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 Many cooperatively breeding species exhibit high reproductive skew.  Delayed 

dispersal and cooperative breeding may have evolved as a consequence of the limits 

ecological constraints place on independent breeding.  When simultaneous breeding by 

multiple females reduces the survival of the dominant’s offspring, selection should favor 

dominants able to control subordinate reproduction.  Monopolization of reproduction by 

dominant group members by means of suppression of subordinate reproduction has been 

documented in several taxa of cooperative breeders.  In this dissertation I examine the 

proximate mechanisms and ultimate causes of reproductive skew in cooperatively 

breeding golden lion tamarins (Leontopithecus rosalia).  In chapter one I combine data 

from phenological transects with hormonal evaluation of reproductive status to test 

whether caloric availability limits reproduction by female tamarins.  Caloric availability 



  

was sufficient to support not only pregnancy polygyny in 83% of tamarin groups, but also 

the additional group members resulting from multiple litters.  The super abundance of 

calories and the timing of births suggested that competition for allocare rather than for 

food resources may be the selective force limiting reproduction by subordinate females.  

In my second chapter I combine hormonal and demographic data to explain reproductive 

skew in terms of the costs and benefits to subordinate fitness under existing social 

circumstances.  Subordinate females older than 18 months of age ovulated while residing 

within their natal group, but conceptions were delayed one to two years following 

reproductive maturity.  The likelihood of successful reproduction by a subordinate female 

doubled with each year of age of the dominant female.  Conceptions under incestuous 

mating conditions were rare (7 of 37 pregnancies).  My results provide support for the 

hypothesis that subordinate adult females under three years old exercise reproductive 

self-restraint.  I speculate that the threat of being evicted from the group and inbreeding 

avoidance are sufficient to delay attempts at reproduction by young subordinates without 

the need for costly fighting with the dominant female.  In my third chapter I test whether 

reproduction by subordinate adult female tamarins is limited by dominant females who 

have incomplete control (incomplete control model, ICM) or complete control (optimal 

skew model, OSM) over subordinate reproduction.  I combine hormonal data with group 

demography and caloric availability to determine variables useful in predicting a 

successful pregnancy to a subordinate female.  Whereas subordinate females younger 

than 2.5 years of age ovulated but did not conceive, all females older than 3.9 years of 

age became pregnant.  Reproduction in subordinate adult females was not limited by 

hormonal suppression of ovulation or conception, but by the failure of 7 of 11 



  

pregnancies to produce live offspring.  The likelihood of reproductive success increased 

1.7 times with each additional group member.  My results suggest that when caloric 

availability is sufficient to support reproduction by two breeding females and the group 

members necessary to provide allocare for two litters, subordinate females do not abide 

by a social contract that would limit their reproduction (OSM).  Instead, older 

subordinates compete with dominant females for reproduction and succeed in producing 

live young if the dominant female is at least 10 years old, if subordinates conceive while 

the dominant is heavily pregnant, and if they reside within larger groups (ICM).   
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PREFACE 
 

This dissertation contains an introduction section and three chapters.  All chapters 

are presented in manuscript form, with abstract, introduction, methods, statistical 

analyses, results, discussion, and acknowledgements, followed by tables, figure legends, 

and figures.  A single bibliography is provided at the end. 
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INTRODUCTION 

 Cooperative breeding in which the young born to one or more breeding females 

are reared by non-reproductive helpers is rare among social mammals and is most highly 

developed in four taxa (Clutton-Brock, 2009):  the marmosets and tamarins 

(Callitrichidae) (Goldizen, 1987a; Goldizen, 1987b; Tardif et al., 2002; Digby et al., 

2007); the dogs (Canidae) (Moehlman, 1986; Creel & Creel, 2001); the diurnal 

mongooses (Herpestidae) (Rood, 1986; Creel & Waser, 1997; Clutton-Brock, 2006); and 

African mole-rats (Bathyergidae) (Bennett & Faulkes, 2000; Faulkes & Bennett, 2007).  

Across taxa, cooperative breeding is associated with high reproductive skew, defined as 

the monopolization of reproduction by one or a few group members (mammals: 

(Solomon & French, 1997a); birds: (Reyer et al., 1986; Mays et al., 1991; Schoech et al., 

1991); fishes: (Fitzpatrick et al., 2008); and invertebrates: (Hamilton, 2004)).  Limited 

opportunities for subordinate reproduction within the group combined with few options 

for successful dispersal and reproduction outside the group (Baker & Dietz, 1996; 

Goldizen et al., 1996; Clutton-Brock et al., 1998a; Clutton-Brock et al., 2001a; Baker et 

al., 2002; Clutton-Brock et al., 2006) may lead to the evolution of non-breeding helpers.  

Helpers improve growth and survival of the dominant’s offspring (in birds: (Brown, 

1987); coyotes (Canis latrans): (Bekoff & Wells, 1982); African wild dogs (Lycaon 

pictus): (Malcolm & Marten, 1982; Creel & Creel, 2001); blackbacked jackals (Canis 

mesomelas): (Moehlman, 1979); meerkats (Suricata suricatta): (Clutton-Brock et al., 

2001b; Russell et al., 2003); dwarf mongooses (Helogale parvula): (Rood, 1990); 

badgers (Meles meles): (Kruuk, 1989); and marmosets and tamarins: (Dietz, 2004)).  By 

helping to rear the young of related dominants (typically a mother or a sister), 
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subordinates with few options for their own reproduction benefit by increasing their own 

inclusive fitness (West-Eberhard, 1975; Sherman et al., 1995; Bourke, 1999; Ratnieks & 

Helanterä, 2009).  Cooperative care reduces fitness costs associated with reproduction for 

the dominant female, increasing her rate of reproduction (Clutton-Brock et al., 1998b; 

Russell et al., 2003; Fite et al., 2005).  Dominant females in cooperatively breeding 

species also have relatively long life spans (Arnold & Owens, 1998; Carey, 2001; 

Sherman & Jarvis, 2002), further augmenting the degree of reproductive skew (Hauber & 

Lacey, 2005; Clutton-Brock et al., 2006).   

 Golden lion tamarins (Leontopithecus rosalia) are cooperatively breeding 

callitrichid primates that display a high degree of reproductive skew.  Golden lion 

tamarins (GLTs) reside in family groups of 2–11 individuals (Dietz & Baker, 1993; Dietz 

et al., 1994).  Lion tamarin offspring typically delay dispersal and reproduction, and 

remain in their natal group to help with the care of infant siblings (Dietz & Baker, 1993).  

Cooperative care may be instrumental in the ability of callitrichids to meet the energetic 

needs associated with successfully rearing the litters of twins they are capable of 

producing either once or twice a year (Kleiman, 1977a; Sussman & Garber, 1987; Baker 

et al., 1993; Dietz & Baker, 1993).  Dietz and Baker (1993) reported that reproduction 

was limited to a single dominant female (monogyny) in most GLT groups.  Reproduction 

by two females in the same group (polygyny) occurred in only 10% of GLT groups.  As 

long-term study continued, the incidence of rearing polygyny (more than one female 

rearing offspring to weaning) remained low (26.2% reported by Baker et al. (2002)), but 

pregnancy polygyny (more than one female confirmed as being pregnant within the same 

breeding season) was common (44.3% reported by Baker et al. (2002)).  Polygyny has 
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been observed in an increasing number of callitrichid species (common marmosets 

(Callithrix jacchus): (Hubrecht, 1984; Digby & Ferrari, 1994; Digby, 1995b; Arruda et 

al., 2005); pygmy marmosets (Cebuella pygmaea): (Soini, 1982); cotton-top tamarins 

(Saguinus oedipus): (Savage et al., 1996a); saddle-back tamarins (Saguinus fuscicollis): 

(Goldizen et al., 1996); and moustached tamarins (Saguinus mystax): (Garber et al., 1984; 

Ramirez, 1984; Garber et al., 1993; Smith et al., 2001)).  However, subordinate 

reproductive success remains lower than that of dominant females in both marmosets 

(Digby, 1995a; Arruda et al., 2005; Sousa et al., 2005; Saltzman et al., 2008; Saltzman et 

al., 2009) and tamarins (Price & McGrew, 1991; Goldizen et al., 1996; Savage et al., 

1996a; Garber, 1997).  The contradiction between high rates of pregnancy polygyny and 

low reproductive success by subordinate females encourages a re-examination of 

explanations for singular breeding in callitrichids.  

 Reports by Dietz and Baker (1993), Baker et al. (2002), French et al. (2003), and 

Hankerson (2008) point to ecological and social conditions leading to polygyny in GLT 

groups.  Groups with two reproductive females were found more commonly within home 

ranges that contained more swamp forest (Dietz & Baker, 1993).  Baker et al. (2002) 

suggested that polygyny may be more common on home ranges containing greater 

proportions of secondary and edge forest where food may be more abundant (Terborgh, 

1983; Rylands, 1986; Rylands, 1987; Rylands & Faria, 1993).  Larger home ranges 

contained more reproductive females (Hankerson, 2008).  These studies provide indirect 

evidence in support of food limitation on GLT reproduction, but food resources were not 

directly quantified.  French et al. (2003) suggested that polygyny was rare but did occur 

in some groups containing an old dominant female and at least one non-related male.  
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Based upon 16 years of demographic data, Dietz and Baker (unpublished data) found a 

significant positive relationship between the age category of the dominant female and the 

incidence of polygyny in GLT groups and concluded that older dominant females were 

no longer physically able to control reproduction by their subordinate daughters.  Both 

studies were interpreted as providing support for the hypothesis of incomplete dominant 

control of subordinate reproduction, but could also provide support for the hypothesis 

that subordinate GLT females exercise reproductive self-restraint when they occupy 

groups with a young dominant female capable of evicting them from the natal group and 

when opportunities for non-incestuous matings do not exist within the group. 

