furthermore, they are of 

conservation interest due to the generally high rate of population decline in this group 

(Croxall et al. 2012), and anthropogenic selection pressures may be posing additional 

constraints on behavioral variation that may inform management decisions (McDougall et 

al. 2006). 

   

Coping styles – relationship between the glucocorticoid stress response and personality 

  

 Hormones may mediate consistent differences between individuals in behavior 

(Koolhaas et al. 1999).  Glucocorticoids are logical candidates for a physiological 

difference in personality types, because differences in behavior between individuals are 

often most pronounced when confronted with a stressor and glucocorticoids play a 

prominent role in the stress-response (Sapolsky et al. 2000).  The “coping style” model 

predicts that endocrine (primarily hypothalamic-pituitary-adrenal, HPA, axis stress 
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response) and behavioral responses are correlated, and produce two distinct alternative 

responses to stressors: proactive (high aggression, low HPA axis stress response) and 

reactive (low aggression, high HPA axis stress response; Koolhaas et al. 1999).  Although 

early laboratory tests of this model generated strong support (Carere et al. 2010), recent 

tests in the wild have often not found the predicted relationship between the HPA axis 

stress response and behavior (Réale et al. 2007; Ferrari et al. 2013).  Such mixed support 

has prompted an update to the traditional coping style model, in which the HPA axis 

stress response and behavioral response operate on two different but interacting axes 

(“two-tier” model; Koolhaas et al. 2010).  Under the two-tier coping style model, 

neuroendocrine characteristics are the consequence (due to feedback of behavior on 

physiology), not the cause, of behavioral variation.  Thus, high physiological stress 

reactivity can be associated with either shy (reactive) or panicked (proactive) behavior, 

while low reactivity can be associated with docile (reactive) or bold (proactive) behavior 

(Koolhaas et al. 2010).  Under either model, endocrine responses to stressors are expected 

to be relatively stable adult traits, a prediction that is rarely tested in the wild 

(Garamszegi et al. 2012).  Given the necessity of baseline and stress-induced 

concentrations to vary in response to environmental conditions to promote survival 

(Kitaysky et al. 2007; Romero & Reed 2008), one might not expect high consistency of 

the stress response in the wild. 

 

Organizational effects due to post-natal stress and androgens 

Traditionally, stressful early-life experiences were viewed as detrimental by 

inducing dysregulation of physiological, psychological, and behavioral traits (Blair & 
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Raver 2012).  However, recent studies have suggested that young animals can use their 

early-life environment to optimize their behavior and physiology to match the expected 

future environment (Giudice et al. 2011; Sih 2011; Blair & Raver 2012).  The concept of 

hormone-modulated phenotype matching based on early-life experiences (“experiential 

canalization”, “adaptive calibration”, or “adaptive tuning”)  is the product of 

interdisciplinary cross-over of ideas from developmental psychology (Giudice et al. 

2011; Blair & Raver 2012) to behavioral ecology (Sih 2011) and back, and is now at the 

forefront of our understanding of hormonal organizational effects.   

Transitory surges in glucocorticoids are necessary for survival by facilitating 

rapid return to homeostasis (Wingfield & Kitaysky 2002).  Frequent surges, or prolonged 

elevation of glucocorticoids during development, may cue a young animal to expect an 

unstable and stressful adult environment, if the perinatal environment is an accurate 

predictor of the adult environment (Giudice et al. 2011; Sih 2011; Blair & Raver 2012).  

Thus, moderate to severe early-life stressors promote development of phenotypes tuned 

to unstable or poor environments, with more investment in self, and not offspring, in 

iteroparous animals (Henry & Wang 1998).  Specifically, moderate/severe early-life 

stressors induce more anxiety-like behavior (probably lowering risk-taking behavior; 

Groothuis et al. 2005), impaired maternal behavior and less aggression toward intruders 

(Boccia & Pedersen 2001), a higher and longer stress response (Liu et al. 2000; 

Pravosudov & Kitaysky 2006; Slotten et al. 2006; Spencer et al. 2009), and depressed 

baseline glucocorticoid concentration (Bazak et al. 2009) in adults. 

Very little research has been conducted on post-natal effects of androgens, beyond 

their effects on masculinization/feminization. Post-natal androgen surges and/or 
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embryonic androgen surges are associated with nestling aggression for many avian 

species (Rosa et al. 2002; Eising et al. 2006; Müller et al. 2008; Muller & Groothuis 

2013).  Thus, high perinatal androgens may cue a young animal to a socially competitive 

environment.  If so, we would expect adults that experienced high perinatal androgens to 

exhibit more aggressive behavior adult aggression, fewer anxiety-like behaviors (to 

promote risk-taking), and a depressed stress response.  Some studies support these 

predictions (Eising et al. 2006; Partecke & Schwabl 2008), while others do (de Ruiter et 

al. 1992; Groothuis et al. 2008).  Differences in adult condition/quality or life history may 

explain these differences (Sachser et al. 2011).  

We still know very little regarding organizational effects in wholly wild animals, 

or due to post-natal androgens in general (beyond masculinization/feminization). 

Furthermore, the interactive effects of multiple early-life experiences have rarely been 

considered, despite known interactions between androgens and glucocorticoids (Roberts 

et al. 2007).  Nazca boobies provide a valuable opportunity to investigate organizational 

effects due to glucocorticoids, androgens, and their interactions in a free-living, wild 

species.   
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ABSTRACT 

 

 Non-breeding Nazca booby adults exhibit an unusual and intense social attraction 

to non-familial conspecific nestlings.  Non-parental Adult Visitors (NAVs) seek out and 

approach unguarded nestlings during daylight hours and display parental, aggressive, 

and/or sexual behavior.  In a striking parallel to the "cycle of violence" of human biology, 

degree of victimization as a nestling is strongly correlated with frequency of future 

maltreatment behavior exhibited as an adult.  Here, we investigate candidates for 

permanent organization of this behavior, including immediate and long-term changes in 

growth and circulating corticosterone and testosterone due to victimization, by protecting 

some nestlings with portable exclosures that prevented NAV visits and comparing them 

to controls.  During maltreatment episodes, nestlings experience an approximate five-fold 

increase in corticosterone concentration, and corticosterone remains elevated 

approximately 2.8-fold until at least the following morning.  Our results are consistent 

with the possibility that repeated activation of the hypothalamic-pituitary-adrenal axis 

permanently organizes future adult maltreatment behavior.  No effect on growth, acute or 

chronic changes in testosterone, or chronic corticosterone elevation were detected or 

appeared to be components of an organizational effect.  This unusual behavior presents 

an opportunity to investigate neural, endocrine, and behavioral organization resulting 

from early social trauma that may be conserved across vertebrate classes.  

 

Keywords: Abuse; corticosterone; early-life stress; organizational effect; social stress; 

testosterone 
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INTRODUCTION 

 

 Intergenerational transmission of adult-young maltreatment behavior is a well-

known concept in human (Fang and Corso, 2007; Heyman and Slep, 2002) and non-

human primate biology (Maestripieri, 2005; Maestripieri et al., 2005).  This behavioral 

phenomenon, sometimes referred to as the “cycle of violence”, has also been described in 

a wild bird, the Nazca booby (Sula granti; Müller et al. 2008).  Despite extensive 

documentation (Chapman and Scott, 2001; Widom, 1989), little is known about the 

mechanism underlying intergenerational transmission.  Three hypotheses exist: (1) 

maltreatment early in life causes long-term neuroendocrine changes that underlie later 

maltreatment tendencies (de Bellis and Keshavin, 2003; Maestripieri et al., 2005; Teicher 

et al., 2003); (2) young acquire maltreatment behavior through observational learning 

(Chapman and Scott, 2001); and (3) maltreatment is a genetically heritable trait (Caspi et 

al., 2002; Kaufman et al., 2004; McCormack et al., 2009; Widom and Brzustowicz, 

2006).  Here, we focus on the first hypothesis, asking if maltreatment causes hormonal 

changes in Nazca booby nestlings. 

Nazca boobies are monogamous, ground-nesting, colonial seabirds.  In a given 

breeding season, a large fraction of the adult population either does not breed (mostly 

males, due to a male-biased adult sex ratio; Maness et al., 2007, Maness and Anderson, 

2008), or tries and fails (Anderson et al., 2004).  These non-breeders (only non-breeders 

exhibit the behavior) search the breeding colony during daylight hours for unguarded 

nestlings.  Upon locating one, the adult moves purposefully and directly to the nestling 

and engages in affiliative, aggressive, and/or sexual behaviors (Fig. 1).  Virtually all 

nestlings are visited by these Non-parental Adult Visitors (NAVs) at least once during the 
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nestling period and are vulnerable from approximately 30 days of age, when foraging 

parents leave nestlings unguarded, until approximately 80 days, when nestlings are 

mature enough to repel NAVs (Anderson et al., 2004).  NAV behavior is apparently 

unique as naturally occurring, non-lethal, ubiquitous maltreatment involving unrelated 

adults and young.  Intense social interest in young drives the interaction, even when a 

nestling has been experimentally relocated to a site outside a breeding colony (Townsend 

et al., 2002). 

 In general, adult animals interact in three common contexts with conspecific 

young that are not their own offspring.  First, adults may eat these young, obtaining 

nutritional benefits (reviewed in Ebensperger, 1998 and Hrdy, 1979).  Second, adults may 

harass or kill unrelated young, thereby reducing future or immediate competition between 

these individuals and the adults themselves or the adult’s young (in mammals: Digby, 

1995; Künkele, 1992; Rasa, 1994; reviewed in Ebensperger, 1998; in birds: Ashbrook et 

al., 2008; Cadiou et al., 1994; Ramos, 2003; Zicus and Hennes, 1989).  Third, adults may 

act affiliatively toward non-offspring young; usually these friendly interactions occur 

among relatives or other members of social groups, and kin-selected and social benefits 

accrue to the adult (Packer, 1980; Pierotti, 1982; reviewed by Kalmbach, 2006 and 

Riedman, 1982).  Nazca booby NAV behavior departs from the first two contexts 

inasmuch as NAVs do not kill nestlings outright (Anderson et al., 2004), and from the 

third context because Nazca boobies do not form highly social, extended family groups 

and their behavior is not restricted to affiliative interactions. 

 Adults may also associate with young in two much rarer contexts: “altruistic” 

affiliative interactions and forced sexual activity.  Altruistic behavior, when unexplained 



 

22 

 

by kin or social benefits, may benefit the adult by increasing parental experience 

(reviewed by Riedman, 1982), or  is costly to the adult and is generally classified as a 

mistake, including misdirected parental behavior (Angelier et al., 2006) and 

misidentification of young (Beaulieu et al., 2009; Brown, 1998; reviewed by Kalmbach, 

2006).  Sexual associations between adults and young are usually initiated by adult males 

and interpreted as a non-adaptive byproduct of a flexible female-recognition template 

(Besnard et al., 2002; Ewen and Armstrong, 2002; Somers et al., 2007).  In birds, both 

altruistic and sexual interactions with non-familial young are typically anomalous and 

occur at very low frequencies under disturbed circumstances.  In contrast, most (80%) 

non-breeding adult Nazca boobies (both male and female) exhibit NAV behavior at least 

once in a given breeding season (Anderson et al., 2004); given this high frequency, the 

motivation and action represent a usual part of the behavioral repertoire.   

In the case of Nazca boobies, no benefit to the perpetrating adult is apparent, and 

so the behavior seems to have no direct selective reward for the perpetrators (Porter, 

2003). Nazca booby nestlings incur injury and other costs during NAV events, including 

lacerations leading to death via ectoparasitic blood-feeding by landbirds (Curry and 

Anderson, 1987).  Nestlings often adopt the submissive “pelican posture” (Nelson, 1978) 

throughout a NAV visit, with the head inclined forward until the bill rests against the 

neck, and the dorsal surface of the bill pressed against the ground.  This posture protects 

the eyes, but prevents thermoregulation by gular fluttering and could lead to overheating 

(Anderson et al., 2004).  Thus, selection does not appear to reward nestlings involved in 

NAV events, either. 
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Instead, the behavior of adults is connected to their experience as a nestling in two 

types of violent events.  Around 1/3 of fledglings are the survivors of obligate siblicide as 

hatchlings (Humphries et al., 2006), during which circulating testosterone (T) is 

transiently, but sharply, upregulated, while corticosterone (CORT) remains unchanged 

(Ferree et al., 2004).  As adults, this minority of the population is much more likely to 

engage in NAV behavior than are those that were not survivor hatchlings of siblicide 

(Müller et al., 2008). In a striking parallel to the “cycle of violence” in human biology, an 

even stronger positive predictor of the frequency of adult NAV behavior is the degree of 

victimization by NAVs (determined by number and severity of NAV interactions) 

experienced as a nestling (Müller et al., 2011).  These circumstances cast NAV behavior 

at the ultimate level as an epiphenomenon of nestling experience, without an apparent 

direct selective reward. 

Returning to the proximate level, two of the existing hypotheses for causation of 

the cycle of violence in human biology (see above) do not provide an adequate 

explanation of NAV behavior.  Observational learning is an unlikely explanation, 

because all nestlings have frequent opportunities to observe NAV behavior in the open, 

dense breeding colony, but adults vary widely in NAV behavior (Anderson et al., 2004).  

A possible genetic basis for NAV behavior has not been evaluated, but it could provide 

only a partial explanation, given the strong support for the two aspects of nestling 

experience as a driver.  However, available data are at least consistent with endocrine 

organizational effects.  During NAV events, NAVs exhibit higher circulating CORT and 

lower T than do contemporaneous non-breeders not engaged in NAV behavior (Tarlow et 

al., 2003a).  The strong positive correlation between siblicide experience and NAV 



 

24 

 

behavior tendency implicates physiological responses accompanying siblicide in the 

permanent organization of aggressive NAV behavior.  Such responses could include the 

transient perinatal androgen surge during the act of siblicide, or the higher circulating 

baseline CORT concentration in young hatchlings of a two-egg brood compared to 

hatchlings of a one-egg brood (Tarlow et al., 2001).  Comparative evidence from the 

facultatively siblicidal blue-footed booby (S. nebouxii) is broadly consistent with this 

suggestion.  Blue-footed booby nestlings hatch with a lower circulating androgen and 

CORT concentration than do Nazcas, display a much lower frequency of NAV behavior 

as adults, and display less aggression during NAV interactions (Müller et al., 2008; 

Tarlow et al., 2001).  In a noteworthy parallel, the only other bird species outside of the 

Sulidae known to exhibit a similar interest by adults in nestlings is also obligately 

siblicidal (American white pelican (Pelecanus erythrorhynchos); Somers et al., 2007).  

However, NAV victimization is a stronger predictor of future adult NAV 

perpetration than siblicide and here we identify the endocrine changes, if any, that NAV 

events induce in nestlings.  Noting the potential psychological, thermoregulatory, 

immune, and probably other costs of NAV events on nestlings, we hypothesize that these 

events induce a hypothalamic-pituitary-adrenal (HPA) axis stress response in nestlings 

that may produce long-term neuroendocrine changes, either by chronic alteration of 

baseline hormones or by repeated acute HPA activation.  Additionally, the caloric cost of 

resisting NAVs may depress the growth of nestlings, which may indirectly organize NAV 

behavior.  We investigate immediate and long-term changes in nestling growth and 

circulating CORT and T due to NAV victimization, protecting some nestlings with 

portable exclosures that prevented NAV visitations and comparing them to controls. 
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METHODS 

 

All research reported here was permitted under the regulations of the Wake Forest 

University Institutional Animal Care and Use Committee, and adheres to NIH standards 

for animal use in research. 

 

Selection and grouping of nestlings 

 

 In March, 2008, we identified participants in this experiment by placing uniquely 

numbered leg bands on 66 nestling Nazca boobies in a portion of our study site at Punta 

Cevallos, Isla Española, Galápagos Islands (1°23’S, 89°37’W) called the “Study Area” 

(see Apanius et al., 2008).  Flattened wing chord provides a reliable estimate of age 

throughout the nestling period (Anderson, 1990) and measurements taken two days 

before the start of our study indicated that these nestlings were 40-60 days of age and 

within the window of vulnerability (30-80 days of age) to NAVs (Anderson et al., 2004).  

Our experimental design matched “triplets” of age-matched nestlings that varied 

in treatment.  “Experimental” nestlings were protected from NAVs by individual portable 

exclosures (open-top, circular wire mesh fences, mean diameter: 1.89 meters) placed 

around the nest (see Fig. 1 for nest-site description) during daylight hours when parents 

were absent and were removed immediately upon return of a parent.  The nestlings’ 

natural movement was not restricted by exclosures, because nestlings of this age rarely 

leave the nest area.  “Control” nestlings were never protected by an exclosure and 

received natural exposure to NAVs and little close contact with human observers.  

“Fence-Control” nestlings received an exclosure momentarily whenever the exclosure of 
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its matched Experimental nestling was installed or removed.  This treatment was intended 

to control effects on nestlings of human approach and fence installation/removal. 

 Between March 7 and March 30, 2008, we established 15 triplets, each containing 

one Experimental, one Control, and one Fence-Control.  Individuals within triplets were 

randomly assigned to a group, with the exception of two nestlings that were excluded 

from the Experimental group because difficult terrain prevented exclosure installation, 

and so were placed in the Control and Fence-Control groups.  The largest wing chord 

difference within a triplet (16 mm) indicated an age difference of approximately 2.4 days 

(Apanius et al., 2008).  One Experimental, one Fence-Control, and one Control nestling 

died during the experiment.  Cause of death was likely starvation, determined by 

emaciated appearance and declining weight.  The Control nestling was replaced with an 

age-matched nestling in the study area that had also been monitored daily (see below).  

Neither the Experimental nor the Fence-Control nestling was replaced, and the other 

nestlings in their triplet were removed from the experiment.  

For assignment of nestling sex, a drop of whole blood obtained by brachial 

venipuncture was blotted onto a small paper tab in the field and stored in 70% ethanol.  

Upon return to the lab, sex was assigned according to a modified PCR protocol of 

Fridolfsson and Ellegren (1999).  Details of DNA extraction, the PCR protocol, and 

validation of the technique are provided in Maness et al. (2007) and Apanius et al. 

(2008).  Maness et al. (2007) demonstrated 100% accuracy of this technique for this 

species. 
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Behavioral Observations 

 

 All nestlings (Experimental, Fence-Control, and Control) were monitored daily 

from sunrise to sunset (approximately 5:45 AM – 6:15 PM) for interactions with non-

parents and parental attendance patterns.  During NAV interactions, we measured the 

duration of the event and the proportion of time the nestling spent in a submissive pelican 

posture, and recorded sex of the NAV by sex-specific vocalizations (Nelson, 1978).  

NAV interactions were categorized non-exclusively as aggressive, affiliative, and/or 

sexual, and severity of aggressive events was determined on a scale of 1-4, following the 

methods of Tarlow et al. (2003a): 

1 – Gentle and very infrequent biting, no shaking or pulling out feathers, no wounds 

created 

2 – Biting, no shaking or pulling out feathers, no open wounds 

3 – Biting, infrequent shaking and pulling out feathers, sometimes open wounds 

4 – Vigorous shaking, biting, and pulling out feathers, leading to large open wounds 

(extreme). 

 

 On the seventh, eighth, and ninth days of the experiment, time-activity budget 

data were collected via point sampling at ten-min intervals for six nestling triplets (two 

triplets/day) to investigate the effect of fencing on nestling behaviors.  Observations were 

conducted over three continuous morning hours and four continuous afternoon hours, or 

until parents for all focal nestlings returned.  Behaviors recorded included: preen, beg, 

walk, stand, lie, sleep, stretch, vocalize, and play. 
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Blood Sampling 

Chronic response 

 

To detect any chronic endocrine effects of NAV interaction on nestlings, we 

collected three repeated measures blood samples of 1 cc from all nestlings by brachial 

venipucture with unheparinized tuberculin syringes over 20 days (see Table I).  Samples 

were taken between 4:00-6:00 AM, when circulating CORT levels are least affected by 

external events in this species (Tarlow et al., 2003b).  Not all nestlings could be sampled 

within this time frame on the same day, so triplets were divided into two groups: Group 

A and Group B.  Group A was sampled on days 0, 10, and 20, and Group B was sampled 

approximately 3 days later, on days 3, 14, and 23.  We allowed 3 days to pass before the 

initial sampling of Group B to avoid a period of rain, which can cold-stress nestlings.  

The second sampling of Group B was delayed an additional 24 hrs, also due to rain.  All 

samples used in analyses of CORT were taken within 3 min of initial approach to the 

nestling (mean ± SD = 1.77 ± 0.55 min, N = 186) to avoid handling-induced CORT 

changes (Romero and Reed, 2005).  

 

Acute response 

 

We collected additional 1cc blood samples from unprotected nestlings within 15 

mins of the start of an aggressive NAV event (mean ± SD = 11.73 ± 2.15 min, N = 11; 

see Table I) following the above methods, to determine the immediate hormonal effect of 

NAV victimization on nestlings.  NAV events ranged in severity of aggression from 3-4 

(frequency of interactions at each severity rank: 3 - 82%, 4 - 18%, N = 11) and in 

duration from 3-12 mins (mean ± SD = 5.86 ± 2.98 min, N = 11).  Three samples were 
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excluded from this analysis because they were obtained during less severely aggressive 

events.  Nestlings were sampled as quickly as possible following the end of an event, or 

in two cases, following the end of aggressive and commencement of affiliative NAV 

interaction, which was interrupted for sampling.  Three of these samples were obtained 

from Control nestlings within the experiment, and the remaining 8 samples were from 

unprotected nestlings outside of the experiment, but within the “Study Area.”  A time-

matched sample was taken from an Experimental and Fence-Control nestling of 

approximately the same wing chord (mean difference ± SD = 27.79 ± 14.26 mm, N = 11, 

suggesting an age difference of approximately 4.1 days).  Wing chord measurements 

indicated that these nestlings were 43-78 days of age (mean ± SD = 66.79 ± 7.17 mm, N 

= 33) at the time of sampling.  Samples from nestlings within the experiment were 

obtained 2-7 days following the last baseline sample (mean ± SD = 4.36 ± 1.95 days, N = 

25).  We detected no correlation between CORT and the number of days between these 

samples within Experimental and Fence-Control nestlings (r = 0.7, p > 0.05, N = 22). 

 

Timescale of response 

 

We examined the timescale of the nestling hormonal response to NAV interaction 

with 1 cc baseline blood samples obtained between 4:00–6:00 AM from nestlings 

involved in an aggressive NAV event within the preceding 24 hrs (“Timescale of 

response;” see Table I).  Events ranged in severity of aggression from 2-4 (frequency of 

interactions at each severity rank: 2 – 53%, 3 – 40%, 4 - 7%, N = 15).  These were not the 

same nestlings sampled for an acute response to NAV victimization, but a separate 

subsample of the study population.  Six of these samples were taken from Experimental 



 

30 

 

nestlings after the experiment ended and all exclosures were permanently removed.  The 

remaining nine samples were obtained during routine baseline blood sampling sessions 

(see “Chronic response”) from Control or Fence-Control nestlings that had received an 

aggressive NAV event of rank 2-4 in the preceding 24 hrs.  Sampling occurred 11-23 hrs 

after the aggressive NAV event (mean ± SD = 14.86 ± 3.26 hrs, N = 15) and within 9 

days of the last baseline sample (mean ± SD = 6.53 ± 3.23 days, N = 15).  Three 

additional samples were obtained from nestlings immediately following aggressive NAV 

events of severity rank 1 and combined with the above samples to evaluate the effect of 

severity on CORT response. 

 

Assay Characteristics 

 

 All samples were allowed to clot for 2 hrs, after which serum was separated from 

the cellular fraction by centrifugation at 6000 rpm for 5 mins and then preserved in 95% 

ethanol (Goymann et al., 2007).  Preserved samples were maintained at ambient 

temperature in the field and room temperature in the lab until analysis. 

CORT and T concentrations were measured by quantitative competitive enzyme 

immunoassay (Assay Designs, Cat. No.  900-097 and 901-065) following manufacturer’s 

instructions and verified in-house for avian serum, after double extraction in 

dichloromethane and diethyl ether, respectively.  For CORT extraction, 120 μl aliquots of 

serum in ethanol were dried under a nitrogen stream and resuspended in 200 μl assay 

buffer.  Steroids were double extracted with 2 ml dichloromethane; each extraction was 

vortexed for 2 mins three times over 1 hr at 0, 30, and 60 min, and the supernatant was 

pipetted off and dried under a nitrogen stream, then resuspended in assay buffer.  
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Recovery efficiency of extraction and enzyme immunoassay averaged 82.5%, using the 

supplied corticosterone standard diluted to 1600 pg/ml in stripped chicken serum and 

ethanol (mean ± SD = 82.5 ± 19.77%, N=7).  For T extraction, 200 μl aliquots of serum 

in ethanol were dried under a nitrogen stream and resuspended in 500 μl of 0.05M boric 

acid buffer.  Steroids were double extracted with 2.5 ml diethyl ether, mixed for 1 h, flash 

frozen in an alcohol bath, decanted, and the supernatant was dried under a nitrogen 

stream and resuspended in assay buffer.  Recovery efficiency of extraction and enzyme 

immunoassay averaged 80.87% after removal of one outlier (mean ± SD = 80.87 ± 

23.47%, N=5), using
 
the supplied testosterone standard diluted to 2000 pg/ml in stripped 

chicken serum and ethanol.  For CORT enzyme immunoassay, the detection limit was 

26.99 pg/ml and intra- and inter-assay coefficient of variation were 6.6% and 7.8%, 

respectively. For T enzyme immunoassay, the detection limit was 5.67 pg/ml and intra- 

and inter-assay coefficient of variation of 10.8% and14.6%, respectively. Because the 

primary antibody for CORT and T assays did not cross react to a significant degree with 

other circulating steroids, all measures are termed “corticosterone” and “testosterone” 

measurements, respectively.  Finally, both assays were validated for use in booby serum 

for accuracy, precision, cross reactivity, and parallelism in measurements. 

 

Growth Measurements 

 

 Wing chord (flattened), culmen, and weight of all Group A and Group B nestlings 

were measured between 4:00-9:30 AM on the day following sampling of Group B, 

resulting in three sets of measurements for all study nestlings over the period of the study.   
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Statistical Tests 

 

 Non-parametric tests (Friedman ANOVA, Chi Square, Wilcoxon Matched Pairs) 

were used for all statistical analysis of hormone data, except for repeated baseline and 

severity of aggression in timescale of response data, because the hormone measurements 

did not meet the statistical assumptions of normality and homogeneity of variances.  

Timescale of response and chronic response CORT and T data were natural log 

transformed, after which residuals approximated normality.  Repeated Measures ANOVA 

was used to analyze the timescale of CORT response by severity of aggression and 

repeated baseline CORT and T data by treatment group and sex.  Within Control 

nestlings, rate of NAV interaction was binned by quartile and its effect on baseline 

CORT and T was analyzed with Repeated Measures ANOVA.  Growth data met 

parametric assumptions without transformation and were analyzed using Repeated 

Measures ANOVA by sex and treatment group.  For behavioral analysis, we first 

performed a principal components analysis that resulted in four behavioral components, 

described below.  Because visual inspection of component scores suggested departures 

from normality, scores were analyzed using the non-parametric Friedman ANOVA.  

 

RESULTS 

 

We installed and removed exclosures for Experimental and Fence-Control 

nestlings between one and four times/day according to parental attendance (mean ± SD = 

1.30 ± 0.56 installations/day, N = 262).  Experimental nestlings spent approximately 10 

hrs/day within exclosures (mean ± SD= 9.78 ± 2.71, N = 244). 
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Between the first and the third baseline blood sampling sessions, Experimental 

nestlings experienced dramatically fewer NAV events than did Control and Fence-

Control nestlings (ANOVA: F2,38= 8.01, p = 0.001, Tukey HSD: p < 0.025; Fig. 2), with 

only 42% of Experimental nestlings experiencing at least one NAV visit compared to 

100% of Control nestlings and 85% of Fence-Control nestlings.  NAV interactions with 

Experimental nestlings were brief and occurred in the short period between a parent’s 

departure and fence installation, and in one instance when an Experimental nestling left 

the exclosure briefly by squeezing through a gap between the fence and a rock.  No NAV 

succeeded in entering an exclosure.  During daytime hours, a nestling attended by a 

parent was never visited by a NAV (966 nestling-day of observation).  During nighttime 

hours, the nestlings were virtually always attended by a protective parent, and NAV 

events apparently do not occur at night (Anderson et al., 2004).  Thus, exclosures nearly 

eliminated exposure of Experimental nestlings to NAVs during the period of the 

experiment. 

 

Sex determination 

 

 Seventeen males and twenty-three females were divided among the three 

treatment groups.  Two nestlings could not be sexed due to failure of DNA to amplify.  

These nestlings and their corresponding triplets were excluded from “Baseline across the 

study period” hormone analyses.  We detected no sex differences in CORT or T 

concentrations, or in the growth parameters of wing, culmen, and weight (all p > 0.5); 

thus, we do not expect any direct influence of sex on our results. 
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Nestling Behavior 

 

 Four principal components were derived from the nine observed behaviors: (PC1) 

preen/vocalize, (PC2) lie, (PC3) sleep, and (PC4) play.  We observed no differences 

between treatment groups in any of the four components of nestling behavior (Kruskall-

Wallis Test: PC1: H2,18 = 0.082, p > 0.9; PC2: H2,18  = 3.52, p > 0.1; PC3:  H2,18 = 0.047, 

p > 0.9; PC4: H2,18  = 0.14, p > 0.9).  Hence, fencing did not appear to affect nestling 

behavior. 

 

Acute response 

 

Nestlings experiencing an aggressive NAV event of rank 3-4 had significantly 

higher CORT concentration than did contemporaneous age-matched Experimental 

(protected) and Fence-Control nestlings (Friedman ANOVA: χ
2

2 = 16.91 p = 0.0002; Fig. 

3A).  One nestling triplet was excluded from T analysis due to insufficient serum, 

resulting in 10 nestling triplets analyzed for T.  No difference was detected in T 

concentrations between treatment groups during a NAV event (Friedman ANOVA: χ
2

2 = 

1.40 p > 0.4; Fig. 3B). 

 

Timescale of response 

 

CORT concentration on the morning following an aggressive NAV event of 

severity rank 2-4 was significantly higher than was the last baseline concentration 

(Wilcoxon Matched Pairs: T = 6.0, N = 15, p = 0.002; Fig. 4A).  We found no differences 

in baseline T concentration following a NAV event compared to last baseline T 
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concentration (Wilcoxon Matched Pairs: T = 32.0, N = 14, p > 0.15; Fig. 4B).  One 

nestling was excluded from T analysis due to insufficient serum. 