 The goal of the current study is to examine the proximate mechanisms and 

ultimate causes of female reproductive skew in cooperatively breeding GLTs.  My first 

chapter provides a test of the ecological constraints model.  Ecological constraints 

limiting independent breeding may explain the evolution of delayed dispersal and 

cooperative breeding in birds (as reviewed in Hatchwell & Komdeur (2000)) and 

mammals (Kleiman, 1977b; Creel & Creel, 1991).  Reproduction in cooperatively 

breeding callitrichid primates may be especially constrained by food availability 

(Leutenegger, 1980; Kirkwood & Underwood, 1984; Goldizen, 1987a; Price, 1992c; 

Tardif, 1994; Sánchez et al., 1999; Miller et al., 2006).  Their small body size and 

minimal body fat storage (Power et al., 2001; Power et al., 2008) may not allow the 

buildup of energy reserves necessary to meet the unusually large (Leutenegger, 1973; 

Hearn, 1983; Kirkwood, 1985; Tardif et al., 1993; Ross & MacLarnon, 1995; Nievergelt 

& Martin, 1999; Tardif et al., 2001) energetic demand of producing and raising one or 

two litters of twins weighing in excess of 20% of maternal body weight each year 
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(Leutenegger, 1973; Ford, 1980; Leutenegger, 1980; Dietz & Baker, 1993; Dietz et al., 

1994; Bales et al., 2001).  Callitrichid females with greater food availability are in better 

physical condition and are more likely to ovulate, carry pregnancies to term, produce 

larger litters, and successfully rear litters (Kirkwood, 1983; Dietz & Baker, 1993; Tardif 

& Jaquish, 1994; Tardif & Jaquish, 1997; Bales et al., 2001; Tardif et al., 2001; Bales et 

al., 2002; De Vleeschouwer et al., 2003; Tardif & Bales, 2004; Tardif et al., 2004; Tardif 

et al., 2005).  The food limitation hypothesis predicts increased reproductive success for 

females breeding when food is readily available (van Schaik & van Noordwijk, 1985; Di 

Bitetti & Janson, 2000).  The objectives of the first chapter are to determine whether 

reproduction in wild GLT groups is limited to a single breeding female and whether the 

availability of calories limits reproduction in female GLTs.    

 Reproductive skew models consider how the availability of a variety of resources 

(including food, shelter, mates, and helpers) changes under different social and ecological 

contexts, and how these changes affect individual patterns of behavior to limit 

reproduction to only a few breeding individuals per group (Clutton-Brock, 2009).  In my 

second chapter I explain reproductive skew in GLTs in terms of the costs and benefits to 

subordinate fitness under existing social circumstances.  Under the hypothesis of 

subordinate restraint, subordinates forego reproduction when existing social and 

ecological conditions make a reproductive investment unlikely to succeed (Reyer et al., 

1986; Hamilton, 2004; Young et al., 2008; Saltzman et al., 2009).  Subordinate females 

able to exercise reproductive restraint when the likelihood of success is low may avoid or 

minimize their investments in failed reproductive attempts as well as increase their own 

chances of survival and future reproduction (Wasser & Barash, 1983; Jaquish et al., 1991; 
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Digby, 1995a; Abbott et al., 1997; Saltzman, 2003; Gilchrist, 2006a; Saltzman et al., 

2009).   

 Given the large investment these small-bodied primates make in a single 

reproductive attempt (owing to long gestation periods (French et al., 2002) and high 

infant to maternal body mass ratios (Leutenegger, 1973)), selection should favor females 

able to detect conditions unfavorable for reproduction and restrain their own reproductive 

activity accordingly (Saltzman et al., 2009).  One would also expect subordinates to 

exercise this restraint early on in the reproductive process, such as prior to conception, 

before appreciable costs have already accrued (Wasser & Barash, 1983).  Therefore, one 

assumption of the subordinate restraint model is that subordinate females are capable of 

reproducing but they do not attempt to do so (Saltzman et al., 2009).  Subordinate 

females may delay reproduction by avoiding matings (Rothe, 1975; Abbott, 1984) or 

delaying conceptions (Arruda et al., 2005; Sousa et al., 2005).   

 A second assumption of this model is that the threat of eviction from the natal 

group or of losing a costly reproductive investment is sufficient to restrain subordinates 

from attempting reproduction without the constant struggle and overt aggression assumed 

to take place under incomplete control models (Saltzman et al., 2009).  By exercising 

self-restraint in response to social cues that serve as early indicators of unfavorable 

reproductive conditions, subordinates may also avoid the energetic costs and potential 

risks that may arise from conflict with the dominant female (including mounting a stress 

response, engaging in aggressive fights, eviction from the natal group and the risks 

associated with dispersal, pregnancy loss, and/or infanticide) (Saltzman et al., 2009).  

Subordinate restraint has been demonstrated in cooperatively breeding species when the 
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threat of infanticide on subordinate young is high (Digby, 1995a; Saltzman, 2003; 

Saltzman et al., 2008; Young et al., 2008; Abbott et al., 2009; Saltzman et al., 2009), 

when the threat of eviction from the natal group upon any attempt to reproduce is high 

(Johnstone & Cant, 1999; Hamilton, 2004; Buston et al., 2007), and when the risk of 

mating with close relatives and suffering the consequences of inbreeding depression is 

high (incest avoidance) (Mays et al., 1991; Clarke et al., 2001; Hamilton, 2004).  The 

objective of my second chapter is to test the hypothesis that reproductive skew in female 

GLTs results from subordinates exercising reproductive self-restraint rather than 

dominant suppression of subordinate reproduction.  I examine whether subordinates 

forego reproduction when the threat of eviction from the natal group and potential for 

inbreeding are high. 

 Clutton-Brock (2009) suggested an evolutionary pathway linking cooperative 

breeding with reproductive skew that relies upon the premise that reproduction by 

subordinates reduces the fitness of the dominant (Clutton-Brock et al., 2001b; Hodge, 

2009); therefore, selection should favor dominants able to control subordinate 

reproduction.  My third chapter examines the mechanisms and extent of dominant control 

over subordinate reproduction in female GLTs.  Incomplete control models (ICM) of 

reproductive skew, also called tug of war models,  presume that there is an ongoing 

contest or power struggle for successful reproduction between dominant and subordinate 

females (Johnstone, 2000; Beekman et al., 2003; Hager, 2003) in which both the 

dominant and the subordinate females will try to disrupt each other’s reproductive 

attempts (Young & Clutton-Brock, 2006; Saltzman et al., 2009).  Under ICM subordinate 

reproductive success is determined by the physical condition, size, or strength of each 
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contender (Reeve & Sherman, 1991; Clarke & Faulkes, 1997; Bernasconi & Strassmann, 

1999; Hodge et al., 2008).  Dominant females are assumed to win most, but not all of 

these contests (Clutton-Brock, 1998; Reeve & Shen, 2006).  Subordinate females are 

occasionally able to breed when dominants cannot prevent them from doing so (Clutton-

Brock et al., 2001a; French et al., 2003; Clutton-Brock et al., 2008).  The frequency of 

successful breeding by subordinates depends upon the costs and benefits accrued by 

dominants as a result of suppressing subordinate reproduction as well as the costs and 

benefits accrued by subordinates in attempting to breed (Emlen, 1995; Emlen et al., 1998; 

Reeve et al., 1998; Dietz, 2004; Clutton-Brock et al., 2008).  

 In optimal skew models (OSM), also called concessions models, it is assumed that 

dominant females have complete control over reproduction by subordinate females 

(Johnstone, 2000; Hager, 2003; Dietz, 2004; Buston et al., 2007).  When it is of benefit to 

the dominant female, as when subordinate daughters in this cooperatively breeding 

species remain in their natal group and provide care for the offspring of the dominant 

mother (Bales et al., 2001; Dietz, 2004), she is predicted to share reproduction with her 

daughter as a concession to entice subordinates to remain in the group (Emlen, 1982; 

Clutton-Brock, 1998; Reeve et al., 1998; Reeve & Shen, 2006).  Under OSM dominant 

females weigh the costs and benefits to themselves of each potential mating by a 

subordinate female under the current set of demographic and ecological conditions, and 

either allow or deny reproductive opportunities to subordinate females within their group 

according to what would be most likely to increase their own inclusive fitness (Emlen et 

al., 1998; Johnstone, 2000; Hager, 2003; Dietz, 2004).  In contrast to ICM, OSM assumes 

that subordinate females only succeed in reproducing when allowed to do so by the 
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dominant female (Clutton-Brock, 1998; Reeve et al., 1998; Johnstone, 2000; Hager, 

2003; Buston et al., 2007).  The purpose of the third chapter is to determine whether 

reproduction by subordinate female GLTs is limited by dominant females who have 

incomplete control or complete control over subordinate reproduction.  I test the ICM 

prediction that subordinate females ovulate and conceive, but only those subordinates 

capable of winning fights with the dominant female give birth to live young.  I test the 

OSM prediction that ovulation, conception and successful reproduction is allowed only 

by subordinate females providing inclusive fitness benefits to the dominant female. 