Nestlings that had experienced a NAV event of severity rank 1 exhibited 

significantly lower CORT concentration the morning following the event than those that 

had experienced an event of rank 2 (ANOVA: F3,14= 4.17, p = 0.026, Tukey HSD: p = 

0.046) or rank 4 (Tukey HSD: p = 0.041).  CORT of nestlings that had experienced rank 

3 events was not significantly different from that at any other rank (Tukey HSD: p > 0.9; 

Fig. 5A).  We detected no differences in T concentration between severity ranks 

(ANOVA: F3,13= 1.71, p = 0.21; Fig. 5B). 

 

Chronic response 

 

We detected no effect of treatment group, sex, or their interaction on baseline 

CORT and T concentrations across the study period (Repeated Measures ANOVA: F4,54 = 

2.05, p > 0.09).  We also detected no effect of rate of NAV interactions on CORT 

(Repeated Measures ANOVA: F6,20 = 1.06, p > 0.4) or T concentration (Repeated 

Measures ANOVA: F6,20 = 0.92, p > 0.5) within Control nestlings, across the study 

period.   

Baseline CORT concentrations increased across time and were significantly 

higher at the third sampling point than the first sampling point (Repeated Measures 

ANOVA: F2,54 = 4.94, p = 0.01; Tukey HSD: p = 0.02), consistent with a pre-fledging 

peak observed in other semi-altricial birds (Love et al., 2003).  Baseline T concentration 

also exhibited a significant main effect of time (Repeated Measures ANOVA: F2,54 = 

5.79, p = 0.005), as well as an interaction between time and sex: males at sampling point 
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3 had a significantly higher T concentration than at sampling point 2 (Repeated Measures 

ANOVA: F2,54 = 3.66, p = 0.03; Tukey HSD: p = 0.008).  No other comparisons were 

significant (p > 0.1).  No significant repeatability (r; Lessells and Boag, 1987) of CORT 

and T concentration was detected within nestlings, across the study period (CORT: r = 

0.002, p>0.5; T: r= -0.14, p>0.5). 

 

Growth 

 

 We found no effect of, or interaction with treatment and sex on the growth of 

wing, culmen, or weight across the study period (treatment effect on wing, Repeated 

Measures ANOVA: F4,66= 0.30, p > 0.8; treatment effect on culmen, Repeated Measures 

ANOVA: F4,66= 0.1.67, p > 0.1; treatment effect on weight, Repeated Measures ANOVA: 

F4,66= 2.21, p > 0.07;  all other effects, p > 0.06). 

 Nestlings were significantly underweight for their age (estimated by wing chord), 

compared to nestlings in the same area (“Study Area”) in 2002-03 (Repeated Measures 

ANOVA: F1,36= 41.43, p < 0.001).  During the 2002-03 breeding season, 206 offspring 

fledged from the Study Area, well above the median of 143 fledglings (N = 15 years), 

while 67 nestlings fledged in the year of our study.  These results indicate that the 

nestlings in our study were being raised under relatively poor environmental conditions, 

probably related to food delivery.  Females were initially more underweight for their age 

than males were (Repeated Measures ANOVA: F1,35= 7.95, p = 0.007, Tukey HSD: p = 

0.02).  This effect disappeared by the third sampling session (Tukey HSD: p = 0.8). 
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DISCUSSION 

 

 This study establishes that NAV events induce a strong HPA axis stress response 

in nestlings, consistent with the possibility that this repeated activation of the HPA axis 

permanently organizes future adult NAV behavior.  During victimization by NAVs, 

nestlings experience an approximate five-fold increase in CORT concentration compared 

to time- and age-matched Experimental and Fence-Control nestlings, and CORT remains 

elevated approximately 2.8-fold until at least the following morning.  Over the longer 

term of several weeks, the treatment effect disappeared.  Therefore, the induced driving 

of the HPA axis is a short-term, acute phenomenon. 

 Growth, acute or baseline T, and baseline CORT were not altered by treatment; 

neither were baseline CORT or T altered by rate of NAV interaction.  As such, none of 

these appear to be affected sufficiently by NAV interaction to be regarded as potential 

effectors for a permanent organizational change, although we cannot rule out the 

possibility that baseline hormones may have been permanently altered by NAV 

victimization before the experiment began.  However, we do not believe this to be the 

case because adult NAV behavior is predicted by degree of nestling victimization in a 

continuous, rather than qualitative manner (Müller et al., 2011).  We propose that the 

cumulative effect of a nestling’s acute reactions contributes to the organizational effect 

that we described earlier (Müller et al., 2008).  

 Support for an acute HPA response matches a broad pattern of results from 

mammals in which repeated short-term neonatal stressors cause no chronic stress 

response, but do result in long-term organizational impacts on hormones, brain, and 

behavior (Mirescu et al., 2004).  Like Nazca booby nestlings victimized by NAVs, rat 
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(Rattus norvegicus) pups isolated from their mother repeatedly displayed a rapid increase 

in CORT (four-fold after one hour of separation, slightly lower than the five-fold increase 

that we observed), but baseline CORT is unaffected (McCormick et al., 1998).  Rat 

CORT concentration returns to baseline within 30-60 min of return to its home cage 

(McCormick et al., 1998), while Nazca booby CORT concentration remained 

significantly elevated after a NAV event until at least the following morning.  Despite the 

ephemeral effect of maternal separation on neonatal rat CORT level, these repeated 

stressful events impair neurogenesis and cell proliferation in the dentate gyrus (Mirescu 

et al., 2004), causing permanent breakdown of negative feedback on CORT and increased 

anxiety-like behavior later in life (Boccia and Pedersen, 2001; Liu et al., 2000; Slotten et 

al., 2006; but see Huot et al., 2004 for a critique of the maternal separation paradigm).  

Neuroendocrine effects are generally more pronounced in females, likely because of sex-

specific interaction between the HPA and hypothalamic-pituitary-gonadal (HPG) axis 

(Eklund and Arborelius, 2006; Li et al., 2004; Oomen et al., 2009), an interaction that 

may also contribute to an explanation of the more severe aggression that Tarlow et al. 

(2003a) documented in female Nazca booby NAVs. 

 Although we know little regarding long-term effects of repeated acute moderate-

severe neonatal stressors in birds (see Jones, 1993, and Huff et al., 2001 for effects of 

neonatal handling, a mild stressor), such as those we observed, the long-term effects of 

chronic CORT elevation at the neonatal stage are strongly similar between birds and 

mammals.  These effects include altered HPA axis stress response, and decreased neural 

development that results in compromised spatial and cognitive memory, smaller 

hippocampus with fewer neurons, and in songbirds a smaller high vocal center (in birds: 
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Buchanan et al., 2004; Kitaysky et al., 2003; Pravosudov et al., 2005; Pravosudov and 

Kitaysky, 2006; Spencer et al., 2009; in mammals: see Sapolsky et al., 2000 and Welberg 

and Seckl, 2001 for review).  Female adult humans with a history of severe childhood 

physical and/or sexual abuse also exhibit permanent modification of hippocampal 

structure (Stein et al., 1997; Vythilingam et al., 2002).   

 Given the above similarities between the mammalian and avian systems, and the 

resemblance between CORT response to NAV victimization in Nazca booby nestlings 

and response to maternal separation in neonatal rats, we expect repeated NAV events to 

cause permanent neuroendocrine modifications similar to those exhibited by neonatal 

mammals under periodic stress.  Modifications may include protracted HPA axis stress 

response, altered hippocampal structure, and increased anxiety-like behavior.  Tarlow et 

al. (2003a) provided tentative support for an altered hormonal milieu in NAVs, which 

exhibit higher CORT and lower T during NAV events than contemporaneous non-NAVs 

do.  Increased CORT may indicate anxiety, which is often associated with maltreatment 

tendency in humans and non-human primates (Maestripieri and Carroll, 1998) and may 

trigger or intensify NAV activities in the Nazca booby.  However, it is currently unclear 

whether the altered hormonal milieu of NAVs is a stable characteristic, or induced by 

performing NAV behavior.  Future work on this system could use a longitudinal 

approach (natal philopatry is essentially 100%; Huyvaert and Anderson, 2004) to 

determine whether the dynamics of the HPA axis in members of our treatment groups 

differ as adults in a manner consistent with a stable organizational effect. 
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CONCLUSIONS 

 

 Aggressive NAV events induce a strong acute HPA axis stress response in 

nestling Nazca boobies, similar to that observed in mammals.  In mammals, such 

responses cause permanent neuroendocrine changes.  If the same is true in Nazca 

boobies, these changes may increase individual propensity to perform NAV behavior as 

an adult and account for the observed intergenerational transmission of NAV behavior.  

Possible neuroendocrine modifications resulting from NAV victimization are a topic for 

later study. 
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TABLES 

 

Table I.  Summary of blood samples obtained from nestlings.  “Category” refers to the 

name of the category of blood samples in the text. 

 

Category of blood 

sample 

# of 

nestlings 

Samples / 

nestling 

Description 

 

Chronic response 

 

13 triplets 

 

3 

Repeated measures over 20 days, 

obtained from 4:00-6:00 AM. 

 

Acute response 

 

11 triplets 

 

1 

Within 15 mins following onset of 

NAV event, obtained throughout 

daylight hours. 

 

Timescale of 

response 

 

15 

 

1 

11-23 hrs following an aggressive 

NAV event, obtained from 4:00-

6:00 AM.  Compared to last 

chronic response sample. 
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FIGURES 

 

Figure 1.  Non-parental Adult Visitor (NAV) exhibiting aggressive behavior.  Note the 

open ground-nest generally consisting of a few pebbles within a shallow bowl-shaped 

scrape.  Nesting occurs at high density along the rocky coast and away from vegetation, 

providing clear sightlines for detection of unguarded nestlings by NAVs and for 

observation of nestlings and NAVs by investigators. 

 

 

 

 

 

 

 

 

 

 

 

Photo credit: Jacquelyn K. Grace
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Figure 2.  Mean number and type of NAV events experienced by (C) Control, (FC) 

Fence-Control, and (E) Experimental nestlings.  Vertical bars indicate standard errors.  

Mean severity of aggressive events ± SE was 1.52 ± 0.0054 for Control nestlings 

(N=164), 1.42 ± 0.0080 for Fence-Control nestlings (N=120), and 1.25 ± 0.052 for 

Experimental nestlings (N=12). 
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Figure 3.  Circulating concentrations of CORT (A) and T (B) of nestlings during or 

immediately following an aggressive NAV event (NAV victim) compared to time- and 

age-matched Experimental (E) and Fence-Control (FC) nestlings.  Horizontal bars 

indicate means, boxes indicate 25
th

 and 75
th

 percentiles, vertical bars indicate 10
th

 and 

90
th

 percentiles, and dots indicate outliers. 
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Figure 4.  Baseline circulating concentrations of CORT (A) and T (B) of nestlings the 

morning following an aggressive NAV event compared to that individual’s last baseline 

sample.  Horizontal lines indicate means, boxes indicate 25
th

 and 75
th

 percentiles, vertical 

bars indicate 10
th

 and 90
th

 percentiles, and dots indicate outliers. 
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Figure 5.  Mean baseline circulating concentrations of CORT (A) and T (B) of nestlings 

the morning following an aggressive NAV event separated by severity of NAV event.  

Vertical bars indicate standard errors. 
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ABSTRACT 

 

 Despite a rapid increase in animal personality research, critical gaps remain. We 

have little knowledge of the long-term (as opposed to short-term) consistency of 

personality (i.e., consistent inter-individual differences in behaviour) and the 

relationships between personality and behavioural flexibility in wild, free-living animals. 

This study investigates personality and contextual plasticity (i.e., plasticity in behaviour 

between contexts) in the Nazca booby (Sula granti), a long-lived, free-living seabird. We 

tested birds for personality in the field, during incubation, using a human intruder test, 

two novel object tests, and a social stimulus test (mirror), and determined repeatability of 

behavioural traits both within-season (short-term) and between several years (long-term). 

We found high short- and long-term repeatability of aggressive and anxiety-related 

behaviours when confronted with a nest intruder and novel objects, but lower 

repeatability during social stimulation. Contextual plasticity was highly repeatable across 

years for aggressive behaviours, and low for anxiety-related behaviours. Plasticity did not 

correlate across behaviours into a ‘meta-personality’ trait. Contextual plasticity in 

behavioural traits was highly correlated with the expression of those traits, suggesting 

that individuals are able to both react strongly and modify their behaviour depending on 

context, perhaps due to consistent differences in individual quality. Model selection 

exercises using structural equation models evaluated the relationships between 

personality factors, indicating a behavioural syndrome in which anxiety- or agitation-

related behaviours covary strongly and positively, and both covary weakly and negatively 

with aggression.  
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INTRODUCTION 

 Variability in behaviour between individuals in a population has traditionally been 

considered biological noise (Wolf & Weissing, 2012). Yet highly structured and 

consistent behavioural differences have been identified over the past decade in a variety 

of organisms, from amoebas to humans that are maintained across time and 

situation/context (Réale et al., 2010). The recognition of such ‘animal personality’ and 

behavioural syndromes prompted a recent explosion of behavioural research focused on 

individuals instead of populations (Wolf & Weissing, 2012). Here, we take a broad 

approach, first evaluating behavioural consistency of multiple traits in a wild, long-lived 

vertebrate, the Nazca booby (Sula granti). We then integrate contextual plasticity and 

personality, investigating the relationship between the two and evaluating plasticity as a 

‘meta-personality’ trait (Stamps & Groothuis, 2010).  

 

A note on terminology 

For this study we followed the definitions of Stamps & Groothuis (2010), where 

‘context’ describes all external stimuli surrounding an individual when it performs a 

behaviour; this definition encompasses both ‘situation’ and ‘context’ as defined by Sih et 

al. (2004), and ‘personality’ refers to individual behavioural consistency across time and 

context compared to all other individuals in the study population (also satisfying 
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requirements for a ‘behavioural syndrome,’ which requires only temporal or contextual 

consistency).  

 

Behavioural consistency in wild, long-lived animals 

 Most personality research on wild animals involves capture and testing in a 

laboratory (Bell et al., 2009; Garamszegi et al., 2012), which can result in questionable 

ecological validity (Herborn et al., 2010). With the rapid expansion of animal personality 

research, studies of wild animals tested in the field or in ecologically valid settings are 

becoming more common (e.g.,Briffa et al., 2008; Dammhahn & Almeling, 2012; 

Garamszegi et al., 2008, 2012; Gosling, 1998; Herborn et al., 2010; Jennings et al., 2013; 

Kralj-Fiser et al., 2007; Montiglio et al., 2012; Patrick et al., 2013; Petelle et al., 2013; D. 

Réale & Festa-Bianchet, 2003; Sapolsky & Ray, 1989), and some species show high 

correlation between laboratory tests of personality and behaviour in the wild (e.g., blue 

tits, Cyanistes caeruleus, Herborn et al., 2010), although this assumption has rarely been 

tested.  

 Recent work has indicated that life history strategy is related to personality (Biro 

& Stamps, 2008; Stamps & Groothuis, 2010; von Merten & Siemers, 2012; Wolf et al., 

2007) and that long-lived organisms may be more risk-averse due to high future 

reproductive potential compared to shorter-lived organisms and to those with lower future 

reproductive potential (von Merten & Siemers, 2012). Seabirds are among the longest-

lived animals, with greatly delayed senescence compared to other birds (Ricklefs, 1998), 

suggesting that life-history tradeoffs may be more prononounced in this group (Patrick et 

al., 2013). They also exhibit long-term social relationships in dense nesting colonies, 
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which may impose additional selection constraints on personality. While these attributes 

make seabirds attractive models to expand our understanding of life history and 

personality, very little research on personality has been conducted in seabirds, although 

repeatability and heritability of boldness appear to be high in at least one species (Patrick 

et al., 2013). Apart from basic scientific interest, seabirds are also of conservation and 

management interest due to their interaction with fisheries and a generally high rate of 

population decline relative to other bird groups (Croxall et al., 2012). Anthropogenic 

selection pressures may be acting on variation in behavioural traits including response to 

novelty, exploration, and aggression, and understanding that variation can inform 

conservation decisions (McDougall et al., 2006). Our motivation for determining 

behavioural consistency, or ‘personality’, in Nazca boobies is two-fold: to add to the 

relatively small number of studies on personality in long-lived animals, and to determine 

the ecological validity of high repeatability of behavioural traits observed in laboratory or 

captive-tested animals, by using a wild animal tested in the field. 

  

Plasticity and personality 

Integration of consistent between-individual variation in behaviour (i.e., 

repeatability: proportion of total variance that is between individuals, Westneat et al. 

2011) and within-individual variation in behaviour (i.e., plasticity or a reaction norm; 

Dingemanse et al., 2010; Westneat et al., 2011) is a burgeoning field of interest. 

Contextual plasticity (i.e., plasticity between contexts, Stamps & Groothuis, 2010) can be 

related to personality in many ways, including correlation of the mean expression of a 

behaviour with contextual plasticity in that same behaviour (i.e., elevation-slope 
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covariance); two hypotheses exist to predict the direction of this specific relationship. The 

‘individual quality hypothesis’ predicts a positive elevation-slope covariance due to 

underlying differences in ‘quality’ of an individual (sensu Bergeron et al., 2011; Wilson 

& Nussey, 2010): high-quality individuals perform more of a behaviour and can adjust 

their level of performance of that behaviour better across contexts (for example, across an 

environmental gradient) under this hypothesis, showing higher contextual plasticity in 

that trait (Betini & Norris, 2012). The ‘individual quality hypothesis’ assumes that high 

magnitude of behavioural response and high contextual plasticity each enhance fitness, 

but are also expensive, so only high-quality individuals are able to accomplish both, 

while low-quality individuals are constrained to a low magnitude of behavioural response 

and low contextual plasticity (Betini & Norris, 2012). High contextual plasticity could be 

expensive due to information sampling, and/or to neural mechanisms necessary for 

decision making and information analyses (Mathot et al., 2012; Stamps & Groothuis, 

2010). The ‘compensatory hypothesis’ also assumes that behavioural response and 

plasticity are expensive. However, under this hypothesis, high responsiveness is always 

desirable and low-quality individuals are able to compensate by trading off 

responsiveness and plasticity, while highly responsive individuals do not need high 

plasticity, resulting in a negative elevation-slope relationship (Betini & Norris, 2012). We 

point out that high responsiveness may not always be beneficial, but this trade-off could 

also apply to highly responsive individuals, who may be constrained to low plasticity 

(regardless of whether high responsiveness is beneficial) because they have invested in a 

high magnitude of response. This would result in the same prediction of a negative 

elevation-slope relationship. Finally, plasticity could be unrelated to personality if high-
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quality individuals can have both a high mean level of behavioural responsiveness and 

adjust that responsiveness across contexts (without assuming that high responsiveness is 

always desirable), while lower-quality individuals are able to compensate for low 

responsiveness with high plasticity. This would result in uniformly high plasticity in a 

population.  

 

General Predictions 

 In this study we investigate short- and long-term behavioural consistency across 

contexts, the relationship between behavioural traits, and integrate personality with 

contextual plasticity, in wild Nazca boobies. Specifically, we ask: (1) Do Nazca boobies 

display consistent differences between individuals in behaviour within contexts (tests) 

across (a) time (both short- and long-term), and (b) between contexts? (2) Do different 

behaviours covary in elevation of behavioural response (e.g., are highly aggressive 

individuals also highly anxious)? (3) Do Nazca boobies differ consistently in contextual 

plasticity in a behaviour, across time? (4) Is contextual plasticity in one behaviour 

correlated with contextual plasticity in another behaviour, making some birds more 

plastic generally than others (i.e., is plasticity a ‘meta-personality’ trait, Stamps & 

Groothuis, 2010)? (5) Do Nazca boobies exhibit an elevation-slope relationship between 

contextual plasticity and personality? Because a variety of animal species, including a 

long-lived seabird, display consistent personality traits (Patrick et al., 2013; Réale et al., 

2010), we expect: (1) consistent differences between adults in behaviour within contexts 

(tests) across (a) time (both short- and long-term), and (b) between contexts. Recognizing 

the ‘shy-bold’ or ’reactive-proactive’ axis observed in many other species (see Cockrem, 
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2007), we expect (2) negative covariance between elevation of behavioural response in 

aggressive behaviours and elevation of response in anxiety-related behaviours. Following 

the suggestion that contextual plasticity in a behaviour can be a personality trait 

(reviewed by Dingemanse et al., 2010; Mathot et al., 2012), we expect (3) consistent 

differences between individuals in contextual plasticity within a behaviour. If plasticity is 

a personality trait, (4) contextual plasticities of different behaviours should be positively 

correlated (i.e., some birds are more plastic than others, regardless of behaviour), 

identifying plasticity as a ‘meta-personality’ trait (Stamps & Groothuis, 2010). 

Alternatively, selection may act more strongly on plasticity in some behaviours than 

others, preventing a ‘meta-personality trait’ from forming. Finally, we predict (5) a 

positive correlation between elevation of behavioural response and slope (plasticity) of 

that response between contexts, supporting the ‘individual quality hypothesis’ outlined, 

above. Because our tests involve varying degrees of threat to offspring, high 

responsiveness should be favourable.  Thus, if responsiveness and plasticity are 

expensive, high quality birds should exhibit high responsiveness and high plasticity (in 

accordance with degree of threat), while low quality birds will be constrained to lower 

responsiveness and lack the reserves to alter that response.   

  

MATERIALS AND METHODS 

All research reported here was permitted under the regulations of the Wake Forest 

University Institutional Animal Care and Use Committee and the Galápagos National 

Park Service, and adheres to NIH standards for animal use in research. 
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Study Animals  

 The Nazca booby is a long-lived, colonial, pelagic seabird (Anderson & Apanius, 

2003). At our long-term study site on Isla Española, Galápagos (Apanius et al., 2008), 

they nest on the ground in open habitat, permitting easy observation at the nest site. 

Nazca boobies can live at least 26 years (unpublished data). They are socially and 

genetically monogomous within a breeding season (Anderson & Boag, 2006; Maness & 

Anderson, 2007), with biparental incubation and care of offspring (Anderson & Ricklefs, 

1992; Apanius et al., 2008). They spend approximately half of the year at sea, but must 

return to land to breed and are highly natally philopatric (Huyvaert & Anderson, 2004). 

Individuals are identified by permanent metal leg bands bearing unique numbers.  

 For Nazca boobies, and most pelagic seabirds, most time spent on land is devoted 

to pair formation and offspring care (~43 days of egg incubation, ~15 days of nestling 

brooding). During these first 15 days highly altricial Nazca booby nestlings are 

constantly brooded due to their inadequate thermoregulatory ability and extremely low 

mobility. We avoided testing birds with chicks unless a chick hatched after testing began. 

Thus, the majority of birds were incubating eggs throughout testing (for the first round of 

testing, nest intruder: 444 birds on eggs only, 35 on chicks; first novel object: 418 on eggs 

only, 61 on chicks; second novel object and social stimulus: 409 on eggs only, 70 on 

chicks). Because care of very young nestlings (<15 days old) is behaviourally very 

similar to incubation of eggs (and in many cases birds were simultaneously incubating an 

egg and brooding a nestling), we did not differentiate between incubating and brooding 

birds in analyses.  Males and females alternate incubation, resulting in typical incubation 

stints of 3 days during this study. Incubating adults rarely leave the nest, but do interact 
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with non-breeding and incubating conspecifics, and with other species present in the 

colony. We exploited this relatively high level of activity during incubation to evaluate 

Nazca booby personality (or lack thereof). Females were not tested for personality during 

their first incubation bout (immediately following egg-laying) because the risk of 

abandonment due to disturbance is higher at this time, and up-regulated hormones and 

neuropeptides associated with egg laying (Li et al., 1996) could influence behaviour.  

 At our long-term study site, Nazca boobies tolerate the presence of humans well 

(Apanius et al., 2008). During incubation, birds typically do not respond to humans at a 

distance of two meters or greater from the nest site. At approximately two meters 

distance, the bird may begin to watch the human, although many birds show no visible 

signs of disturbance. Vigilance behaviours, territorial behaviours, and possible anxiety-

related behaviours (gardening and shaking, see Table I) exhibited by incubating adults 

increase as a human, or any other vertebrate, approaches the nest site. Once a human, or 

other vertebrate (conspecific or heterospecific), is within the nest site (approximately 0.5 

m from the incubating bird), many birds will begin to exhibit anxiety-related behaviours 

and/or aggressive behaviours such as jabbing at the intruder.  

 

Behavioural tests 

 We assayed behavioural traits in 479 adult Nazca boobies, using a nest intruder 

test, two novel object tests, and a social stimulus test. These four tests represented three 

different contexts in which we could analyse consistency of behavioural response 

between and within contexts (the two novel object tests). Behaviours analysed were 

gardening, shaking, and aggression (described in Table I). Other behaviours included 
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wing flaps, preening, inter- or intraspecific interactions, sleeping, repositioning of 

incubation posture, stretching, calling, yes-no headshakes (aggressive signal), and head 

turns. These behaviours were not analysed because they occurred at very low frequency, 

were highly sex-specific (e.g., yes-no headshakes are primarily performed by males), or 

were not performed during all tests, preventing cross-context comparison. Birds were not 

tested if they were engaged in intra- or inter-specific interactions. Much of the 

terminology that we used to identify behaviours is derived from the Electronic 

Supplementary Material of Maness & Anderson, 2008, and Nelson’s work on this same 

species (Nelson, 1978), which was referred to at that time as the ‘masked’ booby (Sula 

dactylatra). The eastern Pacific ‘masked’ boobies that Nelson studied were later 

recognized as a distinct species, the Nazca booby (American Ornithologists’ Union, 2000; 

Friesen et al., 2002). 

 JKG performed and recorded behaviours for all tests. Before each test, JKG first 

approached the focal adult momentarily to within 2 m to induce vocalization to determine 

the sex of the incubating bird (Nazca boobies have sexually dimorphic voices; Nelson 

1978). Following the vocalization check, the observer retreated approximately 20 m from 

the nest site and observed the bird for five minutes; focal birds typically showed no 

recognizable reaction to the observer’s presence. Tests were conducted between 0715-

1200 h and 1330-1700 h to avoid the hot mid-day and the socially active dawn and dusk 

periods of the day.  
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Nest intruder test 

 JKG approached the nest until standing at a distance of approximately 1 m and 

recorded behaviour for 1 min. After 1 min at 1 m, JKG stepped forward and placed her 

booted foot approximately 13 cm from the focal bird, toe up, and recorded behaviour for 

30 s.  

 

First novel object test 

 A Red Bull™ can filled with pebbles (considered to be unfamiliar to the subjects), 

attached to a 3 m long pole, was placed on the ground at the nest site, approximately 13 

cm from focal bird, and the focal bird’s reaction was recorded for 5 min.  

 

Second novel object and social stimulus tests 

 A plastic crate containing an upright mirror covered with a black cloth curtain was 

placed approximately 0.5 m away from the focal bird. Exact distance from the nest 

depended upon nest topography. JKG then retreated approximately 6 m and recorded 

behavioural reaction to the crate (second novel object) for 5 min. Following this, JKG 

pulled a string attached to the curtain covering the mirror (social stimulus), thereby 

revealing it, and recorded the subject’s reaction to its reflection for 5 min. If a bird did not 

react, JKG crouched behind the bird following the test, to ensure that it could see its 

reflection. In cases of doubt that the reflection was visible (28 out of 722 cases), the bird 

was re-tested following a rest period of 2 min.  
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Test sequence 

 In November-January of 2008-09 (‘behaviour session 1’), 2009-10 (‘behaviour 

session 2’), and 2011-12 (‘behaviour session 4’, all during the egg incubation part of the 

annual breeding cycle), and March-April of 2010 (‘behaviour session 3’, during late egg 

incubation and early chick-rearing). Visits to nest sites were randomized, and each bird 

was presented with one test per day (‘first round’) in the following order: nest intruder, 

first novel object, and second novel object/social stimulus test (social stimulus directly 

followed the second novel object test). We repeated this series (‘second round’) a 

minimum of three days after the last test of the first round to evaluate short-term temporal 

consistency of behaviour. The specific test-retest interval depended on each individual’s 

nest attendance pattern (for all tests: minimum test-retest interval = 6 d, maximum = 24 d, 

N = 193; nest intruder test: test-retest interval mean ± SD = 9.75 ± 2.95 d; first novel 

object test: 9.90 ± 3.19 d; second novel object and social stimulus tests: 9.92 ± 3.01 d). 

On average, birds completed both rounds of testing within 14 days (mean ± SD = 13.82 ± 

3.78 d, min = 8 d, max = 26 d).  

  Two testing groups were established: (1) those that received a nest intruder test in 

the morning, first novel object test in the afternoon, and second novel object and social 

stimulus tests in the morning, (2) those that received a nest intruder test in the afternoon, 

first novel object test in the morning, and second novel object and social stimulus tests in 

the afternoon. Morning and afternoon groups remained the same across the two testing 

rounds because of possible effects of time of day. Behaviour sessions 1-3 were used to 

examine short-term repeatability (within session, between rounds) and no birds were re-

tested for long-term repeatability between these sessions. We repeated these tests on the 
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same birds, in behaviour session 4, following the same protocol and keeping birds in the 

same time of day group, to evaluate long-term repeatability of behavioural traits between 

sessions (Figure 1). 

 

Statistical Analyses 

 Table II summarizes analyses, statistical methods, and sample sizes. 

 

Behaviours examined 

 Only birds that completed the first round of a behaviour session were used in 

analyses. Gardening, shaking, and aggressive behaviours were the only behaviours 

performed consistently across all tests by both sexes, although specific aggressive 

behaviour did vary by test (Table I). For further description of behaviours see Appendix 

1.  

  

Data transformations and effects of sex, time of day, and session 

 Initial examination of data suggested that behaviour counts were not normally 

distributed; thus, each behaviour count was square-root transformed after adding one (to 

avoid different transformation of counts between 0 & 1 and counts above 1, Osborne, 

2002), which resulted in an approximately normal distribution, then z-scored within test 

(mean count subtracted from individual count, then divided by standard deviation) to 

prevent weighting results toward tests that resulted in high mean activity. Preliminary 

data analysis revealed significant effects of session, sex, morning or afternoon group, and 
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their interactions on transformed behavioural data. Thus, for all analyses, except those 

calculating short-term repeatability within test, z-scores were corrected for these main 

effects and all their interactions by saving the residuals from a factorial analysis of 

variance (see Results: Effects of sex, time of day, and session). We also calculated relative 

importance of these effects using a saturated model set (each predictor alone, and with 

every other predictor, and all possible interactions) and summing the AICc weights (a.k.a. 

model probabilities) of each model that contained the predictor (Anderson, 2008). 

Because sex, session, and morning/afternoon group did not change from test to re-test, 

short-term repeatability within test (context) was the only analysis that did not correct the 

z-scores for these main effects or their interactions. 

 

(1a) Do Nazca boobies display consistent between-individual differences in behaviour 

within contexts across time (both short- and long-term)? 

 We calculated ‘consistency repeatabilities’ (Nakagawa & Schielzeth, 2010), 

following Lessells & Boag (1987), of individual behaviours within contexts (different 

tests), and not of latent variable scores (described below, these combined scores in 

different contexts), because we were interested in assessing whether short-term 

repeatability of behaviours were affected by context. Repeatability values (a form of 

intraclass correlation coefficient) are essentially the proportion of variance explained by 

between-individual effects divided by the total variance. We calculated ANOVA-based 

repeatability values and approximate corresponding 95% confidence intervals based on F 

ratios using the rptR package in R (Nakagawa & Schielzeth, 2010). To determine whether 

between individual effects explained level of behavioural response better than the null 
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(no individual effect), ANOVA models including an individual effect and not including an 

individual effect (null models) were evaluated using Akaike’s Information Criterion 

corrected for small sample size (AICc), where AICc = N*log(RSS/N) + (2K(K+1))/(N-K-

1)+2K; N is the sample size, RSS is the residual sums of squares for the model, and K is 

the number of parameters, including error (Burnham et al. 2010). Thus, AICc analysis 

balances the variance explained against the complexity of the model (see Table IV for 

details).  

To calculate short-term temporal repeatability, we calculated consistency 

repeatability values and their corresponding 95% confidence intervals (Nakagawa & 

Schielzeth, 2010) for each behaviour within test and between rounds (Figure 1), after 

transformation to approximate normality, and z-scoring, as described above, for the 157 

birds that completed both rounds of all personality tests (N = 147 for aggressive 

behaviours in the first novel object test). Z-scores were not corrected for confounding 

factors because they did not change between test and re-test. 

For long-term temporal repeatability, we calculated consistency repeatability 

(Lessells & Boag, 1987; Nakagawa & Schielzeth, 2010) of behaviours (following 

transformation and z-scoring) performed only during the first round (within test), across 

sessions, for the 86 incubating birds that could be relocated during behaviour session 4 

(Figure 1). Data from birds tested in either the first or second behaviour sessions were 

grouped as the ‘early’ behaviour sessions, and were compared with their data from 

behaviour session 4. Within these groups, behaviour counts from round 1 were square-

root-transformed after adding one, and then were z-transformed. Z-scores were corrected 

for confounding variables and all their interactions by saving the residuals from a 
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factorial analysis of variance including ‘session’ (only for the early behaviour sessions 

because all birds were assayed for the second time in session 4), morning/afternoon 

group, sex of individual, and all of their interactions.  

 

(1b) Do Nazca boobies display consistent between-individual differences in behaviour 

between contexts?  

Consistency of between-individual differences in behavioural response between 

contexts (tests) was measured by calculating consistency repeatability (Lessells & Boag, 

1987; Nakagawa & Schielzeth, 2010) of transformed and z-scored behaviour counts 

across tests, within session, after controlling confounding factors as described above, for 

the 479 birds that completed at least round 1. The second novel object test (crate) 

occurred immediately before the social stimulus test (reflection), and this temporal 

association could inflate repeatability, so cross-context repeatabilities were calculated 

across the nest intruder and both novel object tests, and separately across the nest 

intruder, the first novel object, and social stimulus tests.  

 

(2) Do different behaviours covary in elevation of behavioural response (e.g., are highly 

aggressive individuals also highly anxious)?  

 We used Structural Equation Models (SEM) to examine the relationships between 

personality traits. Compared to Factor or Principal Component Analysis, SEM has the 

advantage of allowing covariance between latent variables (similar to “factors” in a 

Factor Analysis) to be examined within one model (see Appendix 2 for further discussion 

of SEM and Factor Analysis) SEM was conducted with the lavaan package in R 
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(Rosseel, 2012) using covariance matrices. We generated SEM models to evaluate the 

relationships between shaking, gardening, and aggressive behaviours for the 479 birds 

that completed round 1 of all personality tests, in any session. Gardening, shaking, and 

aggressive behaviours for each test (context), and contextual Coefficient of Relative 

Plasticity values (‘CRP’; within-individual variance/total variance, calculated between 

tests, within round 1; Dingemanse et al., 2010) for each behaviour type were included in 

initial models. Contextual CRP values could not converge into a latent variable, 

suggesting low covariance between CRP values for different behaviour types, and 

prevented convergence when included independently and so were omitted from model 

sets. We tested two different forms of latent variables, grouping transformed behavioural 

data into latent variables first by ‘test’ and then by ‘behaviour’, which we used to 

evaluate whether context (‘test’) drove covariance between behaviours, or whether 

covariances were context-independent (grouped by ‘behaviour’ not ‘test’). None of the 

‘test’ latent variable models could converge, suggesting low covariance between different 

behaviour types within tests and providing no support for context driving covariances 

between behaviours; thus, only ‘behaviour’ latent variable models were included in the 

model set. Because the second novel object and social stimulus tests were not 

independent, a saturated set of eight models (including all possible combination of 

covariances between latent variables) were generated for the nest intruder and both novel 

object tests, and another saturated set of eight models for the nest intruder, first novel 

object, and social stimulus tests (see Appendix 3 for graphic depiction of models). 

Models for both sets of tests were compared by AICc alternative model selection. Top 

models were those within the 95% confidence set of Akaike weights (AICc weight), and 
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covariance and regression coefficients for top models were averaged to produce the final 

model for both sets of tests (Anderson, 2008). 

 

(3) Do Nazca boobies differ consistently in contextual plasticity in a behaviour, across 

time?  

 Contextual plasticity was calculated using the Coefficient of Relative Plasticity 

(Dingemanse et al., 2010) of behaviour counts following transformation and after 

controlling for confounding factors, as described above, within the first round, between 

contexts (tests), for the 479 birds that completed the first round of all personality tests. 

Repeatability of these CRP values was calculated across sessions (long-term), as 

described above to determine temporal consistency (N = 86).  

 

(4) Is plasticity in one behaviour correlated with contextual plasticity in another 

behaviour (i.e., are some birds more contextually plastic than others, regardless of 

behaviour)?  

 CRP values were calculated as described above, and analysed using SEM and 

Pearson’s product-moment correlations for all birds that completed the first round of all 

personality tests (N = 479).    
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(5) Do Nazca boobies exhibit an elevation-slope relationship between contextual 

plasticity and personality?  

 We were unable to explicitly examine the slope (contextual plasticity) and 

elevation (personality) of each bird’s behaviour, because our data did not lend themselves 

to analysis with a behavioural reaction norm (our tests were not arrayed along a gradient, 

but instead were designed to test birds in different contexts). Instead, we inferred the 

relationship between slope and elevation for each behaviour within session with 

Pearson’s product-moment correlations between individual contextual CRP values, as 

calculated above, and individual factor scores obtained during round 1 of any session for 

shaking, gardening, and aggression across the nest intruder, and both novel object tests, 

and the nest intruder, first novel object, and social stimulus tests. However, a positive 

correlation between behaviour level (elevation) and plasticity (slope) of these birds could 

be a statistical artefact of higher behavioural responsiveness allowing increased variation 

compared to birds with very low behavioural responsiveness, who are bounded by being 

unable to perform less than zero of a behaviour. To address this concern, we compared 

these results to analyses that include only those who performed a target behaviour 

(shaking, gardening, or aggression) at least once in each test and thus were not 

constrained by a lower zero limit. Alternatively, a positive correlation between CRP 

values and behavioural factor scores could be due to a high level of behavioural response 

from some birds during the first test, then habituation of all birds to tests, in general, 

during the first round of testing. If so, we expect higher responsiveness in all behaviours 

in the first test, compared to all subsequent tests. To address this, we converted 
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behavioural counts to a rate per minute of testing, then square-root-transformed these 

rates after adding one to approximate a normal distribution, and compared the mean 

transformed rates between tests. 

 

RESULTS 

Effects of sex, time of day, and session on mean behaviour 

Shaking 

 During the nest intruder test, and first novel object test,  the null model with no 

predictors (just the intercept) was included in the 95% confidence set, suggesting that 

little variation is explained by time of day, behaviour session, or sex. Of the information 

explained, predictor relative importances suggest that time of day affects shaking more 

than sex does during the nest intruder test (Figure 2A), with birds shaking slightly more 

in the afternoon than the morning, and males displayed slightly more shaking behaviour 

than females.  

 During the second novel object test and the social stimulus test, relative 

importances suggest that behaviour session was the most important predictor of shaking 

behaviour (Figure 2A). Birds shook less during behaviour session 3 than any other 

session.  

 

Gardening 

 Following AICc model selection of factorial ANOVA models, sex was among all 

the top models (those within the 95% confidence set, Appendix 4) predicting gardening, 
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and had  a relative importance of >0.9 for all models predicting gardening, well above 

that of behaviour session (<0.31) or time of day (<0.37, Figure 2B), with males gardening 

more than females.  

 

Aggression 

 Aggression was best predicted by sex and behaviour session (no interaction; 

Figure 2C, Appendix 4). Males performed more aggressive behaviours than females.  In 

the nest intruder and both novel object tests, all birds displayed fewer aggressive 

behaviours during behaviour session 3 (the only March session), while this trend was 

reversed for the social stimulus test (i.e., highest aggression during sessions 3 and 4). 

 

(1a) Consistent differences between individuals in behaviour within contexts across time 

 Short-term consistency repeatabilities of behaviours (within-context and across 

rounds within a session) were generally high (Figure 3A), with two exceptions: 

aggressive behaviour during the social stimulus test, and gardening during the second 

novel object test. Birds displayed essentially no repeatability in these two cases (R = -

0.372 and 0.082, respectively). Aggressive behaviours during the nest intruder and first 

novel object test had the highest consistency repeatability (R = 0.553 and 0.735, 

respectively), and behaviours performed during the first novel object test were generally 

most repeatable. 

 Long-term consistency repeatabilities of behaviours (within test and across 

session) were also generally high, with the exception of the social stimulus test, 

gardening during the second novel object test, and shaking during the nest intruder test 



 

76 

 

(Figure 3B). The first novel object test generally had the highest consistency repeatability 

across sessions, suggesting that the initial reaction to a novel object is a very stable trait.  

 

(1b) Between-individual differences in behaviour between contexts (tests)  

 Within round and session, consistency repeatabilities between contexts (tests) 

were lower than within test (between time points), although models including an 

individual effect were at least 10
25 

times better than null models with no individual effect 

(Figure 3C). Shaking was the most repeatable behaviour across contexts, and behaviours 

across the nest intruder and both novel object tests had slightly higher consistency 

repeatabilities than across the nest intruder, first novel object, and social stimulus tests  

 

(2) Covariance in elevations of behavioural response for different behaviours  

 Shaking, gardening, and aggressive behaviours converged across contexts (tests) 

into latent variables for each behaviour, suggesting that personality traits are not specific 

to context. SEM modelling of behaviours across the nest intruder and both novel object 

tests produced five models with AICc weights within the 95% confidence set, all of 

which include gardening correlated with shaking (Table III). Modelling of behaviours 

across the nest intruder, first novel object, and social stimulus tests produced six top 

models with AICc weights within the 95% confidence set, comprising the same models as 

those for the nest intruder and both novel object tests, but also including a model with 

shaking uncorrelated with aggression or gardening (Table III). Covariances between 

gardening, shaking, and aggression for these models were averaged (Anderson, 2008) for 

the nest intruder and both novel object tests, and the nest intruder, first novel object, and 
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social stimulus tests, indicating positive covariance between gardening and shaking, and 

negative covariance of both with aggression (Figure 4). 

 

(3) Consistent difference in contextual plasticity in a behaviour, across time  

 CRP values were calculated for behaviours between tests, and only aggression 

was highly repeatable in the long-term, between session (R = 0.008-0.343). However, all 

ANOVA models for contextual CRP values between behavioural session that included an 

individual effect were at least 10
5 

times better than the null that contained no individual 

effect. This suggests that although repeatability values may be generally low for 

plasticity, individual identity affects these values (Figure 3B). 

 

(4) Correlation across behaviours in plasticity (i.e., are some birds more plastic than 

others, regardless of behaviour)   

 CRPs for behaviours calculated between contexts (tests), within session, were 

unable to converge into a latent variable with SEM, suggesting that no underlying 

‘plasticity’ latent variable exists, and plasticity is behaviour-specific (e.g., birds that were 

highly plastic in aggression across tests were not likewise highly plastic in gardening, or 

shaking). Pearson’s product-moment correlations between CRP values for shaking, 

gardening, and aggression all produced correlation coefficients less than 0.05 (p > 0.1), 

supporting the interpretation that contextual plasticity in one behaviour was unrelated to 

contextual plasticity in another. Calculations of repeatabilities of cross-context CRP 

values for aggression, shaking, and gardening confirmed this suggestion (for nest intruder 
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and both novel object tests: R = 0.016, 95% CIs = -0.037, 0.069; nest intruder, first novel 

object test, and social stimulus: R = -0.011, 95% CIs = -0.062, 0.04). 

 

(5) Relationship between elevation-slope and contextual plasticity and personality 

  Initial analyses including all individuals revealed a strong positive correlation 

between CRP values for behaviours between contexts and their associated behavioural 

factor scores (all r values ≥ 0.30, p< 0.0001 for all Pearson product-moment 

correlations). For the subset of birds that performed a target behaviour at least once, CRP 

values for behaviours between contexts were also all significantly positively correlated 

with their associated behavioural factor scores (all r values ≥ 0.23, p < 0.002 for all 

Pearson product-moment correlations; Table IV, Appendix 5), thus the relationship is 

likely not a statistical artefact due to a lower zero limit on behavioural response. The 

positive correlation between CRP values and behavioural factor scores also does not 

appear to be due to a high level of behavioural response from some birds during the first 

test, then habituation of all birds to tests, in general. The first test (nest intruder) elicited a 

higher behaviour rate only in aggression, while the second test (first novel object) elicited 

the highest mean shaking and gardening responses. Furthermore, standard deviations 

overlapped for most behaviours between most tests (Nest intruder: shaking x̅ ± SD = 1.49 

± 0.53, gardening 1.19 ± 0.47, aggression 3.49 ± 1.37; first novel object: shaking 1.86 ± 

0.49, gardening 1.47 ± 0.49, aggression 1.67 ± 0.86; second novel object: shaking 1.50 ± 

0.30, gardening 1.28 ± 0.36, aggression 1.56 ± 0.67; social stimulus: shaking 1.44 ± 0.31, 

gardening 1.3 ± 0.43, aggression 1.33 ± 0.62).  
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DISCUSSION 

 Our results indicate that incubating Nazca booby adults display personality traits 

that are contextually general, and also repeatable across time both in the short term and 

the long-term. Gardening and shaking are suspected anxiety-related traits (see Appendix 

1) that covary positively with each other, and show a slight negative covariance with 

aggression. Temporal consistency in contextual plasticity (the ratio of within-individual 

variance in performance of behaviours within test to total population variance) was high 

for aggressive behaviours, and lower for gardening and shaking.  Low covariance 

between individual contextual plasticity scores for different behaviours suggests that 

plasticity in this system is not a ‘meta-personality’ trait (Stamps & Groothuis, 2010). 

Contextual plasticity in a behaviour was positively correlated with the elevation of 

response in that behaviour, providing tentative support for the ‘individual quality 

hypothesis’ (Betini & Norris, 2012), although further work must be done to determine if 

birds with higher responsiveness are of higher ‘quality’ (an axis correlated with fitness, 

see Bergeron et al., 2011; Wilson & Nussey, 2010).  

 

(1) Do Nazca boobies display consistent between-individual differences in behaviour 

within contexts across time (both short- and long-term), and between contexts (tests)?  

Our results indicate that aggression and suspected anxiety-related behaviours 

(gardening and shaking) are generally repeatable within a breeding season (across 

weeks), and across years, in these long-lived birds, and that these individual differences 

in elevation of behaviour are maintained across context (test). The high short- and long-

term repeatability of three behavioural traits across different contexts complements 
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findings in another long-lived seabird, the wandering albatross (Diomeda exulans) in 

which boldness in response to human approach (similar to our nest intruder test) is also 

highly repeatable (Patrick et al., 2013).   

Until recently, human approach (Patrick et al., 2013) and novel objects were 

uncommon on seabird colonies, and our results suggest that these contexts induce a 

strong individually-fixed reaction. However, social interaction with conspecifics is 

frequent and our findings indicate that individual reactions may be more flexible than 

reaction to heterospecifics or novel objects, because repeatabilities of behaviours were 

lower during the social stimulus test, the only test that assayed social interaction.  

Personality in social interactions may depend on current energy status and/or habituation 

to neighbouring nesting birds, which varies within and between years with proximity of 

neighbours. Analysed population variance during this test did not differ from other tests 

because we analysed z-scores of square-root-transformed behaviours (i.e., population 

variance was close to one for all behaviours in all tests, variance was not exactly one 

because repeatability estimates were calculated from the subset of birds that were tested 

twice). Therefore, differences in population variance are not driving the difference in 

repeatability values. 

Although our tests presented Nazca boobies with different experimental contexts 

(nest intruder, novel object, social stimulus), further work is needed to determine if these 

personality traits are maintained outside of the incubation state.  
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(2) Do elevations of response for different behaviours covary? 

 Gardening and shaking covaried positively during incubation (0.21 < cov < 0.23), 

and both have a slight negative covariance with aggression (-0.02 < cov < -0.04). The 

negative covariance between aggression (a typically ‘bold’ behaviour) and 

gardening/shaking suggests that gardening and shaking may be ‘shy’ behaviours. 

However, the negative covariance is so small that it is more likely that these behaviours 

represent different personality axes in Nazca boobies, rather than a single axis. The 

covariance estimate of 0.23 between shaking and gardening implies that there is a 

tendency to perform these behaviours together, likely because they are both probable 

anxiety-related behaviours (See Appendix 1). 

 Alternatively, our behavioural tests actually measured only ‘activity’ in response 

to a stressor (i.e., some birds perform more of all behaviours because they are more 

“active”) and not aggression or anxiety per se (see Sinn & Moltschaniwskyj, 2005 for a 

discussion of this issue). If we had only measured activity, we would expect to see high 

positive covariance between all behaviours, because they are all measures of ‘activity.’ 

Because we did not observe this, a single underlying ‘activity’ behavioural axis does not 

explain our results.  

  

(3) Do Nazca boobies differ consistently in contextual plasticity in a behaviour, across 

time?  

 While contextual plasticity is suggested to be a stable personality trait (Stamps & 

Groothuis, 2010), the repeatability of plasticity has rarely been tested in wild populations, 

and most studies examine plasticity in only one trait (reviewed by Dingemanse et al., 
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2010; Mathot et al., 2012). However, if between-individual differences in plasticity are 

highly inconsistent across time, the relationship between personality traits and contextual 

plasticity in those traits may be ephemeral and direct selective pressures on such 

plasticity may be weak, or limited to short periods of time. We found relatively low long-

term repeatabilities of contextual plasticity, with the notable exception of aggressive 

behaviours. This suggests that, for incubating adult Nazca boobies, contextual plasticity 

in aggression may be a stable, long-term personality trait, but plasticity in 

anxiety/agitation-related behaviours appears to be less stable. 

 

(4) Is contextual plasticity in one behaviour correlated with plasticity in another 

behaviour? 

 We found no evidence that some birds were consistently more contextually plastic 

than others, regardless of behaviour. Thus, contextual plasticity is behaviour-specific for 

Nazca boobies, and we found no support for contextual plasticity as a ‘meta-personality 

trait’ (Stamps & Groothuis, 2010) that is independent of behaviour type. This may be due 

to the slight negative covariance between aggression and anxiety-related traits, and the 

positive correlation between contextual plasticity of a behaviour and expression of that 

behaviour, discussed below (e.g., highly aggressive birds are also highly plastic in 

aggression, but tend to perform less anxiety-related traits and are also less plastic in these 

traits).  
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(5) Do Nazca boobies exhibit an elevation-slope relationship between contextual 

plasticity and personality?  

 Contextual plasticity in behavioural traits was positively correlated with the 

expression of those traits. For example, very aggressive individuals also exhibited high 

contextual plasticity in aggression. The same is true for gardening and shaking. 

Habituation to testing does not appear to explain this relationship because the first test did 

not elicit higher behavioural response, except for aggression. Because the nest intruder 

test is the most invasive of our tests and a strong aggressive response to heterospecific 

intrusion into the nest site is typical for this species, habituation probably did not cause 

the observed decreased aggressive behavioural rate from the first test to the ones 

following it. Instead, this test apparently genuinely elicited a strong aggressive response. 

 Two explanations are plausible for the observed positive correlation between 

elevation of behavioural response and contextual plasticity: exogenous variables may 

have induced high reactivity in birds, arbitrarily, in one of the test (contexts), or more-

reactive individuals were more able to alter their behaviour between contexts (i.e., the 

‘individual quality hypothesis’). The first explanation is unlikely for two reasons. First, 

aggression, gardening, and shaking were factor scores resulting from structural equation 

models of three tests. Hence, birds that reacted strongly in only one test, perhaps 

reflecting recent social interactions or their nutritional status, could have a high 

contextual CRP, but would not have a high factor score for that trait because the factor 

score integrates all three tests. Second, behavioural traits were generally repeatable across 

weeks and years, indicating elevation of behavioural response is a long-term 

characteristic of an individual.  
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 Instead, our high positive correlation between plasticity (slope) and magnitude of 

behavioural response (elevation) is support for the ‘individual quality’ hypothesis, similar 

to results from tree swallows (Betini & Norris, 2012), great tits (Dingemanse et al., 

2012), and Ural owls (Strix uralensis, Kontiainen et al., 2009). Our results provide no 

support for the ‘compensatory hypothesis,’ which predicts a negative elevation-slope 

covariance, because low-responding individuals need to compensate by being able to 

respond to variation in environmental conditions (Betini & Norris, 2012), or for generally 

high plasticity with low-responding individuals compensating by increasing contextual 

plasticity in these behaviours. For Nazca boobies, both aggressive behaviour and 

plasticity in aggression were generally repeatable across years, suggesting that these traits 

are relatively stable and may reflect individual quality, or pleiotropic (Sinervo & 

Svensson, 2002) or developmental effects (Duckworth, 2010), but not immediate 

condition. Further research is needed to determine whether highly reactive Nazca boobies 

are also higher quality, which may result in higher fitness, or if this positive correlation is 

unrelated to fitness (and perhaps individual quality), as was found in tree swallows 

(Betini & Norris, 2012).  
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TABLES 

 

Table I: Description and interpretation of the function of behaviours analysed in this 

study. Appendix 1 provides additional detail for gardening and shaking. 

 

Behaviour Description Interpretation 

 

Gardening 

 

Picking up and moving nest 

material 

 

Mate advertisement (males), 

territorial display (both sexes), 

anxiety- or agitation-related 

displacement behaviour  

 

Shaking 

 

Large body shakes, head shakes, 

and small shivers (extremely 

quick shakes of the head and 

neck). 

 

Aggressive signal (social context), 

settling of feathers, anxiety- or 

agitation-related displacement 

behaviour 

 

Aggression 

 

Biting and jabbing at nest 

intruder, novel object, or 

simulated conspecific (mirror) 

 

Aggressiveness or boldness in both 

social and non-social contexts 
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Table II: Summary of analyses, statistical methods, sample sizes, and associated results 

tables/ figures to address the questions in the text. “( )” indicate that a smaller subset was 

used for some analyses within the group. 

Question Analysis Statistical method N Results 
     

1a Short-term temporal 

repeatability of 

behaviours within 

context between rounds, 

within session 
 

Intraclass correlation 

coefficient (Lessells & Boag, 

1987) 

157 

(147) 

Fig. 3A 

1a Long-term temporal 

repeatability of 

behaviours within 

context and round, 

between sessions 
 

Intraclass correlation 

coefficient (Lessells & Boag, 

1987) 

86 Fig. 3B 

1b Repeatability of 

behavioural response 

between tests, within 

round and session 
  

Intraclass correlation 

coefficient (Lessells & Boag, 

1987) 

479 Fig. 3C 

2 Covariance in elevations 

of behavioural response 

for different behaviours, 

within round and 

session  
 

Structural Equation 

Modelling with AICc model 

comparison 

479 Table III, 

Fig. 4 

3 Long-term repeatability 

of contextual plasticity, 

between sessions 
 

Coefficient of Relative 

Plasticity (Dingemanse, 

Kazem, Réale, & Wright, 

2010) 

86 Fig. 3B, 

Table IV 

4 Correlation between 

contextual plasticity of 

different behaviours, 

between sessions 

Coefficient of Relative 

Plasticity (Dingemanse et al., 

2010), Structural Equation 

Modelling, and Pearson’s 

product-moment correlation 

479 Text 

5 Relationship between 

elevation of behavioural 

traits and contextual 

plasticity, within round 

and session 

Pearson’s product-moment 

correlation 

65-

292 

Table IV, 

Appendix 

4 
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Table III: AICc comparison of SEM models of personality syndromes across the nest 

intruder and both novel object tests, or the nest intruder, first novel object, and social 

stimulus tests, for 479 Nazca booby adults. “~~” indicates covariation between two 

variables, “∆” indicates the difference between the AICc values of the top model and the 

model in question, model likelihood is calculated by exp(-(1/2) ∆), AICc weight is the 

model likelihood divided by the sum of all model likelihoods, and the evidence ratio is 

the ratio between the weight of the top model to the model in question. Thus, the model 

with gardening and shaking covarying, and aggression independent of both, is 14x more 

likely than the orthogonal model. Models highlighted in bold are those with AICc weights 

within the 95% confidence set. Full models are those in which all latent variables (i.e., 

gardening, shaking, aggression) are allowed to covary. Orthogonal models are those in 

which no latent variables covary. 
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Model 

 

AICc 

 

∆ 

Model 

likelihood 

AICc 

weight 

Evidence 

ratio 

Nest intruder and both novel object tests 

 

Gardening~~Shaking, 

Aggression 

11403.55 0.00 1 0.37 1 

Gardening~~Shaking, 

Shaking~~Aggression 

11404.48 0.94 0.63 0.23 1.60 

 

Gardening~~Shaking, 

Gardening~~Aggression 

11405.03 1.49 0.48 0.18 2.11 

Full 

 

11405.67 2.13 0.35 0.13 2.90 

Orthogonal 

 

11408.83 5.28 0.07 0.03 14.02 

Aggression~~Shaking, 

Gardening  

11409.61 6.06 0.05 0.02 20.70 

Aggression~~ Gardening, 

Shaking  

11410.10 6.55 0.04 0.01 26.44 

Aggression~~Gardening, 

Aggression~~Shaking 

11411.10 7.56 0.02 0.01 43.78 

      

      

Nest intruder, first novel object, and social stimulus tests 

 

Gardening~~Shaking, 

Aggression 

11410.73 0.00 1 0.35 1 

Gardening~~Shaking, 

Gardening~~Aggression 

11411.69 0.97 0.62 0.21 1.62 

Gardening~~Shaking, 

Shaking~~Aggression 

11411.97 1.25 0.54 0.19 1.87 

Full 

 

11412.80 2.08 0.35 0.12 2.82 

Orthogonal 

  

11414.61 3.88 0.14 0.05 6.96 

Aggression~~ Gardening, 

Shaking 

11415.44 4.71 0.10 0.03 10.54 

Aggression~~Shaking, 

Gardening  

11415.56 4.83 0.09 0.03 11.19 

Aggression~~Gardening, 

Aggression~~Shaking 

11416.70 5.98 0.05 0.02 19.87 
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Table IV: Pearson’s product-moment correlation coefficients (r) and associated p-values 

for correlations between contextual CRP values of behaviours and individual factor 

scores generated by Structural Equation Modelling for those same behaviours. 

Tests Behaviour   r p N 

Nest intruder and both 

novel object tests 

Gardening 0.44 < 0.0001 85 

Shaking 0.41 < 0.0001 276 

Aggression 0.35 < 0.0001 

 

292 

Nest intruder, first novel 

object, and social 

stimulus tests 

Gardening 0.39 < 0.0001 65 

Shaking 0.34 = 0.0013 261 

Aggression 0.23 = 0.0013 188 
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FIGURES 

 

 

Figure 1: Test sequence for temporal repeatability of behavior. Curved arrows indicate 

short-term consistency repeatability (within session, between rounds), straight arrows 

indicate long-term consistency repeatability (between sessions). Sample sizes are 

provided for each session (the sum of which is the sample size for short-term 

repeatability), and between sessions (long-term repeatability).
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Figure 2: Relative importance of the predictor variables: sex, session, and time of day on 

(A) shaking, (B) gardening, and (C) aggression, separated by context (N = 479). Models 

were factorial analyses of variance (ANOVA), and the model set included each predictor 

by itself, and in all possible combinations, including interactions, with the other 

predictors.  This resulted in 12 models that were compared using AICc (see Materials and 

Methods).  Relative importance for each predictor was calculated by summing the Akaike 

weights (AICc weights) of each model that contained that predictor ( Anderson, 2008). 
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Figure 3: Short-term (A), long-term (B), and cross-context (C) consistency repeatabilities 

(R, intraclass correlation coefficient) of shaking, gardening, and aggressive behaviours, 

corresponding 95% confidence intervals, and AICc evidence ratios. NI indicates the Nest 

Intruder test, NO#1 the first Novel Object test, NO#2 the second Novel Object test, and 

SS the Social Stimulus test. Short-term repeatabilities (A) were calculated within test, 

between rounds (N = 157, except N = 147 birds for aggressive behaviour in the first novel 

object test). Long-term repeatabilities (B) of behaviours and contextual plasticity values 

were calculated within round 1, between sessions (N = 86). Repeatabilities of behaviours 

between contexts (C) were calculated within session, across contexts: nest intruder and 

both novel object tests, or the nest intruder, first novel object, and social stimulus tests 

(N=479). ANOVA models including and not including an individual effect were 

evaluated by AICc model selection, and in all cases the model including an individual 

effect was the top model. Evidence ratios (ratio between the AICc weight of the top 

model and the null model) of these models are presented.  Thus, the model for shaking 

during the human intruder test with individual as a predictor is 4.3 x 10
15

 times better 

than the null model with no individual effect.  Symbols common to all three panels are as 

shown in the legend of Panel A. 
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Figure 4: Covariances between latent variables produced by SEM analysis of behaviours 

during A) the nest intruder (NI) and both novel object tests (NO#1 and NO#2), or B) nest 

intruder (HI), first novel object (NO#1), and social stimulus tests (SS). Covariances 

(double headed arrows), and regression estimates (single headed arrows) presented are 

averages of the three top models for each set of tests (N = 479). Circles represent latent 

variables, squares represent observed variables. Any covariances, estimates, or variables 

not depicted were not present in the top models. 
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APPENDIX 1 

 

Shaking and gardening in Nazca boobies 

 

 Earlier work identified gardening as a dual-function behaviour for males. Males 

may garden as an advertisement to attract females, or as a territorial behaviour during 

conflicts with neighbours (Maness & Anderson, 2008; Nelson, 1978). We observed that 

gardening increased in response to a mild stressor, such as the first novel object test, 

compared to behaviour immediately prior to introduction of the novel object (Wilcoxon 

Matched Pairs Test: T = 1088.5, p < 0.00, N = 126). Both sexes gardened during and 

following social and non-social disturbance (e.g., novel object tests), suggesting that 

social interaction is not necessary to produce gardening behaviour. Instead, gardening 

appears to have three functions: mate advertisement (for males), territorial display (for 

both sexes), and displacement activity following/during disturbance (for both sexes). 