 These three chapters make significant contributions to our understanding of the 

endocrinological mechanisms and selective forces responsible for maintaining 

reproductive skew in free-ranging callitrichid primates.  As reproductive skew is common 

among cooperatively breeding species (Solomon & French, 1997b) and has been 

proposed as an integral component to the evolution of cooperative care (Clutton-Brock, 

2009), the results from this study also provide an indication of the ecological and social 

conditions under which cooperative breeding may have evolved.  The evolution of 

monogyny and cooperative care in the Callitrichidae have been attributed to energetic 

constraints on small-bodied females that may require infant allocare (Kleiman, 1977b; 

Ford, 1980; Leutenegger, 1980; Dietz & Baker, 1993; Tardif et al., 1993; Dietz et al., 

1994; Tardif, 1994; Tardif, 1997).  My first chapter presents evidence that caloric 

availability in GLT home ranges is more than sufficient to support multiple breeding 

females, thus does not limit GLT reproduction.  However, in chapters one and three I 

demonstrate how group size limits GLT reproduction and the importance of additional 

group members for providing allocare in polygynous groups.  I speculate that competition 
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for allocare rather than for food resources may be the selective force limiting 

reproduction by subordinate females. 

 Dominant control over subordinate reproduction by means of hormonal 

suppression of ovulation and sexual behavior has been shown to be the primary 

mechanism maintaining reproductive skew in captive (Rothe, 1975; Abbott, 1984; 

Saltzman et al., 1997c) and wild (Digby, 1999; Sousa et al., 2005) callitrichid groups.  

The only hormonal study of wild GLTs provided evidence that the majority of 

subordinate females remained anovulatory within their natal group (French et al., 2003).  

In chapters two and three I demonstrate the lack of hormonal suppression in subordinate 

adult GLT females in this free-ranging population and I provide evidence supporting the 

hypothesis of self-restraint of reproduction in subordinate adult females under three years 

of age.  Subordinate adult females ovulate and appear to be endocrinologically capable of 

reproduction beginning at 18 months of age, but conceptions are delayed one to two years 

in response to the greater threat of eviction presented by a young dominant female and to 

the lack of non-incestuous mating opportunities.   

 In chapter three I argue that subordinate females older than three years of age no 

longer restrain their own reproduction and that incomplete dominant control as opposed 

to optimal skew limits reproduction by older subordinate females.  My argument is based 

upon the observation that all females younger than 2.5 years of age ovulated but did not 

conceive, whereas all females older than 3.9 years of age became pregnant.  However, 

seven of eleven subordinate pregnancies did not produce live young.  Results from 

logistical regression analyses suggest that older subordinates compete with dominant 

females for reproduction and succeed in producing live young if the dominant female is 
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at least 10 years old, if subordinates conceive while the dominant is heavily pregnant, and 

if they reside within larger groups (ICM).    

 Dominant aggression has been implicated in reducing post-conceptive 

reproductive success in subordinates (Arabian babblers (Turdoides squamiceps): (Zahavi, 

1990); meerkats: (Clutton-Brock et al., 1998a; Clutton-Brock et al., 2001a; Kutsukake & 

Clutton-Brock, 2006; Young et al., 2006; Clutton-Brock et al., 2008); dingos (Canis 

familiaris dingo): (Corbett, 1988); African wild dogs: (Creel et al., 1997); dwarf 

mongooses: (Creel & Waser, 1991; Rasa, 1994; Creel & Waser, 1997); banded 

mongooses (Mungos mungo): (Gilchrist, 2006a; Cant et al., 2010); naked mole-rats 

(Heterocephalus glaber): (Faulkes & Abbott, 1997); prairie dogs (Cynomys 

ludovicianus): (Hoogland, 1985); Mongolian gerbils  (Meriones unguiculatus): (Saltzman 

et al., 2006a); and in GLTs: (Kleiman, 1979; Inglett et al., 1989; French et al., 2002)).  In 

chapter three I present results from enzyme immunoassay for the stress hormone cortisol 

that refute the role of dominant aggression and chronic social stress in limiting 

reproduction by subordinate female GLTs.      

 In addition to these contributions made to basic science, my results contribute to 

the conservation of this endangered species.  The conditions found here to favor 

polygyny, thus increasing reproductive output, can be used in formulating management 

plans.  My study on caloric availability quantifies the resource base necessary to support 

polygyny in wild GLT groups and may be used as a guide when selecting potential sites 

for relocation of tamarin groups and the usability of forest corridors and surrounding 

matrix.  Results from this dissertation may also be used to increase reproductive output in 
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captive populations or increase the likelihood of successful reproduction by pairs whose 

genes are underrepresented in the current population.  

 Future population viability assessments for this endangered species may use 

results from my study.  In chapter one I report that 83% of GLT groups contained two 

reproductive females, doubling the number of polygynous groups previously reported 

(Baker et al., 2002).   In contrast with results from French et al. (2003) indicating that the 

majority of subordinate females over 18 months of age remained anovulatory, in chapter 

two of this dissertation I demonstrate ovulation in subordinate females beginning at 18 

months of age.  I also report a mean age at first reproduction of 3.1 years as opposed to 

the previous estimate of 3.6 years (Bales et al., 2001).  Whereas reproductive senescence 

has been demonstrated in elderly captive callitrichids (Tardif, 1985; Tardif & Ziegler, 

1992; Caro et al., 1995), the results I present in chapter three agree with those of Bales et 

al. (2001) and demonstrate that elderly females remain capable of reproduction.  

Together, my results suggest that the reproductive potential of this population may be 

higher than previously estimated. 
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Chapter 1:  Caloric availability does not limit reproduction in female golden lion 

tamarins (Leontopithecus rosalia) 

ABSTRACT 

 Delayed dispersal and cooperative breeding may have evolved as a consequence 

of the limits ecological constraints place on independent breeding.  Reproduction in 

cooperatively breeding callitrichid primates may be especially constrained by food 

availability.  Their small body size and minimal body fat may not allow sufficient energy 

stores to meet the unusually large energetic requirement necessary to produce one or two 

litters of twins weighing over 20% of maternal body weight each year.  In the current 

study I examine whether the availability of calories from fruit and nectar species limited 

reproduction in female golden lion tamarins (Leontopithecus rosalia).  I collected three 

years of data from seven free-ranging groups of tamarins in Poço das Antas Biological 

Reserve, Rio de Janeiro, Brazil.  I used hormonal (progesterone and cortisol) profiles 

obtained through non-invasive immunoassay of feces to detect ovulation in subordinates.  

I also used changes in body mass, bi-annual physical examinations, and behavioral 

observations to diagnose pregnancies.  I used circulating cortisol concentrations during 

early pregnancy as a measure of metabolic stress and both progesterone and cortisol 

during late pregnancy as indicators of fetal and placental growth.  I defined reproductive 

success as pregnancies that resulted in the birth of live infants.  I recorded group 

compositions daily, and performed phenological surveys to quantify average monthly 

caloric availability.  I compared hormonal profiles of successful vs. non-successful 

pregnancies using linear mixed model analysis of variance.  I identified variables useful 

in predicting a successful pregnancy using logistic regression analyses.  Caloric 
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availability did not limit reproduction in adult female tamarins.  All home ranges 

contained calories in fruit and nectar that far exceeded the minimum required to support 

reproduction.  Under these conditions of high caloric availability both dominant and 

subordinate adult females ovulated and became pregnant resulting in an 83% rate of 

pregnancy polygyny.  Lower 3rd trimester progesterone and cortisol concentrations in 

non-successful pregnancies compared to successful pregnancies could not be attributed to 

insufficient caloric availability.  The likelihood of a successful pregnancy increased 1.7 

times with the addition of each group member, suggesting that calories were sufficient to 

support not only pregnancy by multiple breeding females, but also the additional group 

members resulting from multiple litters.  The super abundance of calories and the timing 

of births suggested that competition for allocare rather than for food resources may be the 

selective force limiting reproduction by subordinate females. 

INTRODUCTION  

Golden lion tamarin mating system 

 Golden lion tamarins (Leontopithecus rosalia) are small, neotropical primates in 

the family Callitrichidae (marmosets and tamarins).  Golden lion tamarins (GLTs) 

typically reside in family groups of 2–11 individuals (Dietz & Baker, 1993; Dietz et al., 

1994).  Dietz and Baker (1993) described the mating system in GLTs as monogyny with 

about a 10% incidence of polygyny.  However, when examining groups containing more 

than one potentially reproductive female, 44.3% showed pregnancy polygyny (more than 

one female was confirmed as being pregnant within the same breeding season) and 26.2% 

showed rearing polygyny (more than one female reared offspring to weaning) (Dietz & 

Baker, 1993; Baker et al., 2002).  Typically, a single male monopolizes copulations with 
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a single breeding female during her fertile period; however, about 40% of groups studied 

were potentially polyandrous, containing two or more potentially reproductive males 

(Baker et al., 1993; Baker et al., 2002).  Lion tamarin offspring typically delay dispersal 

and reproduction, and remain in their natal group to help with the care of infant siblings 

(Dietz & Baker, 1993).  Cooperative care has been suggested to be instrumental in the 

ability of callitrichids to meet the energetic needs associated with successfully rearing the 

litters of twins they are capable of producing either once or twice a year (Kleiman, 1977a; 

Sussman & Garber, 1987; Baker et al., 1993; Dietz & Baker, 1993).   

 Reports by Dietz and Baker (1993), Baker et al. (2002), and Hankerson (2008) 

point to ecological conditions leading to polygyny in GLT groups.  Groups with two 

reproductive females were found more commonly within home ranges that contained 

more swamp forest (Dietz & Baker, 1993).  Baker et al. (2002) suggest that polygyny 

may be more common on home ranges containing greater proportions of secondary and 

edge forest where food may be more abundant (Terborgh, 1983; Rylands, 1986; Rylands, 

1987; Rylands & Faria, 1993).  Larger home ranges contained more reproductive females 

(Hankerson, 2008).  These studies provide indirect evidence in support of food limitation 

on GLT reproduction, but food resources were not directly quantified.   

Food limitation hypothesis 

 According to the model of ecological constraints, food availability and its 

distribution through time and space affect almost every aspect of an organism’s life 

history (Ross, 1991; Ross, 1992), including mating systems (Goldizen, 1987a; Dietz & 

Baker, 1993; Baker et al., 2002), reproductive timing (Altmann, 1980; van Schaik & van 

Noordwijk, 1985; Goldizen et al., 1988; Dietz et al., 1994; Di Bitetti & Janson, 2000), 
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and reproductive output (Dietz & Baker, 1993; Altmann & Alberts, 2003; Altmann & 

Alberts, 2005; Stewart et al., 2005).  Ecological constraints limiting independent breeding 

may explain the evolution of delayed dispersal and cooperative breeding in birds (as 

reviewed in Hatchwell & Komdeur (2000)) and mammals (Kleiman, 1977b; Creel & 

Creel, 1991).  Reproduction in cooperatively breeding callitrichid primates may be 

especially constrained by food availability (Leutenegger, 1980; Kirkwood & Underwood, 

1984; Goldizen, 1987a; Price, 1992c; Tardif, 1994; Sánchez et al., 1999; Miller et al., 

2006).  Their small body size (non-pregnant adult female GLTs weigh 598 g on average 

(Dietz et al., 1994)) and minimal body fat storage (Power et al., 2001; Power et al., 2008) 

may not allow the buildup of energy reserves necessary to meet the unusually large (for 

primates) (Leutenegger, 1973; Hearn, 1983; Kirkwood, 1985; Tardif et al., 1993; Ross & 

MacLarnon, 1995; Nievergelt & Martin, 1999; Tardif et al., 2001) energetic demand of 

producing and raising one or two litters of twins weighing in excess of 20% of maternal 

body weight each year (Leutenegger, 1973; Ford, 1980; Leutenegger, 1980; Dietz & 

Baker, 1993; Dietz et al., 1994; Bales et al., 2001).  This heavy energetic burden placed 

upon small-bodied callitrichid females may require the participation of group members as 

infant allocaregivers, thus leading to the evolution of a monogynous mating system and 

cooperative infant care in the Callitrichidae (Kleiman, 1977b; Ford, 1980; Leutenegger, 

1980; Dietz & Baker, 1993; Tardif et al., 1993; Dietz et al., 1994; Tardif, 1994; Tardif, 

1997).  In addition, a continuous food supply may be required to support callitrichid body 

maintenance and reproduction (Tardif et al., 2004; Tardif et al., 2005).  Where food 

resources are limited or when energetic costs are high, GLTs have been observed to 

reduce the amount of time they spend in energetically expensive activities such as travel, 
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foraging, and play (Miller et al., 2006; Sales Coelho et al., 2008).  Nievergelt & Martin 

(1999) suggested that captive common marmosets (Callithrix jacchus) meet the increased 

energetic demands of pregnancy by reducing time spent in energetically expensive 

behaviors.  During late pregnancy, when energy costs were high, captive female cotton-

top tamarins (Saguinus oedipus) fed ad libitum reduced locomotion (Price, 1992b).  Free-

ranging GLTs in Poço das Antas Biological Reserve (PDA) reduced time spent in 

foraging for insect prey during late pregnancy (Siani, 2009) and spent more time sleeping 

or remaining stationary (Miller et al., 2006).  The suite of energy-conserving behaviors 

that have evolved in the Callitrichidae suggest an energetic tradeoff among daily 

activities, thermoregulation, and reproduction in this species (Thompson et al., 1994).  

Thompson et al. (1994) also found that GLTs had moderately low energetic requirements 

relative to other mammals and primates their size, a finding inconsistent with their high 

reproductive output and indicative of constraints on energy availability.  Based upon this 

body of evidence, I hypothesized that reproduction in wild adult GLT females is limited 

by food availability. 

Caloric availability affects ovulation and conception 

Females under conditions of abundant food resources may be more likely to meet 

the energetic requirements necessary not only to support their own metabolism, but also 

to maintain normal reproductive cycles of estrus, mating, conception, pregnancy, birth, 

lactation, and the resumption of estrus (Takahashi, 2002); a cycle physiologically 

controlled by hormones.  Studies on the effects of dietary restriction on reproduction 

originally focused on gonadotropins (follicle stimulating hormone (FSH) and luteinizing 

hormone (LH)) as responsible for anovulation (Bronson, 1989; Downing & Scaramuzzi, 
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1991), since these hormones are primarily responsible for follicle growth, ovulation, and 

the production of estrogen and progesterone by the ovary (Ojeda & Griffin, 1996). 

Conversely, ewes fed enriched diets exhibit increased ovulation rates without a 

corresponding change in FSH or LH.  Instead, the metabolic hormone insulin increases 

with food quality (Downing & Scaramuzzi, 1991).  When food is scarce or energetic 

demands are high, reproduction may be halted by metabolic hormones such as leptin, 

insulin, and corticotropin-releasing hormone (CRH).  Though the exact mechanism is 

unknown, these metabolic hormones exert some influence on the hypothalamic-pituitary-

gonadal axis, most likely on the ovary directly, to control the production of progesterone 

and estrogen (Nelson, 2005).  In turn, progesterone produced by the corpus luteum is 

involved in the negative feedback mechanisms controlling cyclical follicular 

development in the ovary leading to ovulation and maintaining the uterine lining for 

successful implantation after conception (Ojeda, 1996).   

When food is abundant, females of many species are more likely to ovulate and 

conceive (Dailey & Neill, 1981; Frisch, 1982; Lee, 1987; Kirkwood et al., 1987; 

Downing & Scaramuzzi, 1991).  An abundance of literature has linked the lowering of 

the average age of menarche with improvements in nutrition and body condition in 

women (Tanner, 1962; Brown, 1966; Dreizen et al., 1967; Baanders-Van Halewin & de 

Ward, 1968; Bojilen & Bentzoin, 1968; Wolanski, 1968; Kennedy, 1969; Frisch & 

Revelle, 1971; Weir et al., 1971; Stein & Susser, 1975; Frisch, 1982; Frisch, 1984).  

Asian Hanuman langurs (Presbytis entellus) (Koenig et al., 1997), Japanese macaques 

(Macaca fuscata fuscata) (Takahashi, 2002), and Sumatran long-tailed macaques 

(Macaca fascicularis)(van Schaik & van Noordwijk, 1985) are more likely to ovulate and 
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conceive at a time of year when food resources are most abundant and females are in 

their best physical condition.  Wild female GLTs at PDA increase the amount of time 

spent foraging during the cool, dry months just prior to pregnancy and lactation, perhaps 

improving body condition for reproduction (Miller et al., 2006).  Captive GLTs fed ad 

libitum begin to show normal ovarian cyclicity at around 18 months of age (French et al., 

2002), whereas wild females often remain anovulatory until well after 24 months of age 

(French et al., 2003).  Mating and conceptions in wild GLT populations may also be 

delayed even after normal ovarian cyclicity has been established, resulting in average 

ages of primiparous subordinate females well over the 18-24 months associated with 

puberty (Bales et al., 2001; Baker et al., 2002) (Chapter 2, this dissertation).  In addition, 

the number of ova released at ovulation increases with food availability and maternal 

weight in sheep (Downing & Scaramuzzi, 1991), common marmosets (Tardif & Jaquish, 

1997), and cotton-top tamarins (Kirkwood, 1983).  

Caloric availability affects reproductive success 

Caloric availability may also affect success rates of existing pregnancies through 

a hormonal feedback loop (Knott, 2001; Tardif et al., 2004; Tardif et al., 2005; Jansson & 

Powell, 2006; Rutherford & Tardif, 2008; Rutherford, 2009).  It has been suggested that 

the placenta serves as a nutrient sensor that calibrates fetal growth to maternal condition 

through the use of hormones (Jansson & Powell, 2006; Rutherford & Tardif, 2008; 

Rutherford, 2009).  Though the corpus luteum produces progesterone during very early 

pregnancy, the placenta is responsible for the significant rise in circulating maternal 

progesterone concentrations as pregnancy progresses (Carr, 1996; Nelson, 2005).  