Agitation-related behaviours include increased inappropriate activity that is not explained 

by needs (Fugate et al., 1997; Twelftree & Qazi, 2006), and one view of agitation is that it 

expresses underlying anxiety (Fugate et al., 1997). For the purposes of this paper we will 

refer to behaviours as anxiety-, not agitation-related, because this is the more common 

term in animal models. Thus, gardening, which is an inappropriate activity when 

confronted with a heterospecific nest intruder or novel object, is probably an anxiety-

related behaviour in some contexts, similar to displacement behaviours in other species 

(Maestripieri et al., 1992). 

 Shaking behaviour in our study included large body and head shakes, as well as 

small ‘shivers’ that are extremely quick and ephemeral shakes of the head and neck. 

Shaking was described by Nelson (1978) in several different forms: the ‘oblique 
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headshake,’ ‘rotary headshake,’ and ‘dogshake.’ The dogshake is a tail, body, and head 

shake, and was scored as three different simultaneous shakes in our study. Nelson 

attributed no signal value to the dogshake or rotary headshake and suggested that oblique 

headshakes were mate appeasement or aggressive social displays. We did not differentiate 

between oblique and rotary headshakes because the slight tilt of the bill was difficult to 

discern in the field. Like gardening, shaking increased following introduction of the first 

novel object (Wilcoxon Matched Pairs Test: T = 294.5, p < 0.00, N = 127) and was 

performed during all tests, not only the social stimulus test. Thus, the performance of this 

behaviour outside of a social context suggests three functions, the first two of which were 

suggested by Nelson (1978): an aggressive signal, settling of the feathers (maintenance), 

and also an anxiety- or agitation-related displacement activity following disturbance, 

similar to body shakes in primates (Maestripieri et al., 1992). 
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APPENDIX 2 

 

Structural equation modelling and factor analysis: 

 In this study, we used Structural Equation Modelling (SEM) to analyse 

covariance between personality traits. Structural Equation Modelling (SEM) has the 

advantage of allowing covariances between latent variables (similar to “factors” in a 

Factor Analysis) to be examined within one model, instead of analysing a series of 

covariances between factors in separate tests. Additionally, SEM allows direct and 

indirect effects of observed variables going to and coming from latent variables, an aspect 

which was not used in this study but makes SEM a useful analytical technique for 

personality studies where effects may be added in the future. In any case, Factor Analysis 

was inappropriate for our data. For comparison with the SEM approach, we attempted 

Factor Analysis in SPSS (ver.15.0; SPSS, Inc., Chicago, IL, U.S.A).using only the first 

round of the first session for each bird (following transformations to normalize and 

correct confounding factors as described in the Methods section of the text), using 

Principal Axis extraction followed by Oblimin rotation with Kaiser normalization. 

Communalities were low (0.19-0.51) and the Kaiser-Meyer-Olkin Measure of Sampling 

Adequacy was barely met at 0.519. A scree test (examination of eigenvalues) suggested 

no natural break point in factor eigenvalues (Costello & Osborne, 2005). When the 

number of factors retained was forced to only those above an eigenvalue of 0.7, factors 

were not readily interpretable, with most being driven primarily by a single behaviour or 

test. For these reasons, Factor Analysis was unsuitable for our data and was not 

conducted for comparison with SEM results. 
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APPENDIX 3 

 

SEM models of the relationships between behaviours in the nest intruder (NI), 

novel object #1 (NO#1), and novel object #2 tests (NO#2). This same set of models were 

tested for the nest intruder (NI), novel object #1 (NO#1), and social stimulus tests (SS), 

with SS replacing NO#2. Covariances are represented by double-headed arrows, and 

regressions by single-headed arrows. Top models were determined using 95% confidence 

sets of AICc weights. Gardening, shaking, and aggressive behaviours were the only 

behaviours performed consistently across all tests by both sexes, and so were the only 

behaviour types analyzed. Models A-H converged, while models I-K were unable to 

converge, and so not considered in the model set for AICc comparison. 
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I. This same model was used for Coefficient of Relative Plasticity (CRP) values 

calculated between the nest intruder and both novel object tests, and the nest intruder, 

first novel object test, and social stimulus tests. 
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APPENDIX 4 

Models predicting gardening, shaking, and aggression during the nest intruder (NI), first 

novel object (NO#1), second novel object (NO#2), and social stimulus tests (SS). An “X” 

indicates that the model was included in the 95% confidence set calculated using AICc 

weights. ‘Time’ is time of day tested (morning or afternoon), ‘Session’ is behaviour 

session (see Figure 1), and ‘Sex’ is sex of the focal bird. * indicates an interaction, + 

indicates an additive effect. 

 

Model 

Gardening Shaking Aggression 

NI NO

#1 

NO

#2 

SS NI NO

#1 

NO

#2 

SS NI NO

#1 

NO

#2 

SS 

Null 
 

    x x  x     

Sex+ Session + 

Time, all 

interactions 
 

            

Sex + Session 

+ Time, Sex * 

Session Sex * 

Time, Session 

* Time 
 

            

Sex + Session, 

Sex * Session 
 

       x x x x x 

Sex + Time, 

Sex * Time 
 

x x x x x x       

Session + 

Time, Session 

* Time 
 

      x x x    

Sex 
 

x x x x x        

Session  

 

     x x x   x x 

Time 
 

    x x  x     

Session + Sex 
 

x x x x  x x x x x x x 

Time + Sex 
 

x x x x x        

Time + Session     x x x x   x x 
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APPENDIX 5 
 

Correlations between contextual plasticity for behaviours (“Plasticity of Behaviours”) 

and their associated latent variables scores (“Behaviour”) generated by Structural 

Equation Modelling of z-scored behavioural counts during the nest intruder (NI), novel 

object #1 (NO#1), and novel object #2 tests (NO#2), or during the nest intruder (NI), 

novel object #1 (NO#1), and social stimulus tests (SS).   
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ABSTRACT 

 The concept of “coping styles”, or consistently different responses to stressors, is 

of broad interest in behavioral ecology and biomedicine.  Two critical predictions of this 

concept are individual consistency of neurophysiological and behavioral responses 

(relative to population variability) and a negative relationship between 

aggression/proactivity and hypothalamic-pituitary-adrenal axis reactivity.  Recent studies 

failed to provide strong support for these predictions, especially outside of strictly 

controlled conditions, and long-term measures of the first prediction are rare.  Here, we 

demonstrate individual repeatability across 2-3 years of maximum circulating 

corticosterone concentration [CORT] and area under the [CORT] response curve during a 

standard capture-restraint test in free-living adult Nazca boobies (Sula granti).  We also 

show that the stress response predicts the personality traits aggression and anxiety in 

these birds (measured in the wild); however, the strength of these results was weak.  

Maximum CORT] and the area under the [CORT] curve (AUCI) showed higher 

repeatability between years than baseline [CORT].  After controlling breeding status, sex, 

mass, date sampled, and their interactions, baseline [CORT] predicted most personality 

traits, followed by AUCI, then maximum [CORT].  The predictive direction depended on 

whether the testing context was social or non-social.  [CORT] parameters had little to no 

relationship with cross-context plasticity in personality traits.  Our results generally 

affirm two critical predictions of coping styles, but match the emerging trend that these 

relationships are weak in the wild, and may depend on testing context.  

 

Keywords: Personality, coping style, plasticity, glucocorticoid, stress response 
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HIGHLIGHTS 

 Support for predictions of “coping style” in a wild seabird, but weak. 

 Maximum circulating corticosterone was repeatable across 2-3 years. 

 Area under the corticosterone curve was repeatable across years. 

 Baseline circulating corticosterone had very low repeatability across years. 

 Corticosterone stress response predicted personality traits weakly. 
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INTRODUCTION 

The recognition of temporally consistent differences between individuals in 

behavior and physiology when confronted with a stressor (i.e., “coping style”; Koolhaas 

et al., 1999) is of broad scientific interest for biomedicine, livestock agriculture, 

behavioral ecology, and evolution (Carere et al., 2010; Gherardi et al., 2012; Wolf and 

Weissing, 2012).  The traditional coping style model predicts correlated endocrine and 

behavioral responses that produce two distinct alternative patterns of response to 

stressors: proactive (high aggression, low hypothalamic-pituitary-adrenal (HPA) axis 

response) and reactive (low aggression, high HPA axis response; Koolhaas et al., 1999).  

Tests of this model are most often conducted by artificial selection in laboratory settings 

and typically support the traditional model (Carere et al., 2010; but see Thomson et al., 

2011), and recent studies in natural settings have not found the predicted bimodal 

distribution of coping styles, instead showing a continuum of proactive-reactive 

phenotypes (see Réale et al., 2007) or little relationship between neuroendocrine and 

behavioral responses to stressors (Ferrari et al., 2013).  In an update to the traditional 

model, Koolhaas et al. (2010) proposed a “two-tier” model of coping styles, in which the 

HPA axis stress response and behavioral response operate on two independent axes.  Both 

the traditional and modified models of coping style predict consistent between-individual 

differences in behavioral and endocrine responses to stressors.  The traditional model 

predicts a high correlation between these responses, while the second predicts a more 

complicated relationship in which these responses may or may not be correlated.   

Tests of the endocrine aspect of the first prediction – that individual HPA axis 

responses are consistent across some period of time – generally indicate high 
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repeatability (effectively, the ratio of variance explained by between-individual effects 

and population variance) for stress-induced glucocorticoids, but lower repeatability of 

baseline glucocorticoids (Romero and Reed, 2008).  Such studies are usually over a short 

time span on a semi-free ranging  (Kralj-Fiser et al., 2007) or laboratory population 

(Ouyang et al., 2011; Romero and Reed, 2008; Williams, 2008).  Similar studies on 

organisms in the wild are rare (Garamszegi et al., 2012) and suggest that repeatability 

depends on the timespan across which repeatability is calculated and on the phylogenetic 

group (e.g., amphibians exhibit high repeatability, Narayan et al., 2013a, 2013b; Rensel 

and Schoech, 2011; birds show high variability in repeatability dependent on season, time 

of day, and species, Anglier et al., 2010; Ouyang et al., 2011; Rensel and Schoech, 2011; 

Romero and Reed, 2008) .  One might not expect high repeatability of glucocorticoid 

measurements to be the norm in the wild because circulating baseline and stress-induced 

glucocorticoid concentrations vary in response to recent environmental conditions, which 

are highly variable in the wild compared to the lab ( Kitaysky et al., 2007; Romero and 

Reed, 2008; but see Angelier et al., 2010 and Ferrari et al., 2013).  

Despite the absence of strong evidence for long-term repeatability in the 

glucocorticoid stress response in the wild, the second prediction of the traditional coping 

style model – that the endocrine stress-response is linked to personality traits – was 

generally supported by initial studies.  Evidence from captive lines selected for behavior 

or physiological response to stressors provided the strongest support: proactive (bold) 

individuals displayed a lower glucocorticoid stress response than reactive (shy) 

individuals (Carere et al., 2010; Cockrem, 2007) and fewer baseline circulating 

glucocorticoids (Koolhaas et al., 1999).  However, several recent studies of captives 
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found no covariation between either stress-induced or baseline glucocorticoid 

concentration and personality (e.g., European starlings (Sturnus vulgaris); Apfelbeck and 

Raess, 2008), or gave mixed results within one species (e.g., rainbow trout 

(Oncorhynchus mykiss); Pottinger and Carrick, 2001; Schjolden et al., 2005; Thomson et 

al., 2011).  Recent studies in the wild birds have generally supported the modified “two-

tier” model of independent behavioral and physiological response axes (Garamszegi et 

al., 2012; Ferrari et al., 2013; Koolhaas et al., 2010). 

This study tests the two predictions of the traditional coping style model in a wild, 

free-ranging bird, the Nazca booby (Sula granti): (1) the  corticosteroid stress response is 

temporally repeatable (predicted by both the traditional and modified models), and (2) the 

corticosteroid stress response can predict personality traits, specifically that lower 

corticosteroid activity and reactivity is related to proactive personality traits, and high 

activity and reactivity is related to shy/anxiety-related personality traits (predicted by the 

traditional model but not the two-tier model).  We evaluate and compare the ability of 

three parameters of the corticosteroid stress response to predict personality in a wild 

population of Nazca boobies assayed in the field.   

 

METHODS 

All research reported here was permitted under the regulations of the Wake Forest 

University Institutional Animal Care and Use Committee and the Galápagos National 

Park Service, and adheres to NIH standards for animal use in research. 
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Study Animals 

 The Nazca booby, a long-lived, pelagic seabird (Anderson and Apanius, 2003), 

has been the subject of recent work on personality (Grace and Anderson, 2014).  At our 

long-term study site on Isla Española, Galápagos, Nazca boobies tolerate the proximity of 

humans well (Apanius et al., 2008), permitting easy observation and capture.  Adults are 

identified by permanent numbered metal leg bands.  Nazca boobies in our population can 

live at least 26 years (unpublished data) and, like most pelagic seabirds, spend 

approximately half of the year at sea,  returning to land during the breeding season (Oct.-

June).  Thus, all blood sampling and personality tests occurred during the breeding 

season; breeding state (non-breeder, breeder) was controlled statistically (see Section 

2.5.2).  Nazca boobies exhibit biparental incubation and care of their altricial offspring 

(Anderson & Ricklefs, 1992; Apanius et al., 2008), and are socially and genetically 

monogamous within a breeding season (Anderson & Boag, 2006; Maness & Anderson, 

2007). 

 

Personality Tests 

 Data on personality of birds in this study came from earlier work during the 

breeding seasons between November 2008 and January 2012 (Grace and Anderson, 

2014), with the methods described briefly here.  Behaviors were counted for each of 479 

incubating adults during four tests performed at the nest site: a nest intruder, two novel 

object tests, and a simulated social stimulus (mirror).  The second novel object test 

immediately preceded the social stimulus, possibly violating the statistical assumption of 

independence.  Thus, these tests were not combined in analyses.  We focused on 
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incubating individuals because they remain in place at their nest sites throughout tests 

and were relatively standardized in other respects (reproductive and behavioral history 

immediately preceding testing).   

 The covariation between personality traits within and across contexts was 

evaluated via model selection based on Akaike’s Information Criterion values corrected 

for small sample size (AICc, see Section 2.5.2; Burnham et al., 2011), generated by 

structural equation models (SEM).  This suggested a personality syndrome that was 

independent of context and that involved three repeatable traits: “Gardening,” “Shaking”, 

and “Aggression” (Table I).  These behavioral traits were expressed in all contexts, 

normally distributed following transformation (see Section 2.5.2), and repeatable across 

years, making them informative traits for between-individual comparisons.  “Gardening” 

and “Shaking” (reactivity: anxiety- or agitation-related behaviors) covaried positively, 

and Aggression (proactivity) had a slight negative covariance with both Gardening and 

Shaking (Grace and Anderson, 2014).  Behaviors and contextual plasticity in behaviors 

were repeatable across weeks and years (always during incubation), and contextual 

plasticity in behaviors was positively correlated with the elevation of response for those 

behaviors (Grace and Anderson, 2014).  (Full details of these methods are provided in 

Grace and Anderson, 2014.)  

 

Capture-Restraint Tests 

 In March of 2009 and 2010, we located adults that completed personality tests 

during one of our previous visits to the site, marked them temporarily with spray paint on 

the breast, and began standardized capture-restraint tests 75 hrs. later (Cockrem, 2007).  
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We sampled blood from 222 of these birds by brachial and medial metatarsal 

venipuncture between 0230h and 0600h, when blood corticosterone (“CORT”) level is 

least affected by external stimuli (Tarlow et al., 2003) and when air temperature is 

minimized to prevent thermal stress in birds.  Birds were captured by hand, usually while 

sleeping, and the first blood sample of 1 cm.
3
 (baseline) was taken.  Birds were then 

placed in a commodious cage (two crates attached, combined inside dimensions 60 cm. 

long x 30 cm. wide x 50 cm. high).  Three successive samples of 400 μl were taken 10, 

25, and 40 min. after caging.  After the fourth sample, the bird was weighed, given a 

different temporary paint mark to avoid recapture, and released.  At this point in the 

season most breeding is at the nestling stage; birds that were actively incubating were not 

tested.  All samples were obtained within 3 min. of initial disturbance (X ± SD = 2.13 ± 

0.52 min., N = 846; exact times were not recorded for 42 samples, although all were 

obtained within 3 min.). 

 We estimated repeatability of the CORT stress response in March 2012, locating 

66 birds that were sampled in March-April 2010 and conducting the same capture-

restraint test.  Again, all samples for these birds from both 2010 and 2012 were collected 

within 3 min. of initial disturbance (X ± SD = 2.13 ± 0.59 min., N = 485, exact times 

were not recorded for 43 samples, although all were obtained within 3 min, N is based on 

four samples for 66 birds obtained once in 2010 and again in 2012). 

 

Assay Characteristics 

 Serum was separated from the cellular fraction by centrifugation at 6000 rpm for 

5 min. within 4 hrs. of collection.  In 2009, serum was preserved in 95% ethanol 
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(Goymann et al., 2007) and maintained at ambient temperature in the field and lab until 

analysis.  In 2010 and 2012, serum was frozen in a liquid nitrogen cryoshipper and later 

maintained at -80°C in the lab until analysis. 

 Total [CORT] (bound and unbound) was measured by quantitative competitive 

enzyme immunoassay (Enzo Life Sciences/Assay Designs, Cat. No. ADI-901-097), 

validated for use with Nazca booby serum for accuracy, precision, cross reactivity, and 

parallelism in measurements (Grace et al., 2011).  For samples collected in 2009, CORT 

was extracted from ethanol by dichloromethane double extraction.  Efficiency of 

extraction and enzyme immunoassay averaged 82.5%, using the supplied CORT standard 

diluted to 1600 pg/ml in stripped chicken serum and ethanol (X ± SD = 82.5% ± 19.8, N 

= 7; Grace et al., 2011).  Serum samples from 2010 and 2012 were not extracted; instead, 

serum was used directly in the enzyme immunoassay.  For these samples, efficiency of 

immunoassay averaged 100% (SD = 6.6, N = 23).  For all years, the immunoassay 

detection limit was 26.99 pg/ml and intra- and inter-assay coefficients of variation were 

6.6% and 7.8%, respectively.  Because the primary antibody in the assay did not cross-

react to a significant degree with other circulating steroids, all measures are called 

“CORT” measurements.  

 

Statistical Analyses 

Calculation of CORT stress response parameters 

 Baseline [CORT] was estimated from the first sample of a capture-restraint test, 

obtained within 3 min. of initial disturbance.  Maximum [CORT] was the highest [CORT] 

of the four samples in a test.  Area under the [CORT] curve with respect to increase 
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(AUCI) was calculated by subtracting baseline [CORT] from each subsequent [CORT] 

measurement (y-values), and summing the area of the three resulting trapezoids 

(Pruessner et al., 2003).  AUCI ignores the distance between baseline [CORT] and zero, 

and instead emphasizes the change in [CORT] across time (Pruessner et al., 2003).  AUCI 

differs from area under the curve with respect to ground (AUCG): AUCI evaluates the 

shape of the [CORT] curve without confounding by variation in baseline [CORT] and 

total maximum [CORT], which we evaluated separately. 

 

Data reduction and transformations 

 We first corrected [CORT] for differences in assay efficiency by multiplying each 

concentration by the difference between 100% and the average efficiency of extraction 

and assay, or of assay alone if no extraction was conducted, plus 100%.  These corrected 

values were then log-transformed and z-scored within year.  Preliminary analyses 

suggested that breeding status, sex, sampling date, and mass of the individual influenced 

[CORT] (see Supplementary Material 1).  To evaluate these effects, we generated a 

saturated set of General Linear Mixed Models (GLMM) using the R package lme4 (Bates 

and Mæchler, 2012) with year sampled, sex, breeding status, mass, and their interactions 

as fixed effects, and day sampled as a random effect predicting either baseline [CORT], 

maximum [CORT], or AUCI.  We evaluated models within a model selection framework 

and compared models with AICc, where AICc = n*log(RSS/n) + (2K(K+1))/(n-K-1) + 

2K; n is the sample size, RSS is the residual sums of squares for the model, and K is the 

number of parameters (including error; Burnham et al., 2011).  Thus, AICc balances 

variance explained and complexity of a model (Burnham et al., 2011).  For repeatability 
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analyses we used General Linear Mixed Models with the top model (from AIC rankings) 

for each CORT parameter and an individual random effect compared to a null with no 

random effect (see Section 2.5.3.).  For all other analyses the top model predicting each 

[CORT] parameter was used to generate residuals for analysis, because our sample size 

restricted the number of predictors we could evaluate.  Briefly, variation in baseline 

[CORT] was best explained by year sampled as an additive fixed effect, and sex, 

breeding status, and mass as interacting fixed effects, and day sampled as a random 

effect.  Maximum [CORT] was best predicted by sex, mass, and breeding status as 

interacting fixed effects and day as a random effect.  The top model predicting AUCI 

included only sex and mass as interacting fixed effects, and day as a random effect.  See 

Supplementary Material 1 for full model sets, AICc comparison, and interpretation of the 

direction of these effects. 

 Initial examination of behavioral data suggested that behavior counts were not 

normally distributed; thus, each behavior’s counts were square-root-transformed after 

adding one (to avoid discontinuous transformation of counts between 0 and 1 and counts 

above 1; Osborne, 2002), giving an approximately normal distribution, then z-scored 

within test to prevent weighting results toward tests that resulted in high mean activity.  

Z-scores were corrected for year, sex, morning or afternoon sampling group, and their 

interactions by saving the residuals from a factorial analysis of variance (see Grace and 

Anderson, 2014 for details on these methods).     
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Repeatability of the CORT stress response 

 Consistency of between-individual differences in [CORT] parameters was 

determined with GLMM-based repeatabilities using the rptR package in R (Nakagawa 

and Schielzeth, 2010).  Corresponding 95% confidence intervals were calculated by 

profiling the likelihood (Nakagawa and Schielzeth, 2010) using the lme4 package in R 

(Bates and Mæchler, 2012).  GLMMs for repeatability calculations were the top models 

for predicting [CORT] parameters generated above (Section 2.5.2), but including 

individual ID as a random factor.  Repeatability values and corresponding 95% CIs were 

calculated for baseline circulating [CORT], maximum [CORT], and AUCI for the 66 

individuals who were tested in March 2010 and again in March 2012 (when all samples 

were preserved in liquid nitrogen).  GLMMs including and not including an individual ID 

random effect were evaluated using AICc comparison (see Fig. 1 for details).   

 

Correlation between CORT parameters 

 Correlations between [CORT] parameters (following transformation and 

correction as outlined in Section 2.5.2) were estimated with Pearson’s product moment 

correlations. 

 

Analyses of the relationships between [CORT] parameters, personality, and plasticity 

  SEM was used to investigate the relationship between each [CORT] parameter 

(baseline, maximum, and AUCI) and each personality trait for the 222 birds that 

completed both the capture-restraint stress test and the suite of personality tests.  In each 

of these models personality traits were used as outcome variables that were predicted by 
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each [CORT] parameter, which were allowed to covary.  We chose SEM over general 

linear model approaches because SEM permits and exploits the covariances between our 

[CORT] parameters.  In our first set of models, [CORT] parameters were allowed to 

covary and were regressed on the latent variables “Gardening”, “Shaking”, and 

“Aggression”.  Latent variables were manifested by transformed and z-scored behaviors 

in the nest intruder and both novel object tests.  These models were repeated for the same 

personality traits during the social stimulus (mirror) test, which was analyzed separately 

because it was the only assay of behavior in a social context.  Personality traits in a social 

context were each represented by one behavior, and thus were “observed” (not “latent”) 

variables.  A null model was included in each set of models, in which personality traits 

were not predicted by [CORT] parameters, but [CORT] parameters were allowed to 

covary. 

Cross-context plasticity was examined by calculating the Coefficient of Relative 

Plasticity (“CRP”; individual variation/population variation; Dingemanse et al., 2010) for 

each  values, [CORT] parameters were allowed to covary and were regressed against 

CRP values for Gardening, Shaking, and Aggression.  Quadratic forms of [CORT] 

parameters were also included in models predicting personality traits and CRP values.   

All models were generated using the lavaan package in R (Rosseel, 2012) and 

evaluated by AICc-based model selection.  Top models were those within the confidence 

set that represented > 95% of the total model weight.  Coefficients and corresponding 

95% confidence intervals were determined by model-averaging top models (Anderson, 

2008).  Relative importance of each [CORT] parameter was calculated by summing the 
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weights of the models for which they are predictors, using a saturated model set 

(Anderson, 2008).   

 

RESULTS 

 After correction for differences in assay efficiency, mean baseline [CORT] was 

15.71 ng/ml (X ± SD = 15.71 ± 14.21 ng/ml, N = 222), and mean maximum [CORT] was 

126.57 ng/ml (X ± SD = 126.57 ± 55.28 ng/ml, N = 222).  Maximum [CORT] was 

reached within 10 min. for 1% of birds (two birds), within 25 min. for 37% of birds, and 

within 40 min. for 63% of birds.  Because 40 min. was the final sample, [CORT] in the 

last group of birds might not have reached its absolute peak.  However, the mean change 

in [CORT] between samples was lower between 25 and 40 min. than between the other 

sampling times, suggesting that circulating [CORT] in most birds had at least started to 

plateau (0-10 min.: mean Δ ± SD = 49.25 ± 23.36 ng/ml; 10-25 min.: mean Δ ± SD = 

40.30 ± 39.38 ng/ml; 25-40 min.: mean Δ ± SD = 14.86 ± 42.34 ng/ml; N = 222 for all 

times).  By 40 min. [CORT] was falling in 20% of birds in this study. 

 

Repeatability of the CORT Stress Response 

 Baseline circulating [CORT] had very low repeatability between years (R = 0.12, 

upper 95% CI = 0.364, lower 95% CI = 0.00, N = 66), and the model including an 

individual ID effect was not better than the null model.  Maximum [CORT] reached 

during tests and AUCI were both repeatable between years (R = 0.319, upper 95% CI = 

0.514, lower 95% CI = 0.134, R = 0.262, upper 95% CI = 0.457, lower 95% CI = 0.073, 

respectively, N = 66), and the model including the individual ID effect was 29.26 times 
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and 8.45 times better than the null model, respectively, indicating meaningful information 

provided by individual differences (Fig. 1, N = 66). 

 

Correlation among [CORT] parameters 

 All [CORT] parameters were significantly correlated, positively, with each other 

(r = 0.30 – 0.88, p < 0.01, Fig. 2). 

 

Personality and the CORT Stress Response 

 Model comparison of AICc values for models predicting Gardening, Shaking, and 

Aggression yielded several top models (within the confidence set that represented ≥ 95% 

of total model weight) for each outcome variable (see Supplementary Material 2).  

Quadratic forms of [CORT] predictors were never among the top models to predict 

personality traits or CRP values.  Following model-averaging, all personality traits were 

predicted by all [CORT] parameters (baseline, maximum, and AUCI), but weakly in most 

cases (Fig. 3).  Baseline [CORT] had the highest relative importance in predicting most 

personality traits in all contexts (Fig. 4).  The predictive direction of each [CORT] 

parameter on each personality trait was often dependent on whether the behavior was 

measured in a social or a non-social context, and 95% confidence intervals of predictor 

coefficients (betas) almost always included zero, indicating that although the effect of 

CORT parameters on personality traits was meaningful, a large amount of variation was 

unexplained (Fig. 3).   

 For models predicting cross-context plasticity (measured by CRP values), the null 

model with covariance between [CORT] parameters, but no regression on CRP values, 
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was always the sole best model (see Supplementary Material 2 for complete model 

results), with one exception: predicting plasticity in Shaking across the nest intruder, first 

novel object, and social stimulus tests, in which all [CORT] parameters had low negative 

predictive power (Fig. 3), with baseline [CORT] having the highest relative importance 

(Fig. 4).   

 Baseline [CORT] generally had the same predictive direction in social and non-

social contexts, with the exception of aggressive behaviors.  Baseline [CORT] positively 

predicted Gardening (model-averaged beta ± 95% CI = 0.26 ± 0.35, and 0.20 ± 0.18 for 

non-social and Social contexts, respectively), and negatively predicted Shaking (model-

averaged beta ± 95% CI = -0.06 ± 0.19, and -0.04 ± 0.14 for non-social and social 

contexts, respectively).  In non-social contexts, baseline [CORT] positively predicted 

Aggression (model-averaged beta ± 95% CI = 0.19 ± 0.26), while it had a slight negative 

influence on Social Aggression (model-averaged beta ± 95% CI = -0.02 ± 0.09; Fig. 3). 

 The predictive direction of maximum [CORT] on personality traits was generally 

context-dependent (non-social or social), with weaker effects than those of baseline 

[CORT].  Maximum [CORT] positively predicted non-social Gardening (model-averaged 

beta ± 95% CI = -0.30 ± 0.68), but had a weak negative effect on Social Gardening 

(model-averaged beta ± 95% CI = -0.03 ± 0.20).  It predicted non-social Shaking 

negatively and weakly (model-averaged beta ± 95% CI = -0.08 ± 0.36) and Social 

Shaking weakly and positively (model-averaged beta ± 95% CI = 0.04 ± 0.24).  

Aggression was very weakly and negatively predicted by maximum [CORT] in both non-

social and Social contexts (model-averaged beta ± 95% CI = -0.07 ± 0.28, and -0.01 ± 

0.01for non-social and Social contexts, respectively; Fig. 3).  
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 AUCI also had opposite effects on personality traits depending on non-social or 

Social context.  It negatively predicted Gardening in non-social contexts (model-averaged 

beta ± 95% CI = -0.16 ± 0.54), but positively predicted social Gardening (model-

averaged beta ± 95% CI = 0.02 ± 0.17; Fig. 3).   