Progesterone functions in maintaining pregnancies by inhibiting uterine contractions, 
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inhibiting prostaglandin (thereby inhibiting parturition), and blocking the cellular 

immune response that would otherwise attack the fetus residing within the uterus as a 

foreign body (Carr, 1996).   

Under conditions of low caloric availability, the placenta may respond by 

reducing the amount of progesterone it produces (Bronson, 1989), leading to premature 

delivery or preterm abortion.  When the calories available to pregnant females are not 

restricted, progesterone levels increase as the fetus develops and the placenta increases in 

size (Tardif et al., 2004; Tardif et al., 2005).  Carbohydrate intake and metabolism may 

also increase with progesterone (Czaja & Goy, 1975; Pliner & Fleming, 1983).  During 

pregnancy, as progesterone concentrations continue to rise, the resulting increase in food 

consumption helps support the developing fetus as well as provide energy reserves for 

lactation (Nelson, 2005).   

If food resources are limited, an “energy save” mode of metabolism may be 

required to provide the energy necessary for reproduction (Kirkwood & Underwood, 

1984; Dietz et al., 1994; Thompson et al., 1994; Bales, 2000; Bales et al., 2001; Tardif et 

al., 2001; Miller et al., 2006).  Cortisol, a glucocorticoid hormone, is responsible for the 

mobilization of energy reserves from protein and fat into useable glucose during food 

deprivation or periods of stress (Nelson, 2005).  In well-fed animals, cortisol levels are 

typically low.  As food intake decreases, cortisol levels increase to meet energetic 

demand (Schneider & Wade, 1999).  Thus, cortisol can be used as an indicator of relative 

energetic demand and metabolic stress in non-pregnant and early pregnant female GLTs.  

This technique has been used to measure the relative energetic demands of mating and 
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readiness for reproduction in female muriquis (Brachyteles arachnoides hypoxanthus) 

(Strier et al., 2003).   

Connections between cortisol and maternal energetic demand must be made with 

caution during late pregnancy as cortisol levels increase significantly during the 3rd 

trimester of pregnancy in callitrichids (Ziegler et al., 1995; Smith & French, 1997b; 

Albuquerque et al., 2001; Ziegler et al., 2004; Bales et al., 2005; Tardif et al., 2005).  As 

the fetus matures, placental CRH stimulates production of adrenocorticotropic hormone 

(ACTH) by the fetal pituitary gland.  Together, placental CRH and fetal pituitary ACTH 

stimulate the fetal adrenal gland to produce cortisol and dehydroepiandrosterone sulfate 

(DHEAS) (Coulter & Jaffe, 1998; Smith et al., 1998).  Cortisol and DHEAS drive 

placental CRH production.  Thus, a positive feedback loop linking the placenta, fetal 

pituitary gland, and fetal adrenal gland results in greater concentrations of circulating 

maternal cortisol (Goland et al., 1994; Coulter & Jaffe, 1998; Smith et al., 1998; Smith et 

al., 1999; Challis et al., 2000; Umezaki et al., 2001; Mastorakos & Ilias, 2003).  Rather 

than an indication of lower food intake, increased metabolic demand, or stress in heavily 

pregnant females, sustained peaks in cortisol concentrations during late pregnancy are the 

result of the normal increase in placental activity and fetal development associated with a 

pregnancy that has advanced into the 3rd trimester (Bales et al., 2005; Tardif et al., 2005; 

Power et al., 2006).   

 The food limitation hypothesis predicts increased reproductive success for 

females breeding when food is readily available.  Females that conceive too early or too 

late in the breeding season may be unable to find adequate food resources to support 

reproduction (Di Bitetti & Janson, 2000; Strier, 2000).  On the other hand, females 
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reproducing under conditions of higher food availability are more likely to carry their 

pregnancies to term (Tardif et al., 2004; Tardif et al., 2005) and produce sufficient 

quantity and quality of milk (Altmann, 1980; Tardif et al., 2001; Dunbar et al., 2002; 

Power et al., 2008).  Their offspring may experience higher growth rates both pre- (Li et 

al., 1998; Tardif & Bales, 2004) and post-partum (Dietz et al., 1994; Tardif et al., 2001; 

Tardif & Bales, 2004) as well as lower infant mortality (Altmann, 1980; Small & Smith, 

1986).  The selective advantage conferred on individuals able to time reproduction with 

maximum food availability has led to distinct patterns of birth seasonality among 

primates occupying seasonal environments (van Schaik & van Noordwijk, 1985; Di 

Bitetti & Janson, 2000).  The high energetic costs of primate reproduction (Dufour & 

Sauther, 2002), including the energetic demands of lactation that may double caloric 

intake (Altmann, 1980; Kirkwood & Underwood, 1984; Martin, 1984; Crockett & 

Rudran, 1987; Goldizen, 1987a; Gittleman & Thompson, 1988; Savage, 1995; Koenig et 

al., 1997; Nievergelt & Martin, 1999; Tardif et al., 2001) and the need for readily 

available foods at weaning (Martin, 1973; Charles-Dominique, 1977; Petter, 1978; 

Altmann, 1980; Chivers & Raemaekers, 1980; Nash, 1983; Martin, 1984; Goldizen et al., 

1988), have selected for individuals that are able to time lactation and weaning to occur 

during periods of abundant food resources (Nash, 1983; Boinski, 1987; Lee, 1987; 

Goldizen et al., 1988; Strier, 1991; Lee & Hauser, 1998; Di Bitetti & Janson, 2000).  

 Reproductive timing in GLTs also appears to conform to predictions derived from 

the food limitation hypothesis.  GLTs exhibit two distinct birth peaks within the wet 

season:  the largest peak occurring from September through November (Dietz et al., 

1994; French et al., 1996; De Vleeschouwer et al., 2003); the second peak from January 
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through February (Dietz et al., 1994; De Vleeschouwer et al., 2003).  In a study designed 

to test the predictions derived from the food limitation hypothesis, Dietz et al. (1994) 

suggested that GLT reproduction was indeed limited by food availability.  The observed 

seasonal pattern of reproduction placed parturition, lactation and weaning within the 

seven month wet season when resources were presumed to be most abundant.    

 Several studies show that primates with greater food availability are in better 

physical condition and have greater reproductive output.  Amboseli baboons (Papio 

cynocephalus) supplemented with food out of a tourist lodge garbage dump are heavier 

and show greater reproductive success than non-provisioned individuals (Altmann & 

Alberts, 2003; Altmann & Alberts, 2005).  Fruit and insect availability at Cocha Cashu 

Biological Station, Manu National Park, southeast Peru, was lower during a four-month 

dry season (May-September).  During that period saddle-back tamarins (Saguinus 

fuscicollis) lost an average of 5% of their body mass and no births occurred between mid-

March and mid-August (Goldizen et al., 1988).  Marmosets and tamarins fed ad libitum 

in captivity frequently have two litters per year and may produce triplets (Wolfe et al., 

1975; Gengozian et al., 1978; Kirkwood, 1983; Tardif & Jaquish, 1997; Strier, 2001; De 

Vleeschouwer et al., 2003; Tardif et al., 2003), whereas their wild counterparts often 

produce only one litter of twins or singletons per year (Goldizen et al., 1988; Dietz & 

Baker, 1993; Dietz et al., 1994; Bales et al., 2001).  Golden-headed lion tamarin 

(Leontopithecus chrysomelas) groups residing within cabruca agroforest where the 

invasive jackfruit (Artocarpus heterophyllum) provides a super-abundant and 

concentrated food resource year round have greater reproductive success (producing 

twins in every reproductive season) than do their counterparts occupying primary forest 
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(Oliveira, 2010).  Female GLTs at PDA are heavier during the wet season when food is 

most abundant than they are at the end of the dry season when food is less abundant 

(Dietz et al., 1994).  Wild GLT females that are provisioned weigh more than their non-

provisioned counterparts (Bales et al., 2002).  Heavier GLT females gave birth to more 

live young at PDA (Bales et al., 2001).  Typically, marmosets and tamarins that receive 

more food are in better physical condition (weigh more) (Epple, 1970; Kirkwood, 1983; 

Bales et al., 2002; Tardif et al., 2004).  Females in better physical condition are more 

likely to ovulate, carry pregnancies to term, produce larger litter sizes, and successfully 

rear litters (Kirkwood, 1983; Dietz & Baker, 1993; Tardif & Jaquish, 1994; Tardif & 

Jaquish, 1997; Bales et al., 2001; Tardif et al., 2001; Bales et al., 2002; De Vleeschouwer 

et al., 2003; Tardif & Bales, 2004; Tardif et al., 2004; Tardif et al., 2005). 

Group size affects reproductive success 

If pregnancies by multiple breeding females are to be successful, caloric 

availability within the home range must be high enough to support not only two pregnant 

females, but also up to four infants and the group members providing allocare for these 

infants (Goldizen, 1987a; Goldizen et al., 1988; Dietz & Baker, 1993; Goldizen et al., 

1996; Baker et al., 2002; Clutton-Brock et al., 2008).  If reproduction is limited by 

available food, as the number of individuals occupying the home range increases the 

number of calories available within the home range must increase in order to meet the 

daily nutritional requirements of each additional group member (Dawson, 1979; 

Terborgh, 1983; Terborgh & Stern, 1987; Chapman, 1988; Peres, 1994; Dietz et al., 

1997; Ganas & Robbins, 2005; Wieczkowski, 2005; Miller & Dietz, 2006).  If increased 

daily travel to obtain additional resources to support a larger group is not possible or does 
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not provide sufficient resources, food intake per individual may decline (Foster, 1982), 

which may in turn lead to reduced reproductive success (Janson & van Schaik, 1988; 

Isbell, 1991; Janson & Goldsmith, 1995; Koenig, 2002).  Under conditions of reduced 

caloric availability, group members may reduce food sharing with pregnant females or 

dependent infants in order to increase their own intake (Rapaport & Ruiz-Miranda, 2006).  

Conversely, under conditions of high food availability the caloric requirements of all 

group members are more likely to be met and pregnancies may be more likely to succeed.   

When group sizes are small the calories available within the home range are 

divided among fewer individuals.  If receiving a larger share of calories results in heavier 

females (Epple, 1970; Kirkwood, 1983; Bales et al., 2002; Tardif et al., 2004), and 

heavier females have higher reproductive success (Kirkwood, 1983; Dietz & Baker, 

1993; Tardif & Jaquish, 1994; Tardif & Jaquish, 1997; Bales et al., 2001; Tardif et al., 

2001; Bales et al., 2002; De Vleeschouwer et al., 2003; Tardif & Bales, 2004; Tardif et 

al., 2004; Tardif et al., 2005), then pregnancies by GLT females should be more likely to 

succeed when these females reside in groups containing fewer individuals. 

Timing affects reproductive success 

If caloric availability is insufficient to support simultaneous reproduction by 

multiple females residing within the same home range, then pregnancies by multiple 

breeding females that are timed such that infant arrivals are staggered should be more 

likely to succeed (Digby, 1995a; Clutton-Brock et al., 2008).  Staggering infant births 

reduces the length of time when the caloric demands of two pregnant females, two 

lactating females, and potentially four dependent infants must be met at the same time.  

GLT females giving birth twice a year typically give birth to their first litter in late 
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September or early October and to their second litter in mid-February.  Females giving 

birth to only a single litter annually typically give birth in November.  The two annual 

peaks in infant births, one from October through November and another in February 

(Dietz et al., 1994) may reflect the staggering of births among GLT females.  When there 

is overlap in infant dependency periods, those infants arriving first will have exclusive 

access to maternal milk and allocaregivers until the arrival of the second litter (Digby, 

1995a).  The length of time that first-born infants benefit from exclusive access to 

resources depends upon the interval between births by multiple breeding females residing 

within the same home range (interfemale interbirth interval, IFIBI).   

Questions, hypotheses, predictions  

 The goal of this study was to determine whether the availability of calories from 

fruit and nectar species limits reproduction in female GLTs.  The following questions 

were addressed in this study:  1)  Is reproduction in wild golden lion tamarin groups 

limited to a single breeding female?  2)  Is reproduction by wild female GLTs limited by 

caloric availability?   In answering these questions I hope to understand better the 

ecological conditions that have an impact on reproductive output in this cooperatively 

breeding species.  I collected the following data on seven groups of GLTs over three 

reproductive years: caloric availability, group demography, female reproductive status 

and metabolic stress levels as determined through non-invasive hormonal assays for 

progesterone and cortisol, and reproductive success defined as pregnancies that resulted 

in the birth of live offspring.  I tested the following predictions derived from the 

hypothesis that reproduction by wild adult female GLTs is limited by caloric availability 



 

 27

to support pregnancy, to support simultaneous breeding by two females, and/or to support 

a large group (Table 1.1): 

 Prediction 1:  If caloric availability is consistently above the minimum required 

for reproduction, then all adult females will ovulate and conceive.   

 Prediction 2:  Pregnancies that are successful will have lower cortisol 

concentrations during the non-pregnant period just prior to conception and during the 1st 

trimester of pregnancy, indicating that the mother is not under metabolic stress as a result 

of caloric insufficiency.   

 Prediction 3:  Pregnancies that are successful will have higher progesterone and 

cortisol concentrations during the 3rd trimester, indicating that fetal and placental growth 

is not limited by insufficient calories. 

 Prediction 4:  Pregnancies will be more likely to succeed when caloric 

availability is high. 

 Prediction 5:  Pregnancies will be more likely to succeed when females reside 

within a group containing fewer individuals (with which she must divide limited 

calories).    

 Prediction 6:  Pregnancies will be more likely to succeed when the interfemale 

interbirth interval is longer (placing litter arrivals further apart and reducing the length of 

time when infant dependency periods overlap). 

 Prediction 7:  Pregnancies will be more likely to succeed when they are 

conceived before another pregnancy in the same reproductive season (reducing overlap in 

infant births and giving the female pregnant first and her infants prior access to limited 

food resources). 
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METHODS 

Study site 

 Data were collected within the 6300 ha Poço das Antas Biological Reserve 

(PDA), Rio de Janeiro State, Brazil (22° 30' - 33' S, 42° 15' - 19' W) (Miller & Dietz, 

2006).  The reserve is predominantly secondary forest consisting of a patchwork of 

habitat types resulting from the various stages of secondary succession following human 

occupation (Dietz et al., 1997).  The areas of secondary forest used by GLTs include 

hillside, lowland transitional, and swamp.    

 PDA has a wet (October through April (Dietz et al., 1994; Hankerson, 2008)) and 

a dry season (June through August (Dietz & Baker, 1993; Hankerson, 2008)) each year.  

During the three years of this study, PDA received an average of 2135.6 ± 184.1 

(standard error) mm of precipitation each year, with 1821.4 ± 250.8 mm of rain falling 

over all wet months of each year, and 314.3 ± 72.2 mm of rain falling over all dry months 

each year (unpublished data).  An average of 260.2 ± 18.9 mm of rain fell during each 

wet month as compared to an average of 62.9 ± 7.4 mm of rain during each dry month 

(unpublished data).  Average temperatures ranged from 21.7 ± 0.1 ° C minimum to 27.6 

± 0.2 ° C maximum during the wet season, and from 18.2 ± 0.1 ° C minimum to 25.0 ± 

0.2 ° C maximum during the dry season (unpublished data).  Day length varied from 12 

hours 38 minutes during the wet season to 11 hours 22 minutes during the dry season 

(Observatório Nacional, 2004; Observatório Nacional, 2005; Observatório Nacional, 

2006; Observatório Nacional, 2007).     
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Study species 

 Golden lion tamarins once occupied much of the Atlantic Coastal Forest of Rio de 

Janeiro State, Brazil.  Today, primarily as a result of habitat loss, fragmentation, and 

forest degradation and with the exception of a few small coastal populations, GLTs are 

found only in small patches of remnant forest centered around the São João river basin 

(Rylands et al., 2002; Ruiz-Miranda et al., 2008).  GLTs were ranked as “critically 

endangered” from 1963 to 2002 due to low numbers, narrow distribution, and threat of 

continued habitat loss (Hilton-Taylor, 2000; Rylands et al., 2002).  Due to successful 

local, national, and international conservation efforts, GLTs were reclassified as 

“endangered” in 2003 (IUCN, 2010).  Still, only an estimated 1500 GLTs remain in the 

wild (Ruiz-Miranda et al., 2008); PDA holds the largest remaining population (Rylands et 

al., 2002; Ruiz-Miranda et al., 2008).  Currently, an estimated 350 GLTs exist within the 

secondary forests protected by the reserve (Rylands et al., 2002; Ruiz-Miranda et al., 

2008).   

 The GLT diet includes fruits, seeds, flowers, nectar, gum, insects, and small 

vertebrate prey (Dietz et al., 1997; Miller, 2002; Procópio de Oliveira, 2002; Miller & 

Dietz, 2006; Procópio de Oliveira et al., 2008a).  In this study, I focused only on the 

calories provided from fruit and nectar species occurring within GLT home ranges.  

Individual identification and weighing  

 The animals under study at PDA are native and unmanipulated except for bi-

annual live captures necessary for replacing radio collars to facilitate group location.  

During these routine captures, usually in May or early June and again in December or 

January, individuals are given identifiable markings (hair dye and tattoos), weighed, and 
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evaluated for growth and body condition including notes regarding female nipple length 

(reflecting parity), lactation, and pregnancy (Dietz & Baker, 1993; Dietz et al., 1994).  

During the current study weights were also obtained weekly from August through 

December of each year using baited scales in the field (Bales, 2000; Bales et al., 2002; 

Siani, 2009). 