 

DISCUSSION 

Predictive power of CORT Stress Response on Personality 

 While selective breeding on corticosteroid responsiveness in several species 

suggests that variation in corticosteroid responsiveness influences personality (Carere et 

al., 2010), ours is the first study to examine the predictive power of [CORT] for 

repeatable personality traits in a wild population.  Each of the three glucocorticoid stress 

response parameters examined demonstrated predictive ability, with baseline [CORT] 

generally of highest relative importance in predicting personality traits, followed by 

AUCI, then maximum [CORT].  Maximum [CORT] is probably used most frequently as a 

stress-response parameter (Carere et al., 2010), but our results suggest that AUCI should 

also be used in personality studies as an alternative measurement of the strength of the 

HPA axis stress response.  This may be especially true in studies of wild animals, such as 

our own, in which absolute maximum circulating [CORT] may be difficult to obtain 

because of time constraints and the stress of multiple handling and sampling periods. 

 However, the magnitudes of the regression coefficients in this study are small.  

For each personality trait that we analyzed, and for plasticity, the top structural equation 

models (within the 95% confidence set) always included the null model (no effect of 

CORT parameters on personality), and 95% confidence intervals of regression 
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coefficients overlapped with zero in all cases except one (baseline [CORT] predicting 

Social Gardening (Fig. 3)), indicating that much variance in personality is unexplained by 

[CORT] parameters.  No second-order polynomials were among the top models 

predicting any personality or plasticity trait, suggesting that the effects of [CORT] 

parameters are primarily of a monotonic nature. 

 

Plasticity and Stress 

 In several well-studied species, including great tits (Parus major), Japanese quail 

(Coturnix japonica), and chickens (Gallus gallus), more-aggressive or -proactive 

personalities were associated with lower behavioral plasticity and lower HPA axis 

responsiveness (that is, a negative relationship; Cockrem, 2007).  Grace and Anderson 

(2014) found a positive relationship between level of response and plasticity in Nazca 

boobies, providing no support for the behavioral portion of the traditional coping style 

paradigm, and in this study found no support for a relationship between behavioral 

plasticity across contexts and any [CORT] parameter, with the exception of shaking 

between the nest intruder and both novel object tests.  Plasticity in Shaking is positively 

correlated with amount of Shaking in these tests (r = 0.41; Grace and Anderson, 2014), 

yet the direction of the slope of each [CORT] parameter and plasticity in Shaking was not 

always consistent with the direction of the slope of these same [CORT] parameters in 

predicting Shaking.  The nature of this discrepancy in the predictive direction of [CORT] 

is unclear; however, [CORT] parameters did a relatively poor job of predicting plasticity 

in Shaking (all confidence intervals overlapped with zero; Fig. 3).  Thus, behavioral 
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cross-context plasticity appears to have little relationship to the CORT stress response in 

Nazca boobies. 

 

“Reactive / Proactive” Behavior and Stress 

 “Coping styles” refer to a consistent relationship between glucocorticoids and 

personality, offering an attractive framework for explaining the physiological basis of 

personality traits, especially from an applied perspective, because it implies that selection 

on behavioral response will influence physiological stress response and vice versa.  In 

some domestic species, such as chickens (Gallus gallus) and Japanese quail (Coturnix 

japonica), selection for high or low glucocorticoid response to stressors does produce 

consistent differences in personality, specifically proactiveness, aggression, and 

fearfulness (reviewed in Cockrem, 2007).  However, these apparently clear relationships 

between glucocorticoids and personality are not as consistent in wild animals 

(Garamszegi et al., 2012; Kralj-Fišer et al., 2010; Summers et al., 2005), or are much 

weaker in the wild than in captive settings (Ferrari et al., 2013).  This may be due to the 

relatively small sample size of field studies and the potentially large number of 

confounding variables in natural settings.  Our study’s large sample size allowed us to 

remove the effects (see Supplementary Material 1) of many potentially confounding 

variables and to detect effects of the CORT stress response on personality in accord with 

laboratory studies.  However, while our structural equation models indicate that [CORT] 

parameters do have a predictive influence on personality traits, all of our models were 

averaged with the null model, and most coefficients had 95% confidence intervals 

overlapping with zero.  This suggests that much variance is left unexplained by our 
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models and that an individual’s stress profile is not the primary driver of personality, 

consistent with results from at least one other large field study with animals tested across 

years (Ferrari et al., 2013).  That being said, the [CORT] parameters examined did 

explain some variance in personality traits, and we explore those relationships below. 

   Laboratory and some field studies suggest that aggressive, or “proactive”, 

personalities are associated with low baseline and stress-induced corticosteroid 

concentration, while reactive personalities are associated with higher baseline and stress-

induced circulating corticosteroid concentration (Carere et al., 2010; Kalin, 2003; 

Koolhaas et al., 1999).  After correction and transformation, our results for aggressive 

personalities are consistent with the trends found for laboratory-raised mice and rats, 

domestic pigs, some primates, and some birds: aggressive personality traits are related to 

low maximum circulating glucocorticoid response (Carere et al., 2010; Ferrari et al., 

2013), although the relationship to baseline [CORT] was dependent on social or non-

social context.  In contrast, in free-living graylag geese (Anser anser) and the lizard 

Anolis carolinensis aggression and stress-induced maximum glucocorticoids are 

positively correlated (Kralj-Fišer et al., 2010; Summers et al., 2005).  Dominance 

hierarchies, ephemeral up-regulation of aggressive behaviors, and differences in sampling 

methods are all possible reasons for this discrepancy.  The recent “two-tier” version of the 

coping style model may also explain these inconsistent results: physiological and 

behavioral stress responses may represent two different axes that interact (Koolhaas et al., 

2010).   

 No general trend connects AUCI to aggression in the literature, partly due to a 

lack of data on AUCI.  Our results suggest another cause: that this relationship depends 
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on the context in which aggression is measured.  In Nazca boobies, AUCI negatively 

predicted Aggression in non-social contexts, while it had little predictive ability in a 

social context.  The former suggests that birds with slower and lower CORT responses 

(lower AUCI) are more aggressive in non-social contexts, but not in social contexts. 

 While we had no direct measure of reactivity for Nazca boobies, Gardening and 

Shaking are both behaviors that we suspect to be anxiety- or agitation-related (Grace and 

Anderson, 2014).  In rhesus macaques (Macaca mulatta), anxiety- or agitation-related 

behaviors are associated with increased fearfulness (Kalin, 2003), a component of a 

reactive (shy) personality (Cockrem, 2007), and a personality trait measured frequently in 

birds (Cockrem et al., 2009).  Reflecting the general trend for shy and fearful behaviors, 

Gardening in all contexts was predicted positively by baseline [CORT], as is true also for 

shy behavior in rhesus macaques (Kalin, 2003) and human (Homo sapiens) children 

(Kagan et al., 1988).  However, each CORT parameter had opposite effects on Gardening 

and Shaking (e.g., Shaking was predicted negatively but Gardening was predicted 

positively by baseline [CORT] ).  This suggests that Gardening and Shaking stem from 

slightly different motivations, despite our interpretation of both of these behaviors as 

anxiety-related, or shy, activities. 

 All other relationships between [CORT] parameters and shy behaviors in Nazca 

boobies are dependent on measurement in a social or non-social context.  In non-social 

contexts, Gardening was predicted positively and Shaking was predicted negatively by 

maximum [CORT], while the reverse was true in a social context.  Likewise, AUCI 

predicted Shaking positively and predicted Gardening negatively in a non-social context, 

while the reverse was true for social contexts.  These results may reflect dual uses of 



 

 

133 

 

these behaviors by the birds.  Gardening is a territorial display and is probably also an 

anxiety-related displacement behavior (Table I; Grace and Anderson, 2014; Nelson, 

1978).  Thus, high baseline [CORT] is related to a higher rate of Gardening, regardless of 

context, but in social contexts birds that had a lower but faster stress response (indicated 

by a lower maximum [CORT] but higher AUCI) may have used Gardening as a territorial 

signal, consistent with a proactive phenotype (lower maximum [CORT] and territorial 

response to intruders).  Social Aggression was also predicted negatively by maximum 

[CORT] and positively by AUCI, supporting this interpretation of Social Gardening as a 

proactive behavior.  Shaking can also be an aggressive social signal (Nelson, 1978); 

however, aggressive movements are usually large body or wing shakes, while the vast 

majority of Shakes in our study were small head shakes, which we interpret as anxiety-

related behaviors (Grace and Anderson, 2014).  This interpretation is supported by the 

positive influence of maximum [CORT] and negative influence of AUCI on Social 

Shaking, in contrast to the results for Social Aggression and Gardening.  Thus, the 

context-dependent effects of maximum [CORT] and AUCI on Social and non-social 

Shaking remain unexplained.  Consistency of personality traits and correlations among 

behaviors are known to be affected by social or non-social context (e.g., zebra finches, 

Taeniopygia guttata; Schuett and Dall, 2009), and our results indicate that relationships 

between physiological and behavioral personality traits can also be affected by these 

contexts.  

 Although we interpret the direction of causality as hormones driving behavior, we 

recognize that direct relationships between circulating hormones and behavior are 

relatively rare (Ball and Balthazart, 2008), and total circulating [CORT], by itself, is 
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probably not controlling personality.  A more complete picture of the role of 

glucocorticoids may emerge by comparing the bound and unbound fractions of 

circulating glucocorticoids, binding globulin concentration (Breuner et al., 2013), and 

concentrations of glucocorticoids in relevant tissues that may be produced locally in 

addition to being receiving through circulation (Taves et al., 2011).  Feedback of behavior 

on the CORT stress response is also plausible, although beyond the scope of this study.   

 

Repeatability of Circulating [CORT] Parameters 

 We detected high repeatability of both maximum circulating [CORT] and AUCI in 

Nazca boobies.  Baseline [CORT] had very low repeatability, consistent with findings in 

many other birds, including house sparrows (Passer domesticus), Florida scrub-jays, 

great tits, and female tree swallows (Tachycineta bicolor; Ouyang et al., 2011; Rensel and 

Schoech, 2011; Romero and Reed, 2008), but not for some birds (e.g., black-browed 

albatross, Thalassarche melanophyrs, Angelier et al., 2010).  This lower repeatability 

may be expected if baseline [CORT] reflects immediate food conditions in the short-term 

(as in common murres, Uria aalge) and the CORT stress response integrates longer-term 

conditions (Kitaysky et al., 2007).  Nazca boobies exhibit high between-individual and 

temporal variation in a proxy for short-term condition (mass) during breeding (Anderson 

and Apanius, 2003), and this variation may induce low repeatability of baseline [CORT].  

In contrast, maximum circulating [CORT] and AUCI reflect longer-term condition, which 

long-lived Nazca boobies are expected to maintain at a consistent level (Anderson and 

Apanius, 2003; Apanius et al., 2008).  High repeatability for maximum stress-induced 

[CORT], and/or change in [CORT] in response to a stressor has been found in other bird 



 

 

135 

 

species, including free-living Florida scrub-jays across years (Rensel and Schoech, 2011) 

and Adélie penguins (Pygoscelis adeliae) over the course of four days (Cockrem et al., 

2009), and in amphibians across several weeks (Narayan et al., 2013a, 2013b).  However, 

other studies have found repeatability of maximum [CORT] to be low (Ferrari et al., 

2013) and dependent on prior experiences, type of stressor (Kralj-Fiser et al., 2007), and 

life-history (Baker et al., 1998; Love et al., 2003; Lynn et al., 2010; Romero et al., 2009).  

Maximum [CORT] may be difficult to measure in studies in the wild, where repeated 

sampling constantly elevates the stress response, and in our study only 20% of birds 

began to decrease circulating [CORT] by the last sample, indicating that 80% of birds 

may not have reached their maximum [CORT].  Thus, it remains impressive that 

repeatability of maximum [CORT] in our study (the maximum [CORT] reached during 

the testing period) was relatively high between years.  

 Repeatability of baseline [CORT] is also highly variable (Ouyang et al., 2011), 

even within species (e.g., Adélie penguins, Vleck et al., 2000) and dependent on 

phylogenetic group and timespan (e.g., marmots, Marmota marmota - high repeatability 

across years, Ferrari et al., 2013; amphibians – high repeatability across weeks, Narayan 

et al., 2013a, 2013b; black-browed albatross – highly repeatable across 2 years, Angelier 

et al., 2010; and Florida scrub-jays – low repeatability across years, Rensel and Schoech, 

2011).  Together with our results, such diversity in repeatabilities suggests that 

investigators should not assume that circulating baseline or maximum glucocorticoid 

concentrations are stable individual traits.  The consistency of these traits varies by 

season, year, time of measurement, study setting (captivity or field), number of 

individuals sampled, and species (Ouyang et al., 2011; Rensel and Schoech, 2011). 
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CONCLUSIONS 

   This is one of the first studies to examine the relative predictive power of 

multiple [CORT] parameters on personality, and for Nazca boobies, baseline circulating 

[CORT] was the most frequent best predictor of personality traits in all contexts, followed 

by AUCI (when baseline CORT was not the best predictor), then maximum circulating 

[CORT].  This study also provides some support for two critical predictions of the theory 

of coping styles: the magnitude of the glucocorticoid stress-response is a consistent 

individual characteristic in adults (although baseline [CORT] had very low repeatability), 

and aggressive personalities are associated with low HPA axis response to stressors.  

However, these results had generally weak support, compared to captive studies, and 

were often dependent on behavioral testing context.  Our data indicate that the 

relationships between behavior and endocrine traits predicted by the traditional coping 

style model may be weak in the wild, and that the HPA stress response and personality 

traits may be dependent on social vs. non-social testing context.   
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TABLES 

Table I: Description and interpretation of behaviors in the personality syndrome of Nazca 

boobies, based on Grace and Anderson, (2014) and Nelson (1978).  Proactive and 

reactive refer to the behavioral axis (not HPA stress reactivity) in the modified coping 

style model.  Generally, proactive refers to “boldness”, and reactivity refers to “shyness” 

(see Koolhaas et al., 2010). 

 

Behavior Description Interpretation Proactive/Reactive 

Gardening Picking up and 

moving nest material 

Mate advertisement 

(males), territorial display 

(both sexes), anxiety- or 

agitation-related 

displacement behavior  

Reactive 

 

Shaking 

 

Large body shakes, 

head shakes, and 

small shivers 

(extremely quick 

shakes of the head and 

neck). 

 

Aggressive signal (social 

context), settling of 

feathers, anxiety- or 

agitation-related 

displacement behavior 

Reactive 

 

Aggression 

 

Biting and jabbing at 

an object or simulated 

conspecific (mirror) 

 

Aggressiveness or 

boldness in both a social 

and non-social contexts 

Proactive 
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FIGURES 

Figure 1: GLM-based repeatability estimates and corresponding 95% confidence 

intervals of [CORT] parameters for 66 Nazca boobies across 2-3 years during a 

standardized 40 min. capture-restraint test.  AICc evidence ratios are the ratio between 

the AICc weight of the top model and that of the next model.  For maximum [CORT] and 

AUCI the model including an individual effect was the top model, and evidence ratios are 

presented for the null model.  Thus, the model including an individual effect was 29.26 

times and 8.45 times better than the null model, for maximum [CORT] and AUCI, 

respectively.  For baseline [CORT], the null model was the top model, and the evidence 

ratio is presented for the model including an individual effect.  To differentiate this 

evidence ratio from those of null models, we have made the evidence ratio negative 

(multiplied by -1).  Thus, the model including an individual effect was 2.03 times worse 

than the null model for baseline [CORT].  Dashed and dotted lines are zero reference 

lines for the x- and y-axis, respectively. 
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Figure 2: Pearson’s product moment correlations between [CORT] parameters (following 

transformation and correction described in Section 2.5.2); r is the correlation coefficient, 

95% CI indicates the 95% confidence interval, and P represents the P-value of the 

correlation. 
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Figure 3: Model-averaged coefficients (points) and 95% confidence intervals for baseline 

[CORT] (A), maximum [CORT] (B), and AUCI (C) predicting personality traits for 222 

adults.  Top models were structural equation models within the 95% confidence set 

calculated using AICc weights.  Personality traits are latent variables manifested by 

behavior in the nest intruder and both novel object tests, or observed variables composed 

of behavior only during a social stimulus (mirror).  CRP refers to the coefficient of 

relative plasticity calculated for each bird, within behaviors, between the nest intruder, 

first novel object, and social stimulus test.  For all other CRP values, null models were 

the sole top model and so are not depicted here.  
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Figure 4: Relative importances of circulating [CORT] parameters during a capture-

restraint test in predicting personality traits composed of latent variables manifested by 

behaviors of 222 birds across contexts (A), observed variables during social stimulus (B), 

or contextual plasticity in behaviors (C).  Contextual plasticity is the Coefficient of 

Relative Plasticity (CRP) calculated for each bird, within behaviors, between the nest 

intruder, first novel object, and social stimulus test.  Except for plasticity in Shaking, null 

models were the sole top model for predicting all CRP values and so are not shown.  

Relative importance for each predictor was calculated by summing the Akaike weights 

(AICc weights) of each model that contained that predictor (Anderson, 2008).  
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SUPPLEMENTARY MATERIAL 1 

Effects of breeding status, year, mass and sex on [CORT] parameters.  

March 2010 baseline [CORT], maximum [CORT], and AUCI were analyzed for effects of 

breeding status (“Breed”, breeder or non-breeder at the time of sampling), year, mass at 

sampling, and sex (male or female) using General Linear Mixed Models R (package 

lme4, Bates and Mæchler, 2012).  All models included date sampled as a random factor 

(not reported here). The top model was determined using AICc model selection and beta 

estimates ± standard error for these models are presented below.  A blank space indicates 

the predictor was not included in the top model.  For breeding status, non-breeder was the 

reference state; hence, a positive beta reflects a higher value in breeders.  Two years were 

included in this analysis, 2009 and 2010, with 2009 being the reference state.  For sex, 

male was the reference state, hence a positive beta indicates a higher value for females.  

Mass was a continuous variable, thus a negative beta reflects a negative relationship with 

the outcome variable.  A * indicates an interaction. 

 

Outcome 

Variable 

Breed Year Mass Sex Breed* 

Sex 

Sex* 

Mass 

Breed* 

Mass 

Sex* 

Breed* 

Mass 

Baseline 

[CORT] 

2.06 

±3.16 

0.37 

±0.19 

-2.21 

±0.89 

1.02 

±2.53 

8.73 

±5.44 

-0.20     

±1.37 

-0.98     

±1.91 

-4.46     

±3.06 

Maximum 

[CORT] 

-1.46     

±3.22 

 -2.01    

±0.91 

0.18     

±2.57 

10.71     

±5.54 

0.16    

±1.39 

1.02     

±1.95 

-5.81     

±3.11 

AUCI   -1.99    

±0.84 

1.92    

±2.22 

 -0.71     

±1.22 
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SUPPLEMENTARY MATERIAL 2 

AICc comparison of SEM models of [CORT] parameters predicting personality traits 

across the nest intruder and both novel object tests, or the social stimulus tests, and cross-

context plasticity (CRP) values between the nest intruder and both novel object tests, and 

the nest intruder, first novel object test, and social stimulus test.   “∆” indicates the 

difference between the AICc values of the top model and the model in question, model 

likelihood is calculated by exp(-(1/2) ∆), AICc weight is the model likelihood divided by 

the sum of all model likelihoods, and the evidence ratio is the ratio between the weight of 

the top model to the model in question.  Models highlighted in bold are those with AICc 

weights within the 95% confidence set.  “Base” indicates baseline [CORT], “Max” 

indicates maximum [CORT], AUCI indicates area under the [CORT] curve with respect to 

increase.  In all models, all three [CORT] parameters were allowed to covary. “~” means 

“regressed on”.  All models allowed covariance between all [CORT] parameters.  

Polynomial regressions were never among the top models and so are not included here. 
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Table I: Predicting latent variable scores for Gardening in the nest intruder, and both 

novel object tests (N = 222).   

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Garden~Base 2963.57 0 1 0.330 1 

Garden~Max+AUCI 2964.51 0.93 0.627 0.207 1.59 

Garden~Base+Max 
2965.30 

 
1.73 0.421 0.139 2.37 

Garden~Base+AUCI 2965.78 2.21 0.331 0.109 
3.02 

 

Garden ~Base+Max+AUCI 2965.94 2.37 0.306 0.101 3.26 

Garden~Max 2966.34 2.76 0.2511 0.083 3.98 

Null: intercept only 2969.22 5.65 0.059 0.020 16.87 

Garden~AUCI 2970.32 6.74 0.034 0.011 29.12 

 

Table II: Predicting latent variable scores for Shaking in the nest intruder, and both novel 

object tests (N= 222).  

Model AICc ∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only  3042.47 0.00 1 0.236 1 

Shaking~AUCI  3043.41 0.94 0.625 0.148 1.60 

Shaking~Max+AUCI  3043.48 1.01 0.604 0.143 1.56 

Shaking~Base+AUCI  3043.49 1.02 0.601 0.142 1.66 

Shaking~Base  3043.93 1.46 0.483 0.114 2.07 

Shaking~Max 3044.57 2.10 0.351 0.083 2.85 

Shaking~Base+Max 3044.77 2.30 0.317 0.075 3.16 

 Shaking~Base+Max+AUCI 3045.25 2.77 0.250 0.059 4.00 
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Table III: Predicting latent variable scores for Aggression in the nest intruder, and both 

novel object tests (N= 222). 

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Aggression~Base+AUCI 2993.81 0.00 1 0.273 1 

Aggression~Base+Max 2994.22 0.40 0.817 0.223 1.22 

Aggression~AUCI  2995.59 1.78 0.411 0.112 2.43 

 Null: intercept only 2995.81 1.99 0.369 0.101 2.71 

Aggression~Base  2995.86 2.04 0.360 0.098 2.78 

 Aggression~Base+Max+AUCI 2996.03 2.21 0.330 0.090 3.03 

Aggression~Max 2997.02 3.20 0.202 0.055 4.96 

Aggression~Max+AUCI 2997.29 3.47 0.176 0.048 5.67 

 

 

Table IV: Predicting Gardening during the social stimulus test (N = 222). 

Model AICc ∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Gardening~Base 1812.57 0 1 0.444 1 

Gardening~Base+Max 1814.51 1.94 0.379 0.168 2.64 

Gardening~ Base+AUCI 1814.73 2.17 0.339 0.150 2.95 

Gardening~Base+Max+AUCI 1815.50 2.94 0.230 0.102 4.35 

Null: intercept only 1816.41 3.84 0.146 0.065 6.84 

Gardening~ AUCI 1817.93 5.36 0.069 0.030 14.59 

Gardening~Max 1818.03 5.46 0.065 0.029 15.36 

Gardening~Max+AUCI 1820.10 7.53 0.023 0.010 43.16 

 

Table V: Predicting Shaking during the social stimulus test (N = 222).  

Model AICc 
∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only 1831.68 0 1 0.328 1 

Shaking~Base 1833.05 1.37 0.503 0.165 1.99 

Shaking~Max 1833.64 1.96 0.375 0.123 2.67 

Shaking~AUCI 1833.83 2.15 0.341 0.112 2.93 

Shaking~Base+Max 1834.29 2.61 0.271 0.089 3.69 

Shaking~Base+Max+AUCI 1834.87 3.18 0.203 0.067 4.91 

Shaking~Max+AUCI 1835.11 3.42 0.181 0.059 5.54 

Shaking~Base+AUCI 1835.16 3.48 0.176 0.058 5.69 

Table VI: Predicting Aggression during the social stimulus test (N = 222). 
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Model AICc ∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only 1651.23 0 1 0.338 1 

Aggression~Base 1652.46 1.16 0.559 0.189 1.79 

Aggression~AUCI 1653.35 2.05 0.358 0.121 2.79 

Aggression~Max 1653.43 2.13 0.344 0.116 2.90 

Aggression~ Base+AUCI 1654.22 2.93 0.231 0.078 4.32 

Aggression~Base+Max 1654.49 3.20 0.202 0.068 4.94 

Aggression~Max+AUCI 1654.71 3.41 0.181 0.061 5.51 

Aggression~Base+Max+AUCI 1656.25 4.95 0.084 0.028 11.88 

 

Table VII: Predicting CRP values for Gardening between the nest intruder and both novel 

object tests (N = 222). 

Model AICc ∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only 1922.04 0.00 1 0.348 1 

CRP Garden~AUCI 1923.68 1.63 0.442 0.154 2.26 

CRP Garden~Base 1924.03 1.99 0.370 0.129 2.70 

CRP Garden~Max 1924.19 2.14 0.342 0.119 2.92 

CRP Garden~Max+AUCI 1924.47 2.43 0.297 0.103 3.36 

CRP Garden~Base+AUCI 1925.81 3.77 0.152 0.053 6.57 

CRP Garden~Base+Max 1925.92 3.88 0.144 0.050 6.95 

CRP 

Garden~Base+Max+AUCI 

1926.19 4.15 0.126 0.044 7.96 
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Table VIII: Predicting CRP values for Shaking between the nest intruder and both novel 

object tests (N = 222). 

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only 1805.55 0 1 0.404 1 

CRP Shaking~Base 1807.58 2.03 0.363 0.147 2.76 

CRP Shaking~AUCI 1807.68 2.13 0.345 0.140 2.90 

CRP Shaking~Max 1807.71 2.15 0.341 0.138 2.93 

CRP Shaking~Base+Max 1809.70 4.14 0.126 0.051 7.93 

CRP Shaking~Max+AUCI 1809.70 4.15 0.126 0.051 7.95 

CRP Shaking~Base+AUCI 1809.75 4.20 0.123 0.050 8.15 

CRP 

Shaking~Base+Max+AUCI 

1811.56 6.01 0.050 0.020 20.16 

 

Table IX: Predicting CRP values for Aggression between the nest intruder and both novel 

object tests (N = 222). 

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only 1800.70 0 1 0.391 1 

CRP Aggression~Base 1802.50 1.81 0.415 0.158 2.47 

CRP Aggression~AUCI 1802.83 2.13 0.345 0.135 2.90 

CRP Aggression~Max 1802.85 2.15 0.341 0.133 2.93 

CRP Aggression~Base+Max 1804.55 3.85 0.146 0.057 6.86 

CRP Aggression~Base+AUCI 1804.68 3.98 0.137 0.053 7.31 

CRP Aggression~Max+AUCI 1804.87 4.17 0.124 0.049 8.06 

CRP 

Aggression~Base+Max+AUCI 

1806.36 5.66 0.059 0.023 16.96 
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Table X: Predicting CRP values for Gardening between the nest intruder, first novel 

object, and social stimulus tests (N = 222). 

Model AICc ∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only 1957.26 0 1 0.365 1 

CRP Garden~Base 1958.83 1.57 0.456 0.167 2.19 

CRP Garden~AUCI 1959.28 2.02 0.365 0.133 2.74 

CRP Garden~Max 1959.42 2.15 0.341 0.124 2.93 

CRP Garden~Base+AUCI 1960.62 3.35 0.187 0.068 5.35 

CRP Garden~Base+Max 1960.84 3.58 0.167 0.061 5.98 

CRP Garden~Max+ AUCI 1960.96 3.69 0.158 0.058 6.34 

CRP 

Garden~Base+Max+AUCI 

1962.72 5.45 0.065 0.024 15.27 

 

Table XI: Predicting CRP values for Shaking between the nest intruder, first novel object, 

and social stimulus tests (N = 222). 

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only 1879.18 0 1 0.248 1 

CRP Shaking~AUCI 1879.83 0.65 0.723 0.180 1.38 

CRP Shaking~Base 1880.14 0.95 0.620 0.154 1.61 

CRP Shaking~Max 1880.93 1.75 0.417 0.104 2.40 

CRP Shaking~Max+AUCI 1881.09 1.90 0.386 0.096 2.59 

CRP 

Shaking~Base+Max+AUCI 

1881.35 2.16 0.339 0.084 2.95 

CRP Shaking~Base+AUCI 1881.41 2.23 0.328 0.081 3.05 

CRP Shaking~Base+Max 1882.29 3.11 0.211 0.052 4.73 
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Table XII: Predicting CRP values for Aggression between the nest intruder, first novel 

object, and social stimulus tests (N = 222). 

 

 

 

 

  

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null: intercept only 1884.12 0.00 1 0.386 1 

CRP Aggression~AUCI  1886.02 1.90 0.387 0.149 2.59 

CRP Aggression~Base  1886.03 1.91 0.385 0.149 2.60 

CRP Aggression~Max 1886.21 2.08 0.353 0.136 2.83 

CRP Aggression~Max+AUCI 1888.05 3.93 0.140 0.054 7.13 

CRP Aggression~Base+AUCI 1888.06 3.94 0.139 0.054 7.17 

CRP Aggression~Base+Max  1888.20 4.08 0.130 0.050 7.69 

CRP 

Aggression~Base+Max+AUCI 

1889.86 5.74 0.057 0.022 17.65 
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ABSTRACT 

Endocrine-modulated adjustments of phenotype during development can allow animals to 

optimize behavior and physiology, if early-life experiences forecast future adult 

conditions.  Such hormonal organizational effects may be important tools for maximizing 

fitness, but little is known of their importance in wholly wild, free-living animals, 

especially beyond one year of age.  We tested the hypothesis that natural androgen- and 

glucocorticoid-associated early-life experiences tune behavior and physiology to the 

anticipated adult environment, in wild Nazca boobies (Sula granti) after 5-9 years of free-

living.  Specifically, we investigated the effects of maltreatment by adults (transient 

stressor), growth rate (chronic stressor), and siblicide (transient surges in post-hatching 

androgens) on the corticosterone (CORT) stress response, personality traits, and 

behavioral plasticity.  We found mixed support for our hypotheses.  Maltreatment was 

not associated with any change in height of the stress response (counter to prediction), 

but was associated with depressed baseline [CORT] and more anxiety-related behavior 

(as predicted);  birds with slow growth exhibited elevated baseline [CORT] (as 

predicted), but no effect on height of the stress response or aggressive behavior (counter 

to prediction), and mixed results for anxiety-related behaviors; we expected no adaptive 

organizational effects due to siblicide, but found it to be associated with less anxiety-

related behaviors in social contexts, a faster stress response and elevated baseline 

[CORT] (all possibly epiphenomena), with no effect on aggression.  This is the first 

demonstration of long-term organizational effects of multiple natural early-life 

experiences on the scale of years in the wild.  Although the effect sizes of all early-life 

experiences on personality and stress physiology were small, our results regarding 
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maltreatment provide striking support for trends observed in mammalian models and 

humans.   

 

KEYWORDS: Organizational effects, maltreatment, growth rate, siblicide, clutch size, 

corticosterone, androgens, stress  
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INTRODUCTION 

 Experiences early in an animal’s life can have important and persistent effects on 

the phenotype, even into adulthood, via organization of the central nervous system [1].  