Behavioral observations 

 I collected data on 7 groups of wild GLTs at PDA, each containing 2 to 13 

individuals and 1 to 3 adult females.  All individuals were habituated to the presence of 

human observers.  I collected data over three reproductive years:  2004-2005, 2005-2006, 

and 2006-2007.  A reproductive year was defined as the 1st of March through the 28th of 

February in order to encompass the mating period, pregnancy, and the first annual peak in 

infant births (October through November (Dietz et al., 1994)) as well as post-partum 

ovulation, mating, and pregnancy that lead to the second annual peak in infant births 

(February (Dietz et al., 1994)).  Six of these groups were observed from March 2004 

through February 2007.  Another group was added to the study in June of 2005, and was 

observed until the end of the study in February of 2007.  Group sizes fluctuated but losses 

typically were filled by colonizers.  Field assistants performed randomly alternated daily 

behavioral observations on these seven study groups.  Focal observations included 

observed reproductive behavior; food species consumed; time spent eating each species; 

and time spent in travel, foraging, rest, encounters with neighboring groups, and infant 

care.  Group scans recorded position, habitat type, and activity every 20 minutes.  Group 

composition was recorded daily including all births, deaths, emigrations, and 

immigrations. 
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 The ages of individuals born within study groups are known from long-term 

demographic data or estimated to year based upon weight, the eruption of permanent 

teeth, and degree of tooth wear and discoloration noted at semi-annual captures (Dietz et 

al., 1994; Bales et al., 2001; French et al., 2003).  Adults were defined as individuals 

older than 18 months of age (Dietz & Baker, 1993), corresponding to the average age of 

sexual maturation (French & Stribley, 1987; French et al., 1989; Dietz et al., 1994; 

French et al., 2002). 

 Each group contained one adult female who was behaviorally dominant to other 

females in the group.  Dominance was assigned to the predominant aggressor based upon 

archwalks, mounts, and chases and winner of fights (Dietz & Baker, 1993; Bales et al., 

2005).  

Fecal sample collection  

 I collected 1176 fecal samples from individually identified female GLTs in seven 

free-ranging social groups from March 2004 through February 2007.  Feces were 

collected from a total of 21 GLT females including 14 adults, 4 females that passed from 

subadult to adult, 1 from juvenile to adult, 1 from juvenile to subadult, and 1 from infant 

to subadult (Table 1.2).  I collected samples year-round during reproductive and non-

reproductive months of the year.  I collected fecal samples from each female once or 

twice per week as they left their sleeping locations or during subsequent observations.  I 

attempted to restrict fecal collection to the morning hours to reduce diurnal variation in 

concentrations of fecal progesterone metabolites (Sousa & Ziegler, 1998; French et al., 

2003).  As a result, 28% of samples were collected before 0900h, and 83% by 1200h.  No 

more than 10 hours passed between fecal sample collection and storage in a freezer.  
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Samples remained frozen until analysis at the Callitrichid Research Center, University of 

Nebraska at Omaha. 

Pregnanediol-3-glucuronide (PdG) and cortisol extraction from feces 

 Pregnanediol-3-glucuronide (PdG) is a metabolite of progesterone excreted in the 

feces and has been validated as a reliable indicator of circulating progesterone 

concentrations (Bales, 2000; French et al., 2003).  Cortisol is excreted directly into the 

feces.  PdG and cortisol were extracted simultaneously from fecal samples.  Fecal 

samples were allowed to thaw at room temperature and I then removed large seeds, leafy 

material and undigested insect parts.  Fecal samples were dried in a drying oven at 37 ° C 

prior to weighing for hormonal extraction.  Hormonal extraction was performed by 

briefly vortexing and then shaking 0.125 g of dried fecal matter in 2.5 ml of solubilizing 

extraction buffer (40% methanol (MeOH):60% phosphate buffered saline (PBS)) for 12-

16 hours on a shaker rack.  Samples were then briefly vortexed to remove residue along 

the tube walls and centrifuged for 15 min at 2000 rpm at 6 ° C.  The supernatant was 

decanted into a clean test tube and refrozen for storage until further diluted for assay.   

PdG immunoassay 

 PdG was measured using an assay previously described (Bales, 2000; French et 

al., 2003).  Extracted fecal samples were diluted 1:5 in PBS prior to assay to place sample 

PdG concentrations within the range of the standard curve.  PdG standards ranged from 

10,000 to 78 pg/well and were prepared using halving dilutions in 1:5 extraction 

buffer:PBS. Controls were 1:5 extraction buffer:PBS.  Internal quality control pools 

consisted of female Geoffroy’s marmoset (Callithrix geoffroyi) urine since a more recent 

and extensive assay history existed for comparison.  They were run at high concentrations 
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(1:80 in 1:5 extraction buffer:PBS) and low concentrations (1:640 in 1:5 extraction 

buffer:PBS).  PdG concentrations were determined through standardized enzyme 

immunoassay techniques (EIA) and calculations resulting from a four-parameter 

sigmoidal curve-fitting function.  The intra- and inter-assay coefficients of variation for 

high and low concentrations of a urine quality control pool for the PdG assay were 9.1% 

and 19.9% (high), and 7.4% and 26.7% (low), respectively.  This EIA assay for PdG has 

been previously validated against circulating hormone levels by noting the production of 

parallel displacement curves when PdG standards were assayed together with serial 

dilutions of extracted feces collected from females at different times during pregnancy 

(Bales, 2000; French et al., 2003).  The accuracy of the assay was also previously tested 

by spiking fecal sample supernatant with 2000 pg of PdG standard and measuring the 

recovery of that PdG standard as 108.6% ± 5.9% (n=6) (French et al., 2003). 

 Hormone concentrations that were within 10% above and below the standard 

curve (11,000 pg/well through 70.2 pg/well) were accepted and used at face value in 

calculations to arrive at ng PdG/g feces.  Concentrations above (n=28) or below (n=167) 

the 10% cut off were assigned values of 11,000 and 70.2 pg/well, respectively.  The large 

number of samples with very low PdG concentrations was expected due to the number of 

young females from which feces was collected, but could not be avoided since dilution of 

fecal extracts by less than 1:5 or bringing more fecal extract to the EIA well would have 

caused interference in the assay due to the increase in methanol concentrations.  As such, 

the risk of false positive pregnancy diagnoses based on PdG concentrations was minimal 

since overestimation was limited to very low PdG values and very high PdG values were 

conservatively underestimated. 
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Cortisol immunoassay  

 Fecal cortisol was measured using an assay previously described (Bales, 2000; 

Bales et al., 2005).  Extracted fecal samples were diluted 1:10 in PBS prior to assay to 

place sample cortisol concentrations within the range of the standard curve.  Cortisol 

standards ranged from 1,000 to 7.8 pg/well and were prepared using halving dilutions in 

1:10 extraction buffer:PBS.  Controls were 1:10 extraction buffer:PBS.  Internal quality 

control pools consisted of female Geoffroy’s marmoset urine since a more recent and 

extensive assay history existed for comparison.  They were run at high concentrations 

(1:2560 in 1:10 extraction buffer:PBS) and low concentrations (1:20,480 in 1:10 

extraction buffer:PBS).  Cortisol concentrations were determined through standardized 

EIA techniques and calculations resulting from a four-parameter sigmoidal curve-fitting 

function.  The intra- and inter-assay coefficients of variation for high and low 

concentrations of a urine quality control pool for the cortisol assay were 3.9% and 11.4% 

(high), and 3.9% and 20.7% (low), respectively.  This EIA assay for fecal cortisol has 

been previously validated against circulating hormone levels by noting the production of 

parallel displacement curves when cortisol standards were assayed together with serial 

dilutions of extracted feces collected from females at different times during pregnancy 

(Bales, 2000; Bales et al., 2005).  The accuracy of the assay was also tested by Bales 

(2000, 2005) by spiking fecal sample supernatant with 100 pg of cortisol standard and 

measuring the recovery of that cortisol standard as 101% ± 2.0% (n=6).   

  Samples that were more than 10% above the highest standard were re-assayed 

after further dilution.  A small number of samples produced results that were below the 

lowest standard value by 10% or more (15 cases distributed over 10 females with no 
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female having more than 3 samples with low values).  These samples were assigned the 

value corresponding to 10% below the lowest standard (7.02 pg/well) that was used to 

calculate ng cortisol/g feces. 

Detection of ovulation, pregnancy, parturition, and abortion 

I plotted PdG and cortisol concentrations over time to help visualize reproductive 

patterns for individual GLT females.  Variation in progesterone levels corresponds to 

ovulation, the formation of the corpus luteum, and placental development (Ojeda, 1996; 

Nelson, 2005) and has been used to trace ovarian cycles and pregnancy in GLTs (French 

& Stribley, 1985; French & Stribley, 1987; Bales, 2000; French et al., 2002; French et al., 

2003).  I examined progesterone profiles of subordinate adult GLT females from 18 

months of age until conception of their first pregnancy.  Subordinate adult females were 

considered ovulatory if non-pregnant progesterone profiles showed cyclical elevation in 

PdG concentrations averaging 20 days in periodicity (French et al., 2002).   

Pregnancy was diagnosed primarily by the prolonged elevation of PdG 

concentrations (Bales, 2000; French et al., 2002; French et al., 2003).  Cortisol, a 

glucocorticoid responsible for mobilizing fat and protein reserves for use by the body in 

times of food deprivation or stress (Nelson, 2005), also shows a significant increase in 

concentration during the 3rd trimester of GLT pregnancy (Bales, 2000; Bales et al., 2005), 

so can be used as a late pregnancy diagnostic.  In addition, pregnant GLT females 

demonstrate steady and considerable weight gain beginning in their 2nd trimester of 

pregnancy and continuing throughout gestation (Bales et al., 2001; Hankerson, 2008).  