These organizational effects link, for example, exposure to steroid hormones as an 

embryo to behavioral and physiological masculinization and feminization [2], and a 

mother’s rate of licking and grooming of pups to those pups’ own maternal behavior and 

memory as adults [3].  A variety of organizational effects have been revealed by studies 

of captive animals in static environments [e.g., 3–9], providing significant momentum to 

this field.  However, we know little about the persistence of organizational effects in wild 

animals in their natural, heterogeneous environments, especially over periods of life 

experience (i.e., noise) of more than one year [11]. 

 Organizational effects may be targets of natural selection, exploiting plasticity 

during development to match phenotypes to the anticipated adult environment [12–14]; if 

so, the nature of early-life stressors should influence observed organizational effects [15].  

A stable, favorable environment imposes mild early-life stress, and generally promotes 

less anxiety-like behaviors and a blunted stress response [16], more maternal behavior 

and aggression toward intruders [15], and more play behavior [17] in adults.  In contrast, 

moderate or severe early-life stressors should forecast difficult conditions, favoring 

canalization of the phenotype to manage unstable or poor environments, with more 

investment in self and not offspring in iteroparous animals [18], more anxiety-like 

behavior (probably lowering risk-taking behavior [19]), impaired maternal behavior and 

less aggression toward intruders [15,20], depressed baseline glucocorticoid concentration 

[20] (perhaps due to increased high affinity glucocorticoid receptors [13]), and 
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hypersensitivity to stressors, exhibited by an elevated and protracted stress response 

[11,21–23].   Some organizational effects are enigmatic and not known to be adaptations; 

in one prominent example, the stress response of abused children predisposes them to the 

same abusive behavior as adults in a “cycle of violence” [24–27]. 

Early-life stressors differ not only in intensity but also in duration and appropriate 

behavioral response.  Food restriction represents a longer-term stressor than do transient 

stressors such as predation threat or severe weather.  The expected behavioral response to 

nutritional stress (e.g., mobilizing energy to facilitate higher begging rate [28] or food-

seeking activity [29] and monopolizing food through sibling aggression [30]) also differs 

from that of most transient stressors (e.g., freeze response during predation threat [31]).  

Such context-specificity in behavioral and physiological responses probably explains 

why early-life food restriction causes different long-term effects than those from acute, 

transient stressors.  Nutritional stress during development may signal a highly 

competitive future adult environment; hence, we expect and observe more aggression as 

an adult due to chronic food-restriction when young [32] and the reverse after early 

moderate/severe transient (often social) stressors [15,20].  Early nutritional stress also 

leads to an elevated baseline circulating glucocorticoid concentration in adults [33–35] 

(perhaps in preparation for challenging adult environments [34], which may be amplified 

by developmental  deficits induced by the poor nutrition itself [36,37]), in contrast to the 

depressed baseline glucocorticoid concentration in those that experienced  acute stressors 

when young [20].  Both types of early-life stressor are associated with elevated stress-

induced circulating glucocorticoid concentration later as an adult [11,22], an 

organizational effect that prepares nutritionally-stressed young animals for a poor quality, 
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challenging environment and acutely stressed young animals for unpredictable 

environments.  

Long-term organizational effects due to variations in embryonic or postnatal 

androgens are less well-known, apart from their effects on masculinization/feminization.  

During embryonic development, androgens can decrease the stress response and increase 

boldness in Japanese quail chicks (Coturnix japonica) [38], and enhance growth in black-

headed gull nestlings (Larus ridibundus) [39].  In contrast, high post-natal T decreases 

growth in the same gull species [40].  In birds, concentrations of circulating 

corticosterone ([CORT]) and androgens like testosterone ([T]) are sometimes associated 

with sibling aggression and begging [19,28,41–44] , although not always [45] (perhaps 

due to negative effects on growth [46] and immune function [47] of high circulating [T]).  

If early-life experiences accurately forecast future conditions, we would expect high 

postnatal [T] associated with sibling competition [44] to indicate a resource-poor 

environment [48] for most animals, favoring organizational effects similar to those of 

food-restriction: more aggression [19,49], less anxiety-like behavior (to promote risk-

taking), and elevated baseline [33–35] and stress-induced circulating glucocorticoid 

concentration [11,22].  While some results are consistent with the behavioral aspects of 

this prediction [7,49] others are not [10,50].  Variation in adult condition or life-history 

may explain these differences: for instance, aggression in competitive environments is 

not adaptive for low-quality individuals [51].  

 



 

 

163 

 

Study System 

Here, we investigate effects of three types of early-life experiences associated 

with dynamics of [CORT] or [T] in Nazca boobies (Sula granti), over a much longer 

period than has been attempted in other studies of wild animals (at least five years 

between their nestling experiences and assay as a breeding adult).  Nazca boobies 

(seabirds with highly altricial young [52]) provide a valuable opportunity to investigate a 

palette of organizational effects in a free-living, wild species.  On the social side, 

nestlings exhibit both variability in androgen exposure associated with lethal fights 

between nest-mates and variability in stress response associated with maltreatment by 

adults, a type of early-life stressor that can usually be investigated only in humans or 

captive mammals [53].  They also vary substantially in nutritional stress, as is typical of 

pelagic seabirds [54,55], and are highly natally philopatric [56], thus the nestling 

geographical environment is the adult geographical environment. 

 Non-breeding adult Nazca boobies have an intense social interest in unguarded 

young and interact with them in affiliative, aggressive, and sexual manners in events 

lasting several minutes to several hours [57].  Interactions with these Non-parental Adult 

Visitors (NAVs) induce a strong, transient surge in circulating corticosterone 

concentration ([CORT], the primary avian glucocorticoid), but no change in baseline 

[CORT], and chicks are vulnerable from 30-80 days post-hatching [57,58].  Thus, 

maltreatment is an acute stressor.  An adult’s NAV behavior is predicted by its 

maltreatment experience years earlier, providing evidence of behavioral organizational 

effects underlying the “cycle of violence” in this species [59]. 
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 Poorly-fed Nazca booby nestlings grow slowly and have a long nestling period 

[54].  Compared to NAV victimization, nutritional deficit represents a longer-term 

stressor for Nazca booby nestlings.  Nutritional restriction during development typically 

elevates circulating glucocorticoids in nest-bound chicks, including seabirds [55,59].  

Although food restriction is often stochastic throughout nestling growth, periods of 

restriction typically last for at least several days in Nazca boobies [41, p. 356] and are 

often chronic, in contrast to several minutes of acute stress due to NAV victimization 

[58].   

Nazca boobies raise only one offspring per year, but often produce a second 

“insurance” egg that counters very poor hatching success [62].  Fights to the death 

(“obligate siblicide”) among neonates reduce brood size adaptively in the approximately 

1/3 of broods hatching two eggs [63,64], involving dramatic transient up-regulation of 

circulating [T] in siblicidal nestlings shortly after hatching [43].  In most birds the degree 

of sibling competition provides information about food availability; in contrast, obligate 

siblicide in Nazca boobies occurs just after hatching regardless of food availability.  If a 

nestling’s siblicide experience does not forecast its future environment, then no adaptive 

organizational effect for sibling competition seems likely.  Nonetheless, siblicide 

experience (like maltreatment) is apparently capable of organizing later maltreatment of 

other young [59], and epiphenomenal organizational effects of acute perinatal exposure to 

androgens during siblicide [59,65] cannot be excluded. 
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Hypotheses 

If early-life experiences prepare animals for their adult environment, 

moderate/severe early-life stressors should prepare an animal for an unpredictable or 

stressful future environment.  Thus we expect adults that experienced a higher frequency 

of NAV victimization as a nestling to exhibit increased anxiety-related behaviors [15,20] 

(to decrease risk-taking [19]), decreased aggression, and decreased baseline [CORT] 

[15,20], and a hypersensitivity to stressors indicated by elevated stress-induced [CORT] 

[21,22] and a more rapid stress response (thus, a larger “Area Under the CORT Curve”, 

AUCI).  In contrast, we expect nutritional stress to signal competitive but unstable food 

conditions.  Hence, we predict that adults with long development periods will  exhibit 

decreased anxiety-related behaviors (increased risk-taking), increased aggressive 

behaviors [32], and elevated baseline [CORT] [11], but elevated stress-induced [CORT] 

[11], and a more rapid stress response (thus, a larger AUCI) in preparation for unstable 

environmental conditions.  Post-hatching androgens in Nazca boobies provide little or no 

information regarding future adult conditions; thus, we expect no organizational effects 

due to siblicide (accompanied by an up-regulation of [T] [43]), although epiphenomena 

due to T up-regulation is possible. 

 

METHODS 

All research reported here was permitted under the regulations of the Wake Forest 

University Institutional Animal Care and Use Committee and the Galápagos National 

Park Service, and adheres to NIH standards for animal use in research. 
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Study Animals 

 The Nazca booby is an excellent species for the study of organizational effects, 

because it has been the subject of recent work on nestling stress response [58], 

personality [66], and coping styles [67].  Nazca boobies tolerate the proximity of humans 

at our long-term study site on Isla Española, Galápagos Islands (1°23.4' S, 89°37.2'W) 

[54], permitting easy observation and capture.  Adults are identified by permanent 

numbered metal leg bands.  Nazca boobies spend their juvenile years at sea, returning to 

the breeding colony on average 4-5 years after fledging [68], and can live to at least 26 

years (unpublished  data).  Like most pelagic seabirds, Nazca boobies spend 

approximately half of the year at sea, but return to land during the breeding season (Oct.-

June).  Thus, all blood sampling and personality tests occurred during the breeding 

season, and breeding state (current or not current breeder) was controlled statistically (see 

Statistical analyses: Data transformations and corrections).  Nazca boobies exhibit bi-

parental incubation and postnatal care of their altricial offspring [30,54], and are socially 

and genetically monogamous within a breeding attempt [69,70]. 

 All birds used in this study were monitored as nestlings as part of our ongoing 

demographic study of this population.  Number of eggs laid, hatch date of each egg, the 

identity of the surviving chick if more than one egg hatched, and date of reaching 1% 

down were recorded for all birds in this study.  Age at reaching 1% down is a proxy for 

duration of growth, occurring within 3 d. of reaching this plumage state [68].  A longer 

nestling growth period is associated with lower weight throughout a nestling’s 

development period, indicating chronic food stress [54].  Characteristics of NAV 

interactions are known for all nestlings in this study from systematic monitoring during 
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three breeding seasons (2000-2001, 2001-2002, and 2002-2003; complete methods are 

reported in [35]).  In brief, nests within a subsection of the colony were patrolled by one 

or two observers from 1300 h. to 1700 h., when the majority of NAV interactions occur 

[57], from Jan.-Mar., when nestlings are in the age range of NAV vulnerability (30-80d, 

[57]).  Unique color bands on NAVs, their distinctive behavior when approaching 

nestlings, the indifference of Nazca boobies at this site to human presence, and the open 

terrain of the colony allowed easy observation and accurate separation of parent-offspring 

from NAV-victim interactions, and meant that nestling histories as victims of NAVs were 

essentially comprehensive [59].   

 

Personality Tests 

 We located adult birds with known nestling histories, including NAV 

victimization, 5-9 years later, and performed a series of behavioral tests during the 

breeding seasons between Nov. 2008 and Jan. 2012.  (See [66] for full details of these 

methods.)  In brief, four tests were given to each of 58 incubating adults at the bird’s nest 

site: a nest intruder, two novel object tests, and a simulated social stimulus (mirror).  

Because the second novel object test immediately preceded the social stimulus, possibly 

violating the statistical assumption of independence, these tests were not combined in 

analyses.  We focused on incubating individuals because they remain in place at their 

nest sites throughout tests and were relatively standardized in other respects (reproductive 

and behavioral history immediately preceding testing).   

 Previous research using these tests revealed a personality syndrome for Nazca 

boobies consisting of three behaviors expressed in social and non-social contexts: 
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“Gardening” and “Shaking” (anxiety- or agitation-related behaviors, Table 1), which co-

varied positively, and Aggression, which had a slight negative covariance with both 

Gardening and Shaking [66].  Behaviors and contextual plasticity (Coefficient of Relative 

Plasticity = individual variation/population variation [71]) in behaviors were repeatable 

across weeks and years (always during incubation), and contextual plasticity in behaviors 

was positively correlated with the elevation of response for those behaviors [66]. (Full 

details regarding Nazca booby personality are provided in [66].) 

 

[CORT] stress response 

  In March of 2009, 2010, and 2012 we conducted standardized capture-restraint 

tests [67] on 59 birds with known NAV victimization and nestling histories.  We sampled 

blood by brachial and medial metatarsal venipuncture between 0230 h. and 0600 h., when 

circulating blood [CORT] is least affected by external stimuli [72], and when air 

temperature is minimized to prevent thermal stress in birds.  (See [67] for detailed 

description of these methods.)  In brief, the first blood sample of 1 cm.
3
 (baseline) from 

each bird was taken within 3 min. of initial disturbance; then the bird was placed in a 

commodious cage and three successive samples of 400 μl were taken at 10, 25, and 40 

min. after caging (all within 3 min. of approach to the cage), with unheparanized syringes 

and capillary tubes.  At this point in the season most breeding is at mid-chick rearing 

stage; birds that were actively incubating chicks or eggs were not tested.   
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Assay Characteristics 

 Serum was allowed to clot and then separated from the cellular fraction by 

centrifugation at 6000 rpm for 5 min. within 4 hrs. of collection.  In 2009, serum was 

preserved in 95% ethanol [73] and maintained at ambient temperature in the field and lab 

until analysis.  In 2010 and 2012, serum was frozen in a liquid nitrogen cryoshipper and 

later maintained at -80°C in the lab until analysis. 

 Total [CORT] (bound and unbound) was measured by quantitative competitive 

enzyme immunoassay (Enzo Life Sciences/Assay Designs, Cat. No. ADI-901-097), 

validated for use with Nazca booby serum for accuracy, precision, cross reactivity, and 

parallelism in measurements [58].  For samples collected in 2009, CORT was extracted 

from ethanol by dichloromethane double extraction.  Efficiency of extraction and enzyme 

immunoassay averaged 82.5%, using the supplied CORT standard diluted to 1600 pg/ml 

in stripped chicken serum and ethanol (X ± SD  = 82.5% ± 19.8, N = 7; [58]).  Serum 

samples from 2010 and 2012 were not extracted and serum was used directly in the 

enzyme immunoassay.  For these samples, efficiency of immunoassay averaged 100% 

(SD = 6.6, N = 23; [67]).  For all years, the immunoassay detection limit was 26.99 pg/ml 

and intra- and inter-assay coefficients of variation were 6.6% and 7.8%, respectively.  

Because the primary antibody in the assay did not cross-react to a significant degree with 

other circulating steroids, all measures are called “CORT” measurements.  
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Statistical Analyses 

Calculation of circulating CORT stress response parameters 

 Baseline [CORT] was estimated from the first sample of a capture-restraint test, 

obtained within 3 min. of initial disturbance.  Maximum [CORT] was the highest 

[CORT] of the four samples in a test.  Area under the [CORT] curve with respect to 

increase (AUCI) was calculated by subtracting baseline [CORT] from each subsequent 

[CORT] measurement (y-values), and summing the area of the three resulting trapezoids 

[74]; thus AUCI evaluates the shape and elevation of the [CORT] curve without 

confounding by variation in baseline [CORT] and total maximum [CORT], which we 

evaluated separately.  Time to maximum [CORT] was the sample period in which 

[CORT] was within 10ng/ml of maximum [CORT] for each bird.  This was a binary 

variable categorized as “before 40 min.” (dummy coded as “0”) or “at 40 min.” (dummy 

coded as “1”), because nearly all birds reached maximum [CORT] at either 25 min. or 40 

min. (when the last blood sample was collected).  Baseline [CORT] exhibits low 

repeatability between years in adult Nazca boobies, while maximum [CORT] and area 

under the CORT curve with respect to increase (AUCI) are moderately repeatable [67]. 

 

Data transformations and corrections 

 We first corrected [CORT] for differences in assay efficiency by multiplying each 

concentration by the difference between 100% and the average efficiency of extraction 

and assay, or assay alone if no extraction was conducted, plus 100%.  These corrected 

values were then log-transformed and z-scored within year.  Z-scores were corrected for 

breeding status (current non-breeder, current breeder), sex, sampling date, and mass of 
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the individual by saving the residuals of General Linear Mixed Models (GLMM) using 

the R package lme4 [75] (see [67] for details of these methods).   

 Initial examination of behavioral data suggested that behavior counts were not 

normally distributed; thus, each behavior’s counts were square-root-transformed after 

adding one (to avoid discontinuous transformation of counts between 0 and 1 and counts 

above 1; [76]), giving an approximately normal distribution, then z-scored within test to 

prevent weighting results toward tests that resulted in high mean activity.  Z-scores were 

corrected for year, sex, morning or afternoon sampling group, and their interactions by 

saving the residuals from a factorial analysis of variance (see [66] for details of these 

methods).     

 

Early experiences and adult [CORT] stress response and personality 

 To evaluate the effect of early-life experiences on the [CORT] stress response, we 

generated a series of General Linear Models (lme4 package in R, [75]) to predict baseline 

[CORT], maximum [CORT], and AUCI.  Predictors included total NAV events 

experienced as a nestling (“NAV Victimization”: affiliative, aggressive, and sexual 

events combined), time from hatching to 1% down (“Growth Rate ” [54,68]), and 

siblicide experience (“Siblicide”) and their interactions.  For “Siblicide”, siblicidal birds 

were dummy coded as “2” (two-egg clutch in which both hatched and the first-hatched 

chick survived; two cases in which only the second-hatched chick survived were 

excluded), and not siblicidal birds were dummy coded as “1” (one-egg clutch or a two-

egg clutch in which only one egg hatched).  Our sample size could not support a fully 

saturated model, allowing all three predictors to interact (K = 9, N = 59, less than 10 
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samples per parameter [77]), or models in which two parameters interacted and the third 

had an additive effect, but all other models were included, resulting in 11 models 

predicting each outcome variable.  Multicollinearity was not an issue because predictors 

were not significantly correlated with each other (Siblicide and Growth Rate: r = 0.08, p 

= 0.54; Siblicide and NAV Victimization: r = -0.18, p = 0.18; NAV Victimization and 

Growth Rate: r = -0.02, p = 0.85). 

 To estimate the effect of early-life experiences on personality, we used structural 

equation modelling (SEM) to generate the latent variables “Gardening”, “Shaking”, and 

“Aggression”, which were manifested by the behaviors (transformed and corrected as 

described above) performed in the nest intruder, first novel object, and second novel 

object tests.  Latent variable scores were saved and used in subsequent analyses.  The 

social stimulus test was the only test to assay reaction to a conspecific, and behaviors in 

this test did not co-vary strongly with behaviors in other tests (see [66]).  We analyzed 

behaviors from the social stimulus test separately (not as latent variable scores), 

following transformation and correction as described above, and termed them “Social 

Gardening”, “Social Shaking”, and “Social Aggression” [67].  Contextual plasticity was 

calculated using CRP values (see Personality Tests; [71]) for each bird’s Gardening, 

Shaking, and Aggression scores across the nest intruder, first novel object test, and social 

stimulus test.  In parallel with analysis of CORT parameters, behavioral scores and CRP 

values were each predicted by a set of General Linear Models (lme4 package in R, [75]) 

as described above with the predictors NAV Victimization, Growth Rate, and Siblicide.  

A null (intercept only) model was included in all model sets. 
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 Models were evaluated in an information theoretic framework, using Akaike’s 

Information Criterion corrected for small sample size (AICc), where AICc = 

N*log(RSS/N) + (2K(K+1))/(N-K-1) + 2K; N is the sample size, RSS is the residual sums 

of squares for the model, and K is the number of parameters, including error [78].  Thus, 

AICc balances variance explained and complexity of a model [78].  A null model 

(intercept only) was included in all model sets.  Top models were those within the 

confidence set that represented > 95% of the total model weight (95% confidence set) 

[79].  Coefficients and corresponding 95% confidence intervals were determined by 

model-averaging top models [79].  Relative importance was calculated for each predictor 

by summing the weights of the models for which they are predictors, using model sets in 

which all predictors were equally represented [79].  In some cases only one top model 

was found, with all other models increasing AICc by approximately 2 for each predictor 

added, indicating that these predictors  are “pretend” variables that do not increase 

information explained [79].  In these cases, only the top model is presented. 

 

RESULTS 

For eight of the 13 personality traits and stress parameters, the 95% confidence set 

comprised five-nine predictive models, including the null model (although the null was 

usually not the top model).  For all predictors, 95% confidence intervals (95% CIs) of 

their associated coefficients (betas) included zero, indicating that, although their effect 

was meaningful, a large amount of variation remained unexplained by our predictors 

(Fig. 1).  All birds were completely wild and free-living and personality traits and CORT 

parameters were observed 5-9 years following the events our predictors described; thus, 
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high variance was expected and we view the detection of small signals as important.  The 

null model was the sole top model in only five cases, indicating that NAV Victimization, 

Growth Rate, and Siblicide did not explain variance in these outcome variables: 

maximum [CORT], latent variable scores for Gardening and Aggression in the nest 

intruder and novel object tests, Aggression during the social stimulus test, and plasticity 

in Aggression.   

 In overview, the model rankings show that birds with a higher rate of NAV 

victimization as nestlings had lower baseline [CORT], performed more anxiety-related 

behavior in social and non-social settings, as predicted, and had higher plasticity in 

gardening and shaking behaviors. For growth rate, birds with slow growth had elevated 

baseline [CORT] and a slower stress response, as predicted, but showed no effect on 

magnitude of the stress response or aggressive behavior, and mixed results for anxiety-

related behaviors, counter to our prediction.  Siblicide experience did organize 

physiology and behavior, counter to our prediction: siblicidal nestlings became adults 

with a larger AUCI, and performed less anxiety-related behavior (Gardening and 

Shaking) in a social setting than did non-siblicidal birds.   

 

Effects of NAV Victimization (transient CORT response) 

NAV Victimization had the highest relative importance, and was the top model, in 

predicting baseline [CORT] (Fig. 2A).  As predicted, a higher rate of NAV Victimization 

was associated with lower baseline [CORT] and a slightly shorter time to maximum 

[CORT] (Fig. 1A).  For personality traits, NAV Victimization had the highest relative 

importance of the three predictors in predicting latent variable scores for shaking in non-
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social and social contexts (in which NAV Victimization alone was also the top model; 

Supplementary Material).  NAV Victimization had the second highest relative 

importance of the three predictors for Social Gardening (Fig. 2B).  As predicted, birds 

with more NAV Victimization exhibited more anxiety-related behavior (Social 

Gardening and Social and non-Social Shaking) as adults.  This effect on non-social 

Shaking was slightly weaker if coupled with a slow Growth Rate (interaction term 

model-averaged beta ± 95% CI = -0.0002 ± 0.022, N = 58).  NAV Victimization 

consistently increased plasticity in Gardening and Shaking (Fig. 1A), and was the 

predictor with the highest relative importance for plasticity in Shaking (Fig. 2C).   

 

Effects of Growth Rate (chronic CORT response) 

For [CORT parameters], as predicted, baseline [CORT] was elevated in birds with 

a slow growth rate (Fig. 1B).  Counter to our prediction, a slower Growth Rate was 

associated with a slower stress response (for which it was the predictor with the highest 

relative importance, Fig. 2A) and a slightly smaller AUCI (Fig. 1B).  For personality 

traits, our predictions were largely unsupported.  Slower Growth Rate was weakly 

associated with more Shaking in both non-social and social contexts (counter to 

prediction).  However, slower growth was associated with slightly less Gardening (as 

predicted).  A slower Growth Rate also usually decreased plasticity in Shaking and 

increased plasticity in Gardening (Fig. 1B).   

 



 

 

176 

 

Effects of Siblicide (post-hatching androgen surges) 

For stress response parameters, Siblicide had the highest relative importance in 

predicting only AUCI (Fig. 2A).  Birds that had been siblicidal as nestlings exhibited a 

larger AUCI (Fig. 1C).  Siblicide had the lowest relative importance of the three 

predictors for baseline [CORT] and time to reach maximum [CORT] (Fig. 2B), with 

siblicidal birds having a higher baseline [CORT] and a very slightly slower time to reach 

maximum [CORT] (Fig. 1C).  The model including an interaction between Siblicide and 

Growth Rate as a predictor explained more variation in baseline [CORT] than did models 

with either predictor alone (Supplementary Material).  In this model both slower growth 

and siblicide experience resulted in higher baseline [CORT], but this effect was slightly 

weaker when birds were both siblicidal and had slow Growth Rate (interaction term 

model-averaged beta ± 95% CI = -0.008 ± 0.045, N = 59). 

For personality traits, Siblicide had the highest relative importance of the three 

predictors, and was the top model, in predicting Social Gardening (Fig. 2B); siblicidal 

nestlings showed less Social Gardening as adults than did birds that were not siblicidal as 

nestlings.  Siblicidal birds showed slightly less Social Shaking as adults than non-

siblicidal birds did, but more Shaking in non-social contexts.  Siblicidal birds also 

exhibited higher plasticity in Gardening and lower plasticity in Shaking (Fig. 1C). 

 

DISCUSSION 

Long-term organizational effects of natural early-life experiences have never been 

demonstrated over the scale of years in the wild, and rarely in the laboratory.  We 

detected effects due to early-life experiences on adult stress physiology and behavior 
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after more than five years in free-living adults, and this study is among the first to detect 

organization of contextual plasticity in behavior.  The three experiences we examined 

included both social and non-social stressors experienced across relatively short and 

chronic timescales, respectively, during development, and lethal sibling aggression that is 

accompanied by dramatic up-regulation of testosterone.  All three were relatively 

important in predicting CORT stress physiology, while siblicide experience and 

maltreatment as a nestling were more important than nutritional stress in predicting 

anxiety-related traits.  In contrast, nestling nutritional stress and maltreatment were more 

important than siblicide experience in predicting plasticity in anxiety-related behaviors 

between social and non-social contexts.  None of the three aspects of a nestling’s history 

predicted later aggressive behavior as an adult.  Aggression is a stable individual 

personality trait (repeatable across 2-3 years [66]), but may be subject more of 

positive/negative feedback (e.g., “winner-loser effect”) that could reduce the impact of 

early-life experiences [12]. 

 Our results provide strong support for our hypotheses regarding early-life 

maltreatment, but mixed support for hypotheses regarding nutritional stress, and evidence 

of organizational effects due to sibling aggression despite this experience apparently 

providing little information regarding adult conditions in our species.  Our results for 

NAV Victimization generally supported our predictions: maltreatment was linked to 

decreased baseline [CORT], an altered stress response and increased anxiety-related 

behaviors in adults.  For Growth Rate, we found support for the prediction that slower 

growth as a nestling causes elevated baseline [CORT] as an adult, although our 

behavioral data did not support our predictions.  In all cases the effect size (beta) of each 
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predictor was small, which was expected given that we were evaluating effects of 

nestling experiences (perhaps lasting only minutes or hours) on wholly wild animals after 

5-9 years of life experience.   

 

Effects of NAV Victimization (transient CORT response) 

Two general models exist to explain the adaptive function of organizational 

effects due to (mainly transient) early life stressors that induce a hypothalamic-pituitary-

adrenal (HPA) axis response: “inoculation” and “adaptive tuning” [12].  The inoculation 

model predicts an inverted-U shape response to perinatal stress, in which moderate stress 

“inoculates” individuals to future stress, while both low and high stress have detrimental 

downstream effects (due to failure of inoculation and impairment of the stress response, 

respectively) [12].  In contrast, the adaptive tuning model views these “detrimental” 

downstream effects as adaptive preparation for the probable future environment [12].  

Both models predict moderate/severe early-life stressors to lead to more anxiety-related 

behaviors (risk-aversion), less aggression, depressed baseline [CORT] [15,20], and 

hypersensitivity of the HPA axis, indicated by elevated stress-induced [CORT] [21,22] 

and a more rapid stress response (thus, a larger AUCI).   

NAV Victimization dramatically increases circulating [CORT] during 

maltreatment episodes, and [CORT] can remain elevated until at least the following 

morning [58]; thus, NAV Victimization represents a moderate/severe early-life stressor.  

We found that NAV Victimization negatively predicted baseline [CORT] and time to 

reach maximum [CORT] indicating a more rapid stress response, supporting part of the 

stress-component of our hypothesis.  In contrast to our predictions, more NAV 
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Victimization had a slightly negative effect on AUCI and did not reduce the elevation of 

the stress response (maximum [CORT]).  However, [CORT] began falling in only 20% of 

Nazca boobies during standardized capture-restraint tests [67], indicating that we may 

have been unable to capture the absolute maximum [CORT] for some of these birds.   

Behaviorally, we found support for our hypothesis that anxiety-related behaviors would 

increase with NAV Victimization as a nestling, both in a social and non-social context.  

NAV Victimization was also positively related to contextual plasticity in both Gardening 

and Shaking behaviors.  We have found previously that rates of Gardening and Shaking 

performance are positively correlated with contextual plasticity in these behaviors [66], 

and that may account for this result, or higher plasticity may be adaptive following 

maltreatment in preparation for unpredictable adult conditions. 

 

Effects of slow Growth Rate (chronic CORT response) 

For altricial birds, nutritional stress early in life is usually best reacted to with 

increased begging to stimulate parental food delivery (facilitated by an increase in 

circulating [CORT]) [28], and increased sibling aggression/competitiveness [30] and 

other food-seeking behavior.  Food deprivation as a nestling thus represents a very 

different stressor than maltreatment by adults, or other transient acute stressors, such as 

predation threats.  If nutritional stress forecasts competitive but unstable future food 

conditions, we expected birds with slow growth (nutritionally-stressed as nestlings) to 

exhibit decreased anxiety-related behavior (increased risk-taking), more aggressive 

behavior [32], elevated baseline [CORT] [11], but elevated stress-induced [CORT] [11], 

and a more rapid stress response (thus, a larger AUCI) in preparation for unstable 
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conditions [11].  Our data provided some support for the endocrine aspect of our 

hypothesis, but little support for the behavioral aspects.  As predicted, birds with slow 

growth exhibited elevated baseline [CORT], but not the predicted elevated or accelerated 

stress response.  Birds that had experienced slow growth exhibited a slower stress 

response, and we may not have captured the highest [CORT] for these birds if the peak 

occurred after our final sample.  Behaviorally, Growth Rate had no relationship to 

Aggression, providing no support for our prediction, but birds with a slower Growth Rate 

did exhibit less Gardening (one anxiety-related trait), as predicted.  However, our data for 

Shaking, the second anxiety-related trait, contradict this: birds with slower growth 

exhibited more Shaking.  

Other studies of birds have found support for these predictions: nutritional 

restriction during development is associated with more aggressive and bold personality 

types in great tits [32], and elevated baseline [CORT] in adult western scrub-jays 

(Aphelocoma californica) [11].  Differences between experimental and wild studies, or in 

the subjects’ life-histories, may explain these conflicting results.  In our study food 

restriction was completely natural and occurred along a continuum, with stochastic 

changes in food delivery by parents, as opposed to the constant food restriction imposed 

experimentally on great tits and western scrub-jays [11,32].  Both great tits and scrub-

jays must also compete with siblings for food, while Nazca booby nestlings compete for 

existence itself, but only momentarily, suggesting that extended sibling competition may 

be the primary cue of behavioral canalization and not food restriction itself, as appears to 

be the case for great tits [32].   
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Early life experiences may also interact to produce different phenotypes.  For 

example, although both slow Growth Rate and Siblicide positively predicted baseline 

[CORT], this effect was weaker when a bird experienced both slow growth and siblicide 

as a nestling.  Testosterone and CORT are known to interact; for example, although both 

T and CORT can be immuno-suppressive [29,47], high levels of both T and [CORT] can 

be immuno-enhancing [80].  Thus, increased circulating [CORT] induced by slow growth 

rate and surges in post-hatching [T] may interact to reduce the effect of both experiences 

on baseline [CORT], perhaps indirectly through immune function.  

 

Effects of Siblicide (post-hatching androgen surges) 

Because siblicide is obligate in Nazca boobies, it should be a poor predictor of 

future adult conditions.  Thus, we predicted no organizational effects due to siblicide if 

selection favors canalization of the phenotype only when early-life experiences 

accurately predict future adult conditions [12].  Contrary to this expectation, we found 

that siblicide experience was relatively important in predicting stress physiology and 

anxiety-related traits: siblicidal aggression was associated with higher baseline [CORT], 

slightly larger AUCI, a very slightly faster stress response, and less anxiety-related 

behavior in a social context.   

These organizational effects could be epiphenomena due to pleiotropic 

interactions [81], “accidental” canalization due to responsiveness to a different 

testosterone-related experience which may predict future conditions, or be 

phylogenetically conserved with little selection against the mild canalization we 

observed.  Close relatives of the Nazca booby include the blue-footed booby (Sula 
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nebouxii), which exhibits facultative siblicide when food is scarce [48], and it is probable 

that obligate siblicide evolved from facultative or non-siblicidal ancestors in this family 

[82].  Apart from obligate siblicide, sibling aggression should indicate harsh food 

conditions that may be indicative of the adult environment, and sibling aggression could 

be a useful cue for phenotypic tuning.  Siblicidal organizational effects in Nazca boobies 

may be an evolutionary relic under little or no selection.  If so, we should see similar 

effects to those of nutritional restriction: more aggression [19,49], less anxiety-like 

behavior (to promote risk-taking), and elevated baseline [33–35] and stress-induced 

circulating glucocorticoid concentration [11,22].  We found some support for the 

predictions of siblicidal organizational effects as evolutionary relics: siblicidal birds 

performed less anxiety-related behavior only in a social context, had higher baseline 

[CORT], a slightly larger AUCI, and a very slightly faster stress response.  We did not 

detect organization of aggressive behaviors, in accord with results from some species, 

including blue-footed boobies [19,50,83,84], but not others [19,49].  

 

Conclusions 

We detected long-term organization of physiology and behavior due to early-life 

experiences in a wild animal after a minimum of five years free-living.  We found 

evidence of early-life nutritional stress adaptively tuning physiological but not behavioral 

phenotypes, and effects due to obligate siblicide that may be epiphenomena or 

evolutionary relics, but do not appear to be currently adaptive.  Our results largely 

supported our hypotheses regarding long-term effects of NAV victimization.   
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Maltreatment by NAVs represents one of the only wild animal models of the 

cycle of violence in human child abuse, and especially sexual abuse [58,59].  Our results 

generally agree with those of mammalian models and humans: maltreatment decreased 

baseline [CORT], altered the stress response, and increased anxiety-related behaviors in 

adults [85].  In contrast to controlled laboratory experiments, the effect size of 

maltreatment on these physiological and behavioral traits was small in Nazca boobies, 

with high variance.  This could reflect an ability of birds to buffer the effects of 

maltreatment to a better extent than mammals do, or more likely,  the huge variation in 

life experiences that wild animals experience, which interact to modulate their phenotype.  

Although the effect sizes are small, the data provide striking support for the long-term 

effects of maltreatment observed in mammals, in a wholly wild and distantly related bird.  

Our results suggest that early life trauma can have long-term effects on physiological and 

behavioral phenotypes in the wild (although the effect sizes may be small), and that these 

effects may be largely conserved across avian and mammalian taxa. 

 

ACKNOWLEDGMENTS 

We thank the Galápagos National Park Service for permission to work in the Park; 

the Charles Darwin Research Station and TAME Airline for logistic support; E. 

Tompkins, A. Liang, J. Casey, A. McBride, M. Yépez, J. L. Zarabia for field work; M. 

Müller and E. Porter for detailed NAV histories; Wake Forest University for research 

funding.  This material is based upon work supported under a National Science 

Foundation Graduate Research Fellowship to JKG and National Science Foundation 

Grants DEB 98-06606, DEB 0235818, and DEB 0842199 to DJA. 



 

 

 

 

184 

 

LITERATURE CITED 

1. Viglietti-Panzica, C., Mura, E. & Panzica, G. 2007 Effects of early embryonic 

exposure to genistein on male copulatory behavior and vasotocin system of 

Japanese quail. Horm. Behav. 51, 355–363. (doi:10.1016/j.yhbeh.2006.12.003) 

2. Elizabeth Adkins-Regan 2005 Hormones and Animal Social Behavior. Princeton: 

Princeton University Press. 

3. Beery, A. K. & Francis, D. D. 2011 Adaptive significance of natural variations in 

maternal care in rats: a translational perspective. Neurosci. Biobehav. Rev. 35, 

1552–61. (doi:10.1016/j.neubiorev.2011.03.012) 

4. Meaney, M. J. 2001 Maternal care, gene expression, and the transmission of 

individual differences in stress reactivity across generations. Annu. Rev. Neurosci. 

24, 1161–1192.  

5. Maestripieri, D., Higley, J. D., Lindell, S. G., Newman, T. K., McCormack, K. M. 

& Sanchez, M. M. 2006 Early maternal rejection affects the development of 

monoaminergic systems and adult abusive parenting in rhesus macaques (Macaca 

mulatta). Behav. Neurosci. 120, 1017–1024. (doi:10.1037/0735-7044.120.5.1017) 

6. Butler, M. W., Toomey, M. B., McGraw, K. J. & Rowe, M. 2012 Ontogenetic 

immune challenges shape adult personality in mallard ducks. Proc. R. Soc. B, Biol. 

Sci. 279, 326–333. (doi:10.1098/rspb.2011.0842) 

7. Partecke, J. & Schwabl, H. 2008 Organizational effects of maternal testosterone on 

reproductive behavior of adult house sparrows. Dev. Neurobiol. 68, 1538–1548. 

(doi:10.1002/dneu.20676) 

8. Welberg, L. A. M. & Seckl, J. R. 2001 Prenatal stress, glucocorticoids and the 

programming of the brain. J. Neuroendocrinol. 13, 113–128.  

9. Groothuis, T. G. G. & Schwabl, H. 2008 Hormone-mediated maternal effects in 

birds: mechanisms matter but what do we know of them? Philos. Trans. R. Soc. 

Lond. B. Biol. Sci. 363, 1647–1661. (doi:10.1098/rstb.2007.0007) 

10. Tobler, M. & Sandell, M. I. 2007 Yolk testosterone modulates persistence of 

neophobic responses in adult zebra finches, Taeniopygia guttata. Horm. Behav. 52, 

640–645. (doi:10.1016/j.yhbeh.2007.07.016) 

11. Pravosudov, V. V & Kitaysky, A. S. 2006 Effects of nutritional restrictions during 

post-hatching development on adrenocortical function in western scrub-jays 

(Aphelocoma californica). Gen. Comp. Endocrinol. 145, 25–31. 

(doi:10.1016/j.ygcen.2005.06.011) 



 

 

 

 

185 

 

12. Sih, A. 2011 Effects of early stress on behavioral syndromes: an integrated 

adaptive perspective. Neurosci. Biobehav. Rev. 35, 1452–1465. 

(doi:10.1016/j.neubiorev.2011.03.015) 

13. Blair, C. & Raver, C. C. 2012 Child development in the context of adversity: 

experiential canalization of brain and behavior. Am. Psychol. 67, 309–18. 

(doi:10.1037/a0027493) 

14. Giudice, M. Del, Ellis, B. J. & Shirtcliff, E. A. 2011 The Adaptive Calibration 

Model of stress responsivity. Neurosci. Biobehav. Rev. 35, 1562–1592. 

(doi:10.1016/j.neubiorev.2010.11.007.The) 

15. Boccia, M. L. & Pedersen, C. A. 2001 Brief vs. long maternal separations in 

infancy: contrasting relationships with adult maternal behavior and lactation levels 

of aggression and anxiety. Psychoneuroendocrinology 26, 657–672.  

16. Durand, M., Sarrieau, A., Aguerre, S., Mormède, P. & Chaouloff, F. 1998 

Differential effects of neonatal handling on anxiety, corticosterone response to 

stress, and hippocampal glucocorticoid and serotonin (5-HT)2A receptors in Lewis 

rats. Psychoneuroendocrinology 23, 323–335.  

17. Siviy, S. M. & Harrison, K. a 2008 Effects of neonatal handling on play behavior 

and fear towards a predator odor in juvenile rats (Rattus norvegicus). J. Comp. 

Psychol. 122, 1–8. (doi:10.1037/0735-7036.122.1.1) 

18. Henry, J. P. & Wang, S. 1998 Effects of early stress on adult affiliative behavior. 

Psychoneuroendocrinology 23, 863–875.  

19. Groothuis, T. G. G., Müller, W., von Engelhardt, N., Carere, C. & Eising, C. 2005 

Maternal hormones as a tool to adjust offspring phenotype in avian species. 

Neurosci. Biobehav. Rev. 29, 329–52. (doi:10.1016/j.neubiorev.2004.12.002) 

20. Bazak, N., Kozlovsky, N., Kaplan, Z., Matar, M., Golan, H., Zohar, J., Richter-

Levin, G. & Cohen, H. 2009 Pre-pubertal stress exposure affects adult behavioral 

response in association with changes in circulating corticosterone and brain-

derived neurotrophic factor. Psychoneuroendocrinology 34, 844–858. 

(doi:10.1016/j.psyneuen.2008.12.018) 

21. Slotten, H. A., Kalinichev, M., Hagan, J. J., Marsden, C. A. & Fone, K. C. F. 2006 

Long-lasting changes in behavioural and neuroendocrine indices in the rat 

following neonatal maternal separation: gender-dependent effects. Brain Res. 

1097, 123–132. (doi:10.1016/j.brainres.2006.04.066) 

22. Liu, D., Caldji, C., Sharma, S., Plotsky, P. M. & Meaney, M. J. 2000 Influence of 

neonatal rearing conditions on stress-induced adrenocorticotropin responses and 



 

 

 

 

186 

 

norepinepherine release in the hypothalamic paraventricular nucleus. J. 

Neuroendocrinol. 12, 5–12.  

23. Spencer, K. A., Evans, N. P. & Monaghan, P. 2009 Postnatal stress in birds: a 

novel model of glucocorticoid programming of the hypothalamic-pituitary-adrenal 

axis. Endocrinology 150, 1931–1934. (doi:10.1210/en.2008-1471) 

24. Widom, C. 1989 The cycle of violence. Science (80-. ). 244, 160–166. 

(doi:10.1126/science.2704995) 

25. Teicher, M. H., Andersen, S. L., Polcari, A., Anderson, C. M., Navalta, C. P. & 

Kim, D. M. 2003 The neurobiological consequences of early stress and childhood 

maltreatment. Neurosci. Biobehav. Rev. 27, 33–44. (doi:10.1016/S0149-

7634(03)00007-1) 

26. De Bellis, M. D. 2001 Developmental traumatology: the psychobiological 

development of maltreated children and its implications for research, treatment, 

and policy. Dev. Psychopathol. 13, 539–564.  

27. Maestripieri, D. 2005 Early experience affects the intergenerational transmission 

of infant abuse in rhesus monkeys. Proc. Natl. Acad. Sci. U. S. A. 102, 9726–9729. 

(doi:10.1073/pnas.0504122102) 

28. Kitaysky, A. S., Wingfield, J. C. & Piatt, J. F. 2001 Corticosterone facilitates 

begging and affects resource allocation in the black-legged kittiwake. Behav. Ecol. 

12, 619–625.  

29. Sapolsky, R. M., Romero, L. M. & Munck, A. U. 2000 How do glucocorticoids 

influence stress responses? Integrating permissive, suppressive, stimulatory, and 

preparative actions. Endocr. Rev. 21, 55– 89.  

30. Anderson, D. J. & Ricklefs, R. E. 1992 Brood size and food provisioning in 

masked and blue-footed boobies (Sula spp.). Ecology 73, 1363–1374.  

31. Carere, C., Caramaschi, D. & Fawcett, T. W. 2010 Covariation between 

personalities and individual differences in coping with stress: converging evidence 

and hypotheses. Curr. Zool. 56, 728–740.  

32. Carere, C., Drent, P., Koolhaas, J. & Groothuis, T. 2005 Epigenetic effects on 

personality traits: early food provisioning and sibling competition. Behaviour 142, 

1329–1355. (doi:10.1163/156853905774539328) 

33. Vieau, D., Sebaai, N., Léonhardt, M., Dutriez-Casteloot, I., Molendi-Coste, O., 

Laborie, C., Breton, C., Deloof, S. & Lesage, J. 2007 HPA axis programming by 

maternal undernutrition in the male rat offspring. Psychoneuroendocrinology 32, 

S16–20. (doi:10.1016/j.psyneuen.2007.03.014) 



 

 

 

 

187 

 

34. Matthews, S. G. 2002 Early programming of the hypothalamo – pituitary – adrenal 

axis. TRENDS Endocrinol. Metab. 13, 373–80.  

35. Phillips, D. I. W., Walker, B. R., Reynolds, R. M., Flanagan, D. E. H., Wood, P. J., 

Osmond, C., Barker, D. J. P. & Whorwood, C. B. 2000 Low birth weight predicts 

elevated plasma cortisol concentrations in adults from 3 populations. Hypertension 

35, 1301–1306. (doi:10.1161/01.HYP.35.6.1301) 

36. Bonier, F., Martin, P. R., Moore, I. T. & Wingfield, J. C. 2009 Do baseline 

glucocorticoids predict fitness? Trends Ecol. Evol. 24, 634–42. 

(doi:10.1016/j.tree.2009.04.013) 

37. Angelier, F., Wingfield, J. C., Weimerskirch, H. & Chastel, O. 2010 Hormonal 

correlates of individual quality in a long-lived bird: a test of the “corticosterone-

fitness hypothesis.”Biol. Lett. 6, 846–849. (doi:10.1098/rsbl.2010.0376) 

38. Niall Daisley, J., Bromundt, V., Möstl, E. & Kotrschal, K. 2005 Enhanced yolk 

testosterone influences behavioral phenotype independent of sex in Japanese quail 

chicks Coturnix japonica. Horm. Behav. 47, 185–194. 

(doi:10.1016/j.yhbeh.2004.09.006) 

39. Eising, C. M., Eikenaar, C., Schwabl, H. & Groothuis, T. G. 2001 Maternal 

androgens in black-headed gull (Larus ridibundus) eggs: consequences for chick 

development. Proc. R. Soc. B, Biol. Sci. 268, 839–846. 

(doi:10.1098/rspb.2001.1594) 

40. Ros, A. 1999 Effects of testosterone on growth, plumage pigmentation and 

mortality in black-headed gull chicks. Ibis (Lond. 1859). 141, 451–459.  

41. Schwabl, H. 1993 Yolk is a source of maternal testosterone for developing birds. 

Proc. Natl. Acad. Sci. U. S. A. 90, 11446–11450.  

42. Kitaysky, A. S., Kitaiskaia, E. V, Piatt, J. F. & Wingfield, J. C. 2003 Benefits and 

costs of increased levels of corticosterone in seabird chicks. Horm. Behav. 43, 140 

–149. (doi:10.1016/S0018-506X(02)00030-2) 

43. Ferree, E. D., Wikelski, M. C. & Anderson, D. J. 2004 Hormonal correlates of 

siblicide in Nazca boobies: support for the Challenge Hypothesis. Horm. Behav. 

46, 655–662. (doi:10.1016/j.yhbeh.2004.06.009) 

44. Muller, M. & Groothuis, T. G. G. 2013 Within-clutch variation in yolk 

testosterone as an adaptive maternal effect to modulate avian sibling competition: 

evidence from a comparative study. Am. Nat. 181, 125–36. (doi:10.1086/668601) 

 



 

 

 

 

188 

 

45. Gil, D., Bulmer, E., Celis, P. & Puerta, M. 2008 Increased sibling competition 

does not increase testosterone or corticosterone levels in nestlings of the spotless 

starling (Sturnus unicolor). Horm. Behav. 54, 238–243. 

(doi:10.1016/j.yhbeh.2007.11.013) 

46. Eising, C. M., Eikenaar, C., Schwabl, H. & Groothuis, T. G. 2001 Maternal 

androgens in black-headed gull (Larus ridibundus) eggs: consequences for chick 

development. Proc. Biol. Sci. 268, 839–46. (doi:10.1098/rspb.2001.1594) 

47. Müller, W., Groothuis, T. G. G., Kasprzik, A., Dijkstra, C., Alatalo, R. V & Siitari, 

H. 2005 Prenatal androgen exposure modulates cellular and humoral immune 

function of black-headed gull chicks. Proc. R. Soc. B, Biol. Sci. 272, 1971–1977. 

(doi:10.1098/rspb.2005.3178) 

48. Drummond, H. 2001 A revaluation of the role of food in broodmate aggression. 

Anim. Behav. 61, 517–526. (doi:10.1006/anbe.2000.1641) 

49. Eising, C. M., Müller, W. & Groothuis, T. G. G. 2006 Avian mothers create 

different phenotypes by hormone deposition in their eggs. Biol. Lett. 2, 20–22. 

(doi:10.1098/rsbl.2005.0391) 

50. Groothuis, T. G. G., Carere, C., Lipar, J., Drent, P. J. & Schwabl, H. 2008 

Selection on personality in a songbird affects maternal hormone levels tuned to its 

effect on timing of reproduction. Biol. Lett. 4, 465–467. 

(doi:10.1098/rsbl.2008.0258) 

51. Sachser, N., Hennessy, M. B. & Kaiser, S. 2011 Adaptive modulation of 

behavioural profiles by social stress during early phases of life and adolescence. 

Neurosci. Biobehav. Rev. 35, 1518–33. (doi:10.1016/j.neubiorev.2010.09.002) 

52. Anderson, D. J. & Apanius, V. 2003 Actuarial and reproductive senescence in a 

long-lived seabird: preliminary evidence. Exp. Gerontol. 38, 757–760. 

(doi:10.1016/S0531-5565(03)00104-9) 

53. Maestripieri, D. & Carroll, K. a 1998 Child abuse and neglect: usefulness of the 

animal data. Psychol. Bull. 123, 211–223.  

54. Apanius, V., Westbrock, M. A. & Anderson, D. J. 2008 Reproduction and immune 

homeostasis in a long-lived seabird, the Nazca booby (Sula granti). Ornithol. 

Monogr. 65, 1–46. (doi:10.1525/om.2008.65.1.1) 

55. Kitaysky, A. S., Piatt, J. F., Wingfield, J. C. & Romano, M. 1999 The 

adrenocortical stress-response of Black-legged Kittiwake chicks in relation to 

dietary restrictions. J. Comp. Physiol. B Biochem. Syst. Environ. Physiol. 169, 

303–310. (doi:10.1007/s003600050225) 



 

 

 

 

189 

 

56. Huyvaert, K. P. & Anderson, D. J. 2004 Limited dispersal by Nazca boobies, 

<i>Sula granti<i>. J. Avian Biol. 35, 46–53.  

57. Anderson, D. J., Porter, E. T. & Ferree, E. D. 2004 Non-breeding Nazca boobies 

(Sula granti) show social and sexual interest in chicks: behavioural and ecological 

aspects. Behaviour 141, 959–977.  

58. Grace, J. K., Dean, K., Ann, M. & Anderson, D. J. 2011 Hormonal effects of 

maltreatment in Nazca booby nestlings: implications for the “cycle of violence ”. 

Horm. Behav. 60, 78–85. (doi:10.1016/j.yhbeh.2011.03.007) 

59. Müller, M. S., Porter, E. T., Grace, J. K., Awkerman, J. A., Birchler, K. T., 

Gunderson, A. R., Schneider, E. G., Westbrock, M. A. & Anderson, D. J. 2011 

Maltreated nestlings exhibit correlated maltreament as adults: evidence of a “cycle 

of violence” in Nazca boobies (Sula granti). Auk 128, 1–5. 

(doi:10.1525/auk.2011.11008) 

60. Kitaysky, A. S., Romano, M. D., Piatt, J. F., Wingfield, J. C. & Kikuchi, M. 2005 

The adrenocortical response of tufted puffin chicks to nutritional deficits. Horm. 

Behav. 47, 606–619. (doi:10.1016/j.yhbeh.2005.01.005) 

61. Nelson, J. B. 1978 The Sulidae: Gannets and Boobies. Oxford: Oxford University 

Press. 

62. Humphries, C. A., Arevalo, V. D., Fischer, K. N. & Anderson, D. J. 2006 

Contributions of marginal offspring to reproductive success of Nazca booby (Sula 

granti) parents : tests of multiple hypotheses. Oecologia 147, 379–390. (doi:10. 

1007/s00442-005-0264-4) 

63. Anderson, D. J. 1990 Evolution of obligate siblicide in boobies. 2: Food limitation 

and parent-offspring conflict. Evolution (N. Y). 44, 2069–2082.  

64. Townsend, H. M. & Anderson, D. J. 2007 Production of insurance eggs in Nazca 

boobies: costs, benefits, and variable parental quality. Behav. Ecol. 18, 841–848. 

(doi:10.1093/beheco/arm056) 

65. Müller, M. S., Brennecke, J. F., Porter, E. T., Ottinger, M. A. & Anderson, D. J. 

2008 Perinatal androgens and adult behavior vary with nestling social system in 

siblicidal boobies. PLoS One 3, e2460. (doi:10.1371/journal.pone.0002460) 

66. Grace, J. K. & Anderson, D. J. 2014 Personality correlates with contextual 

plasticity in a free-living, long-lived seabird. Behaviour, In press. 

(doi:10.1163/1568539X-00003185) 

67. Grace, J. K. & Anderson, D. J. Submitted. Corticosterone stress response shows 

long-term repeatability and links to personality in free-living Nazca boobies.  



 

 

 

 

190 

 

68. Maness, T. J. & Anderson, D. J. 2013 Predictors of juvenile survival in birds. 

Ornithol. Monogr. , 1–55. (doi:10.1525/om.2013.78.1.1.1) 

69. Anderson, D. J. & Boag, P. T. 2006 No extra-pair fertilization observed in Nazca 

booby (Sula granti) broods. Wilson J. Ornithol. 118, 244–247.  

70. Maness, T. J. & Anderson, D. J. 2007 Serial monogamy and sex ratio bias in 

Nazca boobies. Proc. R. Soc. B, Biol. Sci. 274, 2047–2054. 

(doi:10.1098/rspb.2007.0578) 

71. Dingemanse, N. J., Kazem, A. J. N., Réale, D. & Wright, J. 2010 Behavioural 

reaction norms: animal personality meets individual plasticity. Trends Ecol. Evol. 

25, 81–89. (doi:10.1016/j.tree.2009.07.013) 

72. Tarlow, E. M., Hau, M., Anderson, D. J. & Wikelski, M. 2003 Diel changes in 

plasma melatonin and corticosterone concentrations in tropical Nazca boobies 

(Sula granti) in relation to moon phase and age. Gen. Comp. Endocrinol. 133, 

297–304. (doi:10.1016/S0016-6480(03)00192-8) 

73. Goymann, W., Schwabl, I., Trappschuh, M. & Hau, M. 2007 Use of ethanol for 

preserving steroid and indoleamine hormones in bird plasma. Gen. Comp. 

Endocrinol. 150, 191–195. (doi:10.1016/j.ygcen.2006.09.014) 

74. Pruessner, J. C., Kirschbaum, C., Meinlschmid, G. & Hellhammer, D. H. 2003 

Two formulas for computation of the area under the curve represent measures of 

total hormone concentration versus time-dependent change. 

Psychoneuroendocrinology 28, 916–931. (doi:10.1016/S0306-4530(02)00108-7) 

75. Bates, D. & Mæchler, M. 2012 Package “lme4”: Linear mixed-effects using S4 

classes.  

76. Osborne, J. W. 2002 Notes on the use of data transformations. Pract. Assessment, 

Res. Eval. 8, 1–11.  

77. Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, 

M. H. H. & White, J.-S. S. 2009 Generalized linear mixed models: a practical 

guide for ecology and evolution. Trends Ecol. Evol. 24, 127–35. 

(doi:10.1016/j.tree.2008.10.008) 

78. Burnham, K. P., Anderson, D. R. & Huyvaert, K. P. 2011 AIC model selection and 

multimodel inference in behavioral ecology: some background, observations, and 

comparisons. Behav. Ecol. Sociobiol. 65, 23–35. (doi:10.1007/s00265-010-1029-6) 

79. Anderson, D. R. 2008 Model based inference in the life sciences: a primer on 

evidence. New York: Springer. 



 

 

 

 

191 

 

80. Roberts, M. L., Buchanan, K. L., Hasselquist, D. & Evans, M. R. 2007 Effects of 

testosterone and corticosterone on immunocompetence in the zebra finch. Horm. 

Behav. 51, 126–134. (doi:10.1016/j.yhbeh.2006.09.004) 

81. Hau, M. 2007 Regulation of male traits by testosterone: implications for the 

evolution of vertebrate life histories. BioEssays 29, 133–144. 

(doi:10.1002/bies.20524) 

82. Anderson, D. J. 1990 Evolution of obligate siblicide in boobies. 1. A test of the 

insurance-egg hypothesis. Am. Nat. 135, 334–350.  

83. Sánchez-Macouzet, O. & Drummond, H. 2011 Sibling bullying during infancy 

does not make wimpy adults. Biol. Lett. 7, 869–71. (doi:10.1098/rsbl.2011.0461) 

84. De Ruiter, A. J. H., Koolhaas, J. M., Keijser, J. N., van Oortmerssen, G. A. & 

Bohus, B. 1992 Differential testosterone secretory capacity of the testes of 

aggressive and nonaggressive house mice during ontogeny. Aggress. Behav. 18, 

149–157. (doi:10.1002/1098-2337(1992)18:2<149::AID-

AB2480180209>3.0.CO;2-J) 

85. Elzinga, B. M., Spinhoven, P., Berretty, E., de Jong, P. & Roelofs, K. 2010 The 

role of childhood abuse in HPA-axis reactivity in Social Anxiety Disorder: a pilot 

study. Biol. Psychol. 83, 1–6. (doi:10.1016/j.biopsycho.2009.09.006)  

 

  



 

 

 

 

192 

 

TABLES 

Table I:  Description and interpretation of behaviors in the personality syndrome of 

Nazca boobies, based on [35,55].   

 

Behavior Description Interpretation 

Gardening Picking up and moving nest 

material 

Mate advertisement (males), 

territorial display (both sexes), 

anxiety- or agitation-related 

displacement behavior  

 

Shaking Large body shakes, head shakes, 

and small shivers (extremely 

quick shakes of the head and 

neck). 

Aggressive signal (social context), 

settling of feathers, anxiety- or 

agitation-related displacement 

behavior 

 

Aggression 

 

Biting and jabbing at an object or 

simulated conspecific (mirror) 

 

Aggressiveness or boldness in both a 

social and non-social contexts 
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FIGURES 

Figure 1: Model-averaged coefficients (betas) and associated 95% CIs of NAV 

Victimization (A), Growth Rate (B), and Siblicide (C) predicting stress parameters (N = 

59), personality traits (N = 58), and plasticity in personality traits across contexts (CRP 

values; N = 58).  Black symbols indicate predictors that were in the top model for that 

model set (e.g., NAV Victimization is the sole predictor in the top model predicting 

baseline [CORT]); grey symbols indicate predictors that were not in the top model, but 

for which the null was not the top model for that model set; open symbols indicate that 

the null was the top model for that model set.  Dotted line is a zero reference line.  

Siblicidal birds were dummy coded as “2”, while all others were dummy coded as “1”.  

Time to reach maximum [CORT] was a binary variable with “before 40 min.” dummy 

coded as “0” and “at 40 min.” dummy coded as “1”.  Values of 95% CI greater than Y-

axis maxima indicated by numbers. 
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Figure 2: Relative importance of each predictor variable (NAV Victimization, Growth 

Rate, and Siblicide) in predicting stress parameters on the X-axis (A, N = 59), personality 

traits (B, N = 58), and plasticity in personality traits across contexts (CRP values; C, N = 

58).  Models were General Linear Models and the models sets included a null model of 

the intercept alone.  This resulted in 11 models that were compared using AICc (see 

Materials and Methods).  Relative importance for each predictor was calculated by 

summing the Akaike weights (AICc weights) of each model that contained that predictor, 

using a model set in which each predictor was equally represented [79]. 
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SUPPLEMENTARY MATERIAL 

AICc comparison of general linear models (GLM) of early life experiences predicting 

CORT parameters, personality traits, and plasticity in those traits.  Personality traits were 

latent variable scores generated by structural equation modelling for Gardening, Shaking, 

and Aggressive behaviors in the human intruder, and both novel object tests.  These same 

behaviors during the social stimulus test were analyzed separately and the behavior 

variables are prefaced by “Social”.  Contextual plasticity (CRP) values were calculated 

between the nest intruder, first novel object test, and social stimulus test.   “∆” indicates 

the difference between the AICc values of the top model and the model in question, 

model likelihood is calculated by exp(-(1/2) ∆), AICc weight is the model likelihood 

divided by the sum of all model likelihoods, and the evidence ratio is the ratio between 

the weight of the top model to the model in question.  Models highlighted in bold are 

those with AICc weights within the 95% confidence set.  “NAV” indicates NAV 

victimization as a nestling, “Growth” means Growth Rate, “Sib” means Siblicide 

(siblicidal as a nestling dummy coded as “2” and not siblicidal as “1”).  “Base” indicates 

baseline [CORT], “AUCI” means “area under the [CORT] curve with respect to 

increase”, “Max” indicates maximum [CORT], and “TimeMax” indicates time to reach 

maximum [CORT] (before 40 min. dummy coded as “0”, at 40 min. dummy coded as 

“1”).  “~” means “regressed on”, a * indicates an interaction and additive effects, and a + 

indicates only additive effects.  Null models are intercept-only models. 
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Table I: Predicting baseline [CORT] (N = 59). 

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Base~NAV 124.62 0.00 1.00 0.24 1.00 

Null 124.80 0.18 0.91 0.22 1.09 

Base~Growth*Sib 125.99 1.37 0.51 0.12 1.98 

Base~NAV+Growth 126.80 2.18 0.34 0.08 2.97 

Base~Sib 126.89 2.27 0.32 0.08 3.12 

Base~NAV+Sib 126.92 2.30 0.32 0.08 3.15 

Base~Growth 126.92 2.30 0.32 0.08 3.16 

Base~Growth+Sib 129.08 4.46 0.11 0.03 9.30 

Base~NAV*Growth 129.11 4.49 0.11 0.03 9.44 

Base~NAV+Growth+Sib 129.17 4.55 0.10 0.02 9.75 

Base~NAV*Sib 129.30 4.68 0.10 0.02 10.39 

 

Table II: Predicting maximum [CORT] (N = 59).   

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null 133.13 0.00 1.00 0.37 1.00 

Max~Sib 135.13 1.99 0.37 0.14 2.71 

Max~Growth 135.19 2.06 0.36 0.13 2.80 

Max~NAV 135.33 2.19 0.33 0.12 2.99 

Max~Growth+Sib 137.23 4.10 0.13 0.05 7.76 

Max~NAV+Sib 137.36 4.23 0.12 0.04 8.29 

Max~NAV+Growth 137.47 4.33 0.11 0.04 8.73 

Max~NAV*Growth 137.58 4.44 0.11 0.04 9.22 

Max~NAV*Sib 138.56 5.43 0.07 0.02 15.07 

Max~Growth*Sib 139.45 6.32 0.04 0.02 23.52 

Max~NAV+Growth+Sib 139.56 6.42 0.04 0.02 24.82 
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Table III: Predicting AUCI (N = 59).   

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null 136.56 0.00 1.00 0.30 1.00 

AUCI ~Sib 137.77 1.21 0.55 0.16 1.83 

AUCI ~Growth 138.26 1.70 0.43 0.13 2.34 

AUCI ~NAV 138.48 1.92 0.38 0.11 2.62 

AUCI ~Growth+Sib 139.40 2.84 0.24 0.07 4.15 

AUCI ~NAV*Sib 139.81 3.25 0.20 0.06 5.07 

AUCI ~NAV+Sib 139.93 3.37 0.19 0.06 5.39 

AUCI ~NAV+Growth 140.24 3.68 0.16 0.05 6.29 

AUCI ~NAV+Growth+Sib 141.64 5.08 0.08 0.02 12.71 

AUCI ~Growth*Sib 141.74 5.18 0.08 0.02 13.33 

AUCI ~NAV*Growth 142.05 5.49 0.06 0.02 15.60 

 

Table IV: Predicting time to reach maximum [CORT] (before the last sample or after)  

(N = 59).   

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null 82.63 0.00 1.00 0.32 1.00 

TimeMax ~NAV 84.16 1.53 0.47 0.15 2.15 

TimeMax ~Growth 84.19 1.56 0.46 0.15 2.18 

TimeMax ~~Sib 84.85 2.22 0.33 0.11 3.04 

TimeMax ~NAV+Growth 85.77 3.14 0.21 0.07 4.81 

TimeMax ~NAV*Growth 86.23 3.61 0.16 0.05 6.07 

TimeMax ~NAV+Sib 86.44 3.81 0.15 0.05 6.71 

TimeMax ~Growth+Sib 86.49 3.86 0.14 0.05 6.90 

TimeMax ~NAV+Growth+Sib 88.15 5.52 0.06 0.02 15.82 

TimeMax ~Growth*Sib 88.25 5.62 0.06 0.02 16.64 

TimeMax ~NAV*Sib 88.69 6.07 0.05 0.02 20.75 
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Table V: Predicting latent variable scores for Gardening (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null 131.16 0.00 1.00 0.36 1.00 

Gardening ~NAV 132.84 1.68 0.43 0.16 2.31 

Gardening ~Growth 133.08 1.91 0.38 0.14 2.60 

Gardening ~Sib 133.29 2.13 0.34 0.12 2.90 

Gardening ~NAV+Growth 134.85 3.69 0.16 0.06 6.34 

Gardening ~NAV+Sib 135.12 3.95 0.14 0.05 7.22 

Gardening ~Growth+Sib 135.31 4.15 0.13 0.05 7.97 

Gardening ~NAV*Growth 136.66 5.50 0.06 0.02 15.66 

Gardening ~NAV+Growth+Sib 137.23 6.07 0.05 0.02 20.81 

Gardening ~NAV*Sib 137.33 6.17 0.05 0.02 21.82 

Gardening ~Growth*Sib 137.68 6.52 0.04 0.01 26.00 

 

Table VI: Predicting latent variable scores for Shaking (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null 159.42 0.00 1.00 0.30 1.00 

Shaking ~Sib 160.65 1.23 0.54 0.16 1.85 

Shaking ~NAV 161.20 1.78 0.41 0.12 2.44 

Shaking ~Growth 161.52 2.10 0.35 0.11 2.86 

Shaking ~NAV*Growth 162.50 3.08 0.21 0.06 4.67 

Shaking ~NAV+Sib 162.71 3.28 0.19 0.06 5.17 

Shaking ~Growth+Sib 162.77 3.35 0.19 0.06 5.34 

Shaking ~NAV+Growth 163.37 3.95 0.14 0.04 7.21 

Shaking ~Growth*Sib 163.59 4.17 0.12 0.04 8.05 

Shaking ~NAV*Sib 164.07 4.65 0.10 0.03 10.22 

Shaking ~NAV+Growth+Sib 164.91 5.49 0.06 0.02 15.53 
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Table VII: Predicting latent variable scores for Aggression (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null 156.73 0.00 1.00 0.38 1.00 

Aggression~Sib 158.62 1.89 0.39 0.15 2.57 

Aggression ~Growth 158.75 2.01 0.37 0.14 2.73 

Aggression ~NAV 158.95 2.22 0.33 0.12 3.03 

Aggression ~Growth+Sib 160.67 3.94 0.14 0.05 7.17 

Aggression ~NAV+Sib 160.90 4.17 0.12 0.05 8.03 

Aggression ~NAV+Growth 161.05 4.32 0.12 0.04 8.66 

Aggression ~NAV*Growth 162.80 6.06 0.05 0.02 20.71 

Aggression ~Growth*Sib 162.91 6.18 0.05 0.02 21.97 

Aggression ~NAV+Growth+Sib 163.04 6.31 0.04 0.02 23.40 

Aggression ~NAV*Sib 163.18 6.44 0.04 0.02 25.09 

 

Table VIII: Predicting Social Gardening (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Social Gardening ~Sib 171.70 0.00 1.00 0.26 1.00 

Null 172.42 0.72 0.70 0.18 1.43 

Social Gardening ~NAV+Sib 173.28 1.58 0.45 0.12 2.20 

Social Gardening ~NAV 173.40 1.70 0.43 0.11 2.34 

Social Gardening ~Growth+Sib 173.78 2.08 0.35 0.09 2.83 

Social Gardening ~Growth 174.29 2.59 0.27 0.07 3.65 

Social Gardening ~NAV*Sib 175.36 3.66 0.16 0.04 6.24 

Social Gardening 

~NAV+Growth 

175.38 3.68 0.16 0.04 6.28 

Social Gardening 

~NAV+Growth+Sib 

175.46 3.76 0.15 0.04 6.54 

Social Gardening ~Growth*Sib 176.18 4.48 0.11 0.03 9.40 

Social Gardening 

~NAV*Growth 

177.32 5.61 0.06 0.02 16.57 
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Table IX: Predicting Social Shaking (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Social Shaking ~NAV 174.58 0.00 1.00 0.28 1.00 

Null 174.91 0.33 0.85 0.23 1.18 

Social Shaking ~NAV+Growth 176.63 2.06 0.36 0.10 2.79 

Social Shaking ~NAV+Sib 176.89 2.31 0.32 0.09 3.17 

Social Shaking ~Growth 176.93 2.35 0.31 0.09 3.24 

Social Shaking ~Sib 177.04 2.47 0.29 0.08 3.43 

Social Shaking ~NAV*Growth 178.40 3.83 0.15 0.04 6.77 

Social Shaking 

~NAV+Growth+Sib 

179.03 4.45 0.11 0.03 9.25 

Social Shaking ~Growth+Sib 179.12 4.55 0.10 0.03 9.70 

Social Shaking ~NAV*Sib 179.26 4.69 0.10 0.03 10.42 

Social Shaking ~Growth*Sib 180.92 6.34 0.04 0.01 23.85 

 

Table X: Predicting Social Aggression (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null 154.30 0.00 1.00 0.38 1.00 

Social Aggression ~NAV 156.10 1.81 0.41 0.15 2.47 

Social Aggression ~Sib 156.44 2.14 0.34 0.13 2.92 

Social Aggression ~Growth 156.45 2.16 0.34 0.13 2.94 

Social Aggression ~NAV+Sib 158.24 3.95 0.14 0.05 7.19 

Social Aggression 

~NAV+Growth 

158.35 4.05 0.13 0.05 7.59 

Social Aggression ~Growth+Sib 158.66 4.37 0.11 0.04 8.88 

Social Aggression ~NAV*Sib 160.35 6.05 0.05 0.02 20.58 

Social Aggression 

~NAV+Growth+Sib 

160.56 6.27 0.04 0.02 22.93 

Social Aggression 

~NAV*Growth 

160.65 6.35 0.04 0.02 23.98 

Social Aggression ~Growth*Sib 160.83 6.53 0.04 0.01 26.18 
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Table XI: Predicting CRP values for Gardening (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

CRP Gardening ~Growth 237.16 0.00 1.00 0.24 1.00 

Null 237.68 0.52 0.77 0.19 1.29 

CRP Gardening ~Growth+Sib 238.09 0.93 0.63 0.15 1.59 

CRP Gardening ~Sib 238.87 1.71 0.43 0.10 2.35 

CRP Gardening ~NAV+Growth 239.35 2.19 0.33 0.08 2.99 

CRP Gardening ~Growth*Sib 239.75 2.58 0.27 0.07 3.64 

CRP Gardening ~NAV 239.82 2.65 0.27 0.06 3.76 

CRP Gardening 

~NAV+Growth+Sib 

240.47 3.30 0.19 0.05 5.22 

CRP Gardening ~NAV+Sib 241.17 4.00 0.14 0.03 7.41 

CRP Gardening ~NAV*Growth 241.75 4.58 0.10 0.02 9.90 

CRP Gardening ~NAV*Sib 243.50 6.34 0.04 0.01 23.81 

 

Table XII: Predicting CRP values for Shaking (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

CRP Shaking ~Growth 182.47 0.00 1.00 0.18 1.00 

CRP Shaking ~Growth+Sib 182.78 0.31 0.86 0.16 1.17 

CRP Shaking ~NAV+Growth 183.10 0.63 0.73 0.13 1.37 

Null 183.13 0.66 0.72 0.13 1.39 

CRP Shaking ~NAV 183.66 1.19 0.55 0.10 1.81 

CRP Shaking 

~NAV+Growth+Sib 

184.54 2.07 0.36 0.06 2.81 

CRP Shaking ~NAV*Sib 184.58 2.11 0.35 0.06 2.87 

CRP Shaking ~NAV*Growth 184.88 2.41 0.30 0.05 3.34 

CRP Shaking ~Sib 185.02 2.55 0.28 0.05 3.58 

CRP Shaking ~NAV+Sib 185.28 2.81 0.25 0.04 4.08 

CRP Shaking ~Growth*Sib 186.46 3.99 0.14 0.02 7.34 
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Table XIII: Predicting CRP values for Aggression (N = 58).    

Model AICc 

 

∆ 

Model  

likelihood 

AICc 

weight 

Evidence 

ratio 

Null 185.43 0.00 1.00 0.38 1.00 

CRP Aggression ~Sib 187.34 1.91 0.39 0.14 2.60 

CRP Aggression ~NAV 187.38 1.95 0.38 0.14 2.65 

CRP Aggression ~Growth 187.62 2.19 0.33 0.13 3.00 

CRP Aggression ~NAV+Sib 189.25 3.82 0.15 0.06 6.74 

CRP Aggression ~Growth+Sib 189.60 4.17 0.12 0.05 8.03 

CRP Aggression ~NAV+Growth 189.66 4.23 0.12 0.05 8.28 

CRP Aggression ~NAV*Sib 191.51 6.08 0.05 0.02 20.93 

CRP Aggression 

~NAV+Growth+Sib 

191.59 6.16 0.05 0.02 21.77 

CRP Aggression ~NAV*Growth 191.84 6.41 0.04 0.02 24.62 

CRP Aggression ~Growth*Sib 191.97 6.54 0.04 0.01 26.34 
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CHAPTER 6.  CONCLUSIONS 

 

 

This work builds upon a larger body of research investigating the ultimate and 

proximate causes of maltreatment behavior in the Nazca booby.  My research implicates 

the acute stress response, but not T as a proximate mechanism, for organizing the “cycle 

of violence” that has been described in Nazca boobies (Müller et al. 2011), in which 

maltreatment as a nestling leads to future adult maltreatment behavior.  Nestling 

maltreatment induces a strong, but transient surge in circulating corticosterone 

concentration ([CORT], the primary avian stress hormone), but no change in baseline 

[CORT] or testosterone concentration [T].  After a bird’s own maltreatment experience as 

a nestling, siblicide experience is the next best predictor of maltreatment behavior in 

adults (Müller et al. 2011), which is accompanied by a surge in [T], but no change in 

[CORT] (Ferree et al. 2004).  My work indicates that siblicide and maltreatment 

experiences organize future adult maltreatment behavior through different hormonal 

mechanisms. 

 To investigate if Nazca booby behavior and physiology (apart from maltreatment 

behavior) may be canalized by early-life experiences, I first tested the assumption that 

adult behavioral and physiological traits were relatively consistent across time.  Between-

individual differences in aggression, and anxiety-related traits were consistently 

expressed across social and non-social contexts within a breeding season.  Importantly, 

these behavioral traits and the CORT stress response (but not baseline [CORT]) were 

temporally repeatable between breeding seasons (up to three years), in one of the longest 

studies of consistency of personality and stress physiology.  Contextual plasticity in a 

behaviour was also positively correlated with the elevation of response in that behaviour, 
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providing tentative support for the “individual quality hypothesis” linking plasticity and 

behavioral response (Betini & Norris 2012).  This research also affirmed two critical 

predictions of the concept of “coping styles”: individual consistency of 

neurophysiological and behavioral responses (relative to population variability), and a 

negative relationship between aggression/proactivity and hypothalamic-pituitary-adrenal 

axis reactivity.  However, the relationships for the second prediction were weak, 

matching the emerging trend that the strength of the relationship between stress 

parameters and personality traits are weak in the wild, and may depend on testing 

context.  

 Strikingly, early-life experiences do appear to canalize behavior in the Nazca 

booby, up to a minimum of five years post-fledging.  This work represents the longest 

study of organizational effects in completely wild animals.  Although the effect sizes 

were small, detection of any organizational effect in a completely wild organism 5-9 

years after experiencing the event remains impressive. Siblicide experience, growth rate, 

and maltreatment experience all predicted personality traits and the CORT stress 

response, although not always in the direction predicted if early-life experiences provide 

accurate signals of future adult conditions.  Siblicide experiences provides little to no 

accurate information regarding the future adult environment, thus organizational effects 

due to this experience are not products of adaptive phenotypic tuning, but instead appear 

to be epiphenomena.  Discrepancies between my predictions and results for 

organizational effects of stressful early-life experiences may be due to readjustment of 

phenotype at a later critical period to optimize behavior and physiology (Blair & Raver 

2012), or interactive effects of multiple experiences. 
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 Maltreatment in Nazca boobies results in impressively similar long-term effects 

on behavior and physiology as those found in human and non-human primate models, 

including increased anxiety-related behavior (Elzinga et al. 2010), and dysregulation of 

the hypothalamic-pituitary-adrenal (HPA) axis (Maestripieri et al. 2005).  These data and 

my work on nestling hormonal correlates of maltreatment suggest that maltreatment 

induces a strong stress-response in nestlings and transient but frequent surges in 

glucocorticoids canalize behavior and physiology in ways that are strikingly conserved 

between avian and mammalian taxa.  

 

Possible mechanisms for organizational effects of maltreatment 

 

 My research primarily focused on the long-term effects of maltreatment, and 

implicated glucocorticoids in organizing these phenotypic changes.  The mechanisms 

through which glucocorticoids organize behavior and physiology early in life are not well 

understood, but several studies provide some insight, and I provide brief review of those, 

here.  Traumatic early-life experiences may dysregulate the HPA axis through a shift in 

the balance of Glucocorticoid Receptors (GRs) and Mineralocorticoid Receptors (MR) 

(Von Werne Baes et al. 2012).  GRs are low affinity corticosteroid receptors compared to 

MRs, and are the receptor type primarily responsible for negative feedback of 

glucocorticoids to stop the HPA axis stress response.  Stressful early life experiences 

appear to increase MR receptors and decrease GR receptors (Von Werne Baes et al. 

2012), probably due to epigenetic modification of GR expression, perhaps through 

methylation, histone modification or micro RNA (McGowan et al. 2009).   This shift in 
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relative receptor abundance may heighten behavioral reaction to circulating 

glucocorticoids (the primary role of MRs in the brain) and decrease negative feedback.   

 Thus, stressful early-life experiences lead to a heightened stress response due to 

blunting of the negative feedback mechanism (Slotten et al. 2006).  This heightened HPA 

axis response may be responsible for the observed behavioral changes due to early-life 

trauma, including increased anxiety-related behaviors (associated with high 

responsiveness to corticosteroids) (Elzinga et al. 2010), and decreased parental behavior 

(Boccia & Pedersen 2001), especially in birds, in which CORT up-regulation is 

associated with down-regulation of prolactin (the primary avian parental hormone)  

(Angelier & Chastel 2009).  Individuals may be buffered against the long-term effects of 

maltreatment when epigenetic modifications on receptor expression (due to the 

environment) interact with specific polymorphisms in genes associated with 

neurotransmitter transport and metabolism (Kaufman et al. 2004; Søeby et al. 2005; 

Widom & Brzustowicz 2006; Weder et al. 2009; McCormack et al. 2009; Enoch et al. 

2010; Franklin et al. 2010).  Although I did not find the expected heightened stress 

response in Nazca boobies due to early-life maltreatment (perhaps because I was unable 

to capture absolute maximum [CORT] for some birds), I did find support for an altered 

stress-response, suggesting that similar mechanisms to those outlined above may 

organize the behavioral changes we observed.  Future research should investigate 

alteration in gene expression in NAV victims to identify candidate genes that may 

influence the cycle of violence due to epigenetic modification. 
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free-living, long-lived seabird. Behaviour. Doi: 10.1163/1568539X-00003185 

 

Grace, J. K., Tompkins, E. M., Anderson, D. J. 2013. Leucistic adult large cactus-finch 

(Geospiza conirostris) on Española Island, Galápagos: a potential continuation of 

nestling beak color. Wilson Journal of Ornithology 125(1): 201-204. doi: 

http://dx.doi.org/10.1676/12-093.1 

 

Grace, J. K., K. Dean, M. A. Ottinger, D. J. Anderson. 2011. Hormonal effects of 

maltreatment in Nazca booby nestlings: implications for the “cycle of violence.” 

Hormones and Behavior 60(1):78-85. doi: 10.1016/j.yhbeh.2011.03.007 

 

Müller, M.S., Porter, E.T., Grace, J.K., Awkerman, J.A., Birchler, K.T., Gunderson, A.T., 

Schneider, E.G., Westbrock, M.A., Anderson, D.J. 2011. Maltreated nestlings 

exhibit correlated maltreatment as adults: evidence of a “cycle of violence” in 

Nazca boobies (Sula granti). Auk 128(4): 615. doi: 10.1525/auk.2011.11008. 

 

Grace, J. K. and D. J. Anderson. 2009. Masked Booby (Sula dactylatra). The Birds of 

North America Online (A. Poole, Ed.). Ithaca: Cornell Lab of Ornithology; 

http://bna.birds.cornell.edu.bnaproxy.birds.cornell.edu/bna/species/073, 

doi:10.2173/bna.73 
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Grace, J. K., and D. P. Craig. 2008. The development and lateralization of prey delivery 

in a bill load holding bird. Animal Behaviour, 75: 2005-2011, 

doi:10.1016/j.anbehav.2007.11.009. 

 

 

Anderson, D. J., K. P. Huyvaert, J. A. Awkerman, C. B. Proaño, W. B. Milstead, G. 

Jiménez-Uzcátegui, S. Cruz, J. K. Grace. 2008. Population Status of the Critically 

Endangered Waved Albatross (Phoebastria irrorata), 1999 to 2007. Endangered 

Species Research 5: 185-192, doi: 10.3354/esr00089. 

 

 

Presentations at professional meetings: 

 

Grace, J. K., D. J. Anderson. Jan. 2014.  Nestling maltreatment predicts adult stress 

response and personality in a free-living seabird. Oral presentation, Best Student 

Presentation Session. Society for Integrative and Comparative Biology Annual 

Meeting. Austin, TX. 

 

Grace, J. K., D. J. Anderson. Aug. 2013. Personality, stress, and fitness in Nazca 

Boobies.  Oral presentation. Joint meeting of American Ornithologists’ Union and 

Cooper Ornithological Society. Chicago, IL. 

 

Grace, J. K., D. J. Anderson. Jan. 2013. Personality, stress, and fitness in a long-lived 

seabird.  Oral presentation. Society for Integrative and Comparative Biology 

Annual Meeting.  San Francisco, CA. 

 

Grace, J. K., K. Dean, M. A. Ottinger, D. J. Anderson. Feb. 2012. Hormonal effects of 

the “cycle of violence” in Nazca Booby Nestlings. Oral presentation. Annual 

Meeting of the Pacific Seabird Group.  Turtle Bay, HI. 

 

Grace, J. K., K. Dean, M. A. Ottinger, D. J. Anderson. 2011. Hormonal effects of 

maltreatment in Nazca booby nestlings: implications for the “cycle of violence.” 

Poster. 27th Annual Perspectives in Biology Symposium. Wake Forest 

University. 

 

Grace, J. K., K. Dean, M. A. Ottinger, D. J. Anderson. 2011. Hormonal effects of 

maltreatment in Nazca booby nestlings: implications for the “cycle of violence.” 

Poster.  Joint Meeting of the Animal Behavior Society and the International 

Ethological Conference. Indiana University, Bloomington, IN. 

 

Grace, J. K., K. Dean, M. A. Ottinger, D. J. Anderson. 2010. Hormonal effects of 

maltreatment in Nazca booby nestlings: implications for the “cycle of violence.” 

Poster. 26
th

 Annual Perspectives in Biology Symposium. Wake Forest University. 

 

 

Grace, J. K., D.J. Anderson. 2010. Circulating hormones and the “cycle of violence” in a 
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social seabird. Invited seminar. Darwin Research Station, Santa Cruz, Galápagos, 

Ecuador. 

 

Grace, J. K., D.J. Anderson. 2008. Steroid hormones and the “cycle of violence” in a 

social bird.  Poster. 24
th

 Annual Perspectives in Biology Symposium.  Wake 

Forest University. 

 

Grace, J. K., and D.P Craig.  2006.  Lateralized prey delivery and prey handling in 

Caspian Terns.  Oral presentation.  IV North American Ornithological 

Conference.  Veracruz, Mexico. 

 

Grace, J. K., and D.P. Craig. 2006.  The development and lateralization of prey delivery 

in Caspian Terns (Sterna caspia).  Poster. 11
th

 International Behavioral Ecology 

Congress.  Tours, France. 

 

Grace, J. K., and D.P Craig.  2006.  Lateralized prey delivery and prey handling in 

Caspian Terns.  Oral presentation.  15
th 

M.J. Murdock Conference.  Portland, OR. 

 

Grace, J. K., P. Swenson, and D. P. Craig.  2005.  Learning to manipulate fish: The 

foraging ecology of Caspian Terns during brood rearing on East Sand Island.  

Oral presentation. 15
th

 Annual Student Collaborative Research Program Research 

Symposium. Willamette University.  

 

Grace, J. K., P. Swenson, and D. P. Craig.  2005.  Learning to manipulate fish: The 

foraging ecology of Caspian Terns during brood rearing on East Sand Island.  

Poster.  14th Regional Conference on Undergraduate Research of the Murdock 

College Science Research Program.  Northwest Nazarene University. 

 

Allen, J., D.P. Craig, and J. K. Grace.  2008.  Tern’ing to video to study diet, 

lateralization, and chick development among bill-load holding birds. Oral 

presentation. 35
th

 Annual Meeting of the Pacific Seabird Group. 

 

Craig, D.P, J. Shinn, P. Swenson, and J. K. Grace. 2008. Fall migration, timing, and 

wintering sites of Columbia River Estuary Caspian terns as determined by 

satellite telemetry. Oral presentation. 35
th

 Annual Meeting of the Pacific Seabird 

Group.  

 

Swenson, P., J. K. Grace, and D. P. Craig. 2005. Satellite telemetry: Solving the 

mysteries of tern migration. Oral presentation. 15
th

 Annual Student Collaborative 

Research Program Research Symposium. Willamette University.  
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Invited seminars and lectures: 

 

Grace, J. K., D. J. Anderson. 2012, 2013. The “cycle of violence” in Nazca boobies. 

Invited lecture. Wake Forest University: Animal Behavior. 

 

Grace, J. K., D. J. Anderson. 2011. The stress response and the “cycle of violence” in 

Nazca boobies. Invited lecture. High Point University: Animal Physiology. 

 

Grace, J. K., D. J. Anderson. 2010. The “cycle of violence” in Nazca boobies. Invited 

lecture. Davidson University: Introduction to Biology. 

 

Grace, J. K., D. J. Anderson. 2010. Circulating hormones and the “cycle of violence” in 

a social seabird. Invited seminar.  University of Hawaii at Manoa: Ecology, 

Evolution, and Conservation Biology Program. 

 

Grace, J. K.. 2008, 2009, 2010, 2011. Grant and fellowship writing: National Science 

Foundation Fellowships. Invited lecture. Wake Forest University School of 

Medicine, GRAD700; and Wake Forest University undergraduate scholarship 

workshop. 

 

 

 

TEACHING 

 

2014  Instructor.  Department of Biology, Wake Forest University. 

Sole instructor for lecture and laboratory components of BIO355: Avian 

Biology, an upper-level biology major course. 

 

2010-13 Graduate Teaching Assistant. Department of Biology, Wake Forest  

University.  Responsible for two laboratory sections of “Comparative 

Physiology” in 2010-11, and “Ecology and Evolution” in 2012-13, and 

Fall 2013, both required courses for Biology majors.  
 

Conducted lectures on course material, scientific writing, experimental 

design, statistics and laboratory methods.   
 

Facilitated student active learning using inquiry-based labs and employing 

both informal (group discussions, mini presentations, etc.) and formal 

(quizzes, lab reports, oral presentations, etc.) assessment strategies. 

 

2009, 2011 Teaching Assistant. Biological Station, University of Michigan. Assisted 

in both lecture and laboratory components of “Behavioral Ecology.” 
 

Conducted formal and informal field lectures, assisted in grading. 

 

2004- 2007 Laboratory Teaching Assistant. Biology Department, Willamette 

University Invited by 2 professors to assist: “Physiological Dynamics of 

Animals and Plants” & “Principles of Biology” classes. 
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PROFESSIONAL SERVICE 

 

2012-13 Graduate Student Rep. to the Committee for Information Technology. 

Wake Forest University. 
 

 Voting member of the committee, representing all graduate students  
 

Provided input on graduate student computing (software, hardware) needs 

for both teaching and research. 
 

Reported developments on information technology to the Graduate 

Student Association. 

 

2010-11 Graduate Student Representative to the Biology Department Faculty. 

Wake Forest University. 

 

2008-13 Forsyth County Science Fair Judge, County Science Fair judge for 

grades 3-5, Elementary school judge for both Ward Elementary and 

Walkertown Elementary. 

 

2006-07 Student Representative to the Faculty Search Committee. Biology 

Department, Willamette University. 
 

A voting member of the Search Committee for a new tenure-track faculty. 
  

Ranked applicants based on application materials and interview 

performance. 
 

Attended phone and personal interviews, lectures, and seminars by 

applicants. 

  

 

MENTORING and SCIENTIFIC OUTREACH 

 

Developer, Coordinator, and primary instructor in local high school outreach, Winston-

Salem, NC, 2013 

 Collaborated with two local high schools to develop and present curriculum including 

lectures, worksheets, hands-on activities, and small group sessions for over 500 

students (ranging from 9
th

 grade General Biology to AP Biology).   

 Material was presented by myself and undergraduate students that I had trained in the 

material and teaching techniques. This resulted in undergraduates having a greater 

understanding of the concepts, and provided an introduction to teaching and 

community outreach. 

 Curriculum focused on connecting animal behavior, evolution, the hormonal stress 

response, and the interaction between genes and environment, to provide a holistic 

picture of biological research with real world applications, using my active research 

in the Nazca booby as a model system 
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Boys and Girls Club Gardening Project, volunteer, 2009-present 

 Instructed at-risk students, ages 8-12, at the Winston-Salem Boys and Girls Club on 

gardening techniques, healthy eating habits, and the role of birds and insects in 

gardens 

 Developed two working, student-run gardens from which students took home fresh 

fruits, vegetables, flowers, and herbs on a weekly basis 

 

WFU Biology Department Representative, Science & Technology Access for Rural 

Students, October 2008, 2011 

 Conducted several short workshops on research being conducted by the Wake Forest 

University Biology Department for Watauga Co. High School students. 

 

Research Mentor, Biology Department, Wake Forest University, Spring semester 2008, 

2010-11, 2011-12 

 Mentored  senior undergraduate students conducting independent research 

investigating impacts of abusive behavior in the Nazca booby on nestling growth, and 

the evolution and physiological function of avian yawning. 

 

Invited Mentor, Garcia Elementary 5
th

 Grade, Houston, TX, April 2008 

 Tutored children on the theory of adaptation and its role in evolution with case studies 

from personal research 

 

Naturalist, Willamette University 2006-07 

 Lecturer at Student Scholarship Recognition Day and leader of the Campus Nature 

Walk 

 Mentored undergraduates conducting ecological research and available to answer 

questions of campus ecology 

 

 

SOCIETY MEMBERSHIPS 

Pacific Seabird Group       

American Ornithologists’ Union     

Society for Integrative and Comparative Biology   

Phi Beta Kappa 

Tri Beta Biological Honor Society 

Order of Omega Honor Society      