Parturition was diagnosed by a sudden drop in PdG concentrations to baseline levels 

(Bales, 2000; French et al., 2002; French et al., 2003) accompanied by a rapid and large 



 

 36

amount of weight loss (mean=112.7 g; range 73 to 142 g; n=12 full term pregnancies for 

which immediate pre- and post-partum weights were available (Siani, 2009)).  I defined 

successful pregnancies as those that were carried to full term and that resulted in 

observations of new infants carried and nursed during the first week after birth by the 

female I identified as the mother.  Birth dates were recorded within one or two days of 

parturition for most infants and within one week for all observed infants born during this 

study.   To establish a calendar for each successful pregnancy I divided the 125-day 

gestation period (French et al., 2002) into trimesters.  Trimesters were assigned by 

counting back from known parturition dates: 84-125 days (3rd trimester), 42-83 days 

(2nd), and 0-41 days (1st) (French & Stribley, 1985; French et al., 2002).  Because 

hormone profiles are highly individualized, for each reproductive female I calculated 

average PdG concentrations during each trimester of pregnancy and during non-pregnant 

periods to provide “typical” values for successful pregnancies.  These trimester averages 

were used as a guide in diagnosing suspected pregnancies for which infants were not 

observed and to determine the probable trimester in which pregnancies were aborted. 

 Pregnancy diagnoses and assignment of trimesters when no infants were observed 

were made consulting multiple sources of information on a case by case basis.  I 

consulted average trimester PdG values for successful pregnancies.  Females that 

produced offspring showed mean PdG concentrations of 1500 ng PdG/g feces when they 

were not pregnant.  Their mean PdG concentrations rose to 3500 ng PdG/g feces during 

the 1st trimester of pregnancy.  Mean PdG concentrations above 5000 ng PdG/g feces 

were considered indicative of a pregnancy that had progressed into the 2nd trimester.  

Concentrations averaging 10,000 ng PdG/g feces or higher were considered indicative of 
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3rd trimester pregnancy.  Consistently high levels of PdG that suddenly dropped to titer 

levels indicated pregnancy loss or parturition depending on when concentrations returned 

to baseline values (Bales, 2000; French et al., 2002; French et al., 2003).   

 Results from cortisol assays were also used as a cross-check when diagnosing 

pregnancy.  A large and consistent rise in cortisol reaching a mean of 15,000 ng cortisol/g 

feces was used to diagnose pregnancies that had proceeded into the middle to late 3rd 

trimester.  Short rises in PdG concentrations that were not accompanied by weight gain 

often coincided with temporary increases in cortisol concentrations and potentially 

stressful events such as bi-annual captures, immigration of new individuals into social 

groups, and increased group encounter frequencies.  Extremes in nutrition and stress can 

affect any assay using a metabolite (PdG) rather than measuring the hormone of interest 

(progesterone) directly (Griffin, 1996).  Thus, cortisol was also used as a cross-check to 

prevent false positive early pregnancy diagnoses based upon elevated PdG concentrations 

resulting from stress.   

 I consulted records on weekly weight gain or loss in the GLT females.  Since no 

significant weight gain occurs during the 1st trimester of GLT pregnancy (Bales et al., 

2001; Hankerson, 2008; Siani, 2009), I did not attempt to use weight to diagnose 

pregnancies that did not progress past the 1st trimester.  However, I used patterns of 

weight gain in females in the current study to establish general guidelines for diagnosing 

pregnancy from the 2nd trimester onward.  Females gaining 5-10% of their non-pregnant 

average weight in a consistently rising pattern were diagnosed as being in their 2nd 

trimester of pregnancy.  Steady weight gain in excess of 10% of a female’s non-pregnant 

body weight was used as an indicator of a 3rd trimester pregnancy.  Females that gained 



 

 38

approximately 20% of their body mass were considered to have reached full term, since 

neonatal weight for Leontopithecus is on average 20% of maternal body weight (Tardif et 

al., 1993).  Average weight loss for 12 births during the current study for which 

immediate pre- and post-partum weights were available was 18.6% of the females’ post-

partum weight (Siani, 2009).  Rapid weight loss was considered indicative of parturition 

or the loss of a 2nd or 3rd trimester pregnancy.  Using weight gain or loss based upon 

percentages of normative body weight allowed me to account for individual differences 

in non-pregnant body mass (Dietz et al., 1994; Siani, 2009) while remaining consistent 

with the average patterns of weight gain throughout pregnancy for our study population.  

All females were adults when suspected pregnancies occurred; therefore, observed 

weight gains were not due to those gains associated with maturation (Dietz et al., 1994; 

Hankerson, 2008).  Siani (2009) found that females gained weight during the wet season 

(October through April) when females were typically pregnant, but these gains were 

small (on the order of 15-20 g) when compared to those of 2nd and 3rd trimester 

pregnancy, thus did not interfere with pregnancy diagnosis. 

 I consulted bi-annual capture records from 2004 through 2007 for each female 

suspected of being pregnant.  These records included each female’s weight (considered 

together with the weights obtained without capture as described above), nipple length 

(parous females having nipple lengths >3 mm in length), whether a female was lactating 

or not (indicative of a recent pregnancy carried through parturition whether infants were 

observed or not), and the results of uterus palpation for pregnancy and trimester diagnosis 

at the time of capture (Dietz & Baker, 1993; Dietz et al., 1994).  These physical 

examinations provided data points during early pregnancy in late May or June when field 
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weights were not available and pregnancy diagnoses were not often possible given 

hormonal concentrations that remain low during this early stage.   

 Ad libitum field observations regarding female appearance and behavioral 

changes were consulted for additional confirmation, though were not considered 

diagnostic.  Heavily pregnant GLTs have distended and rounded abdomens.  They also 

travel with a characteristic pelvic girdle swing.  In contrast with non- pregnant females 

that typically obtain their own prey, visibly pregnant females are often provisioned with 

prey items by the dominant male in the group or aggressively steal prized food items such 

as small vertebrate prey from other group members.  Once at the head of territorial 

encounters with neighboring GLT groups, females in late pregnancy tend to remain at the 

rear of such potentially dangerous interactions without becoming involved in displays 

and chases.  Finally, a few days prior to parturition gravid females were described as 

lethargic, and their daily travel lengths were greatly reduced.  These observations are 

consistent with data from captive cotton-top tamarins indicating a significant reduction in 

locomotion during late pregnancy (Price, 1992b).  

PdG and cortisol averages by trimester 

 I divided pregnancies that did not result in the observation of live infants, thus did 

not have known dates of parturition, into trimesters using the guidelines established 

above and counting either forward or backward from an established trimester to obtain 

surrounding trimester cut off dates as well as probable conception and projected 

parturition dates.  I then calculated average PdG and cortisol concentrations for each 

trimester for all pregnancies, successful and non-successful, as well as for non-pregnant 

adult females.  
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Interfemale interbirth intervals  

 I defined interfemale interbirth interval (IFIBI) as the number of days between 

consecutive known or calculated parturition dates by different females within the same 

group that were pregnant at the same time during the same reproductive season whether 

both pregnancies were carried through to parturition or not. 

Home range and habitat type quantification 

 I defined a home range as the area within which a group of GLTs could be found 

95% of the time (Kernohan et al., 2001).  I used ArcView 3.2 with fixed kernel density to 

map ranges based on GLT group locations collected at 20 min intervals during daily 

follows.  Home ranges were calculated separately for each reproductive year.  Once I had 

mapped the home ranges for each reproductive year, I categorized the habitats contained 

within each home range as either hillside (see definitions of hilltop and hillside forest in 

Dietz et al. (1997)), lowland transitional (see definition of corridor in Dietz et al. (1997)), 

or swamp forest (see definitions of swamp forest and gingers in Dietz et al. (1997)).  I 

distinguished these habitat types based upon their topography, vegetation structure and 

composition, degree of moisture, and soil properties (James & Shugart Jr., 1970; Peres, 

1994; Dietz et al., 1997; Brugiere et al., 2002; Procópio de Oliveira, 2002; Raboy et al., 

2004; Procópio de Oliveira et al., 2008b).  I mapped the location of each habitat type 

within each annual home range by dividing the range into 50 x 50 m grid cells with x and 

y axes corresponding to GPS coordinates.  I used a handheld GPS to arrive at the location 

corresponding to each of the grid cells on the range map where I then evaluated the 

habitat type occurring there.  The few grid cells which I did not visit were assigned a 

habitat type based upon knowledge of the area and by considering the habitat type 
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recorded for neighboring grid cells.  By layering the habitat map on top of annual home 

ranges in ArcView 3.2, I was able to quantify the area of each GLT home range occupied 

by hill, lowland transitional, and swamp habitat for each reproductive year.   

Caloric availability 

 To quantify monthly caloric availability from fruit and nectar within GLT home 

ranges, I established in each of six ranges three transects (one of each habitat type), each 

195 m in length and 10 m wide.  At monthly intervals I evaluated all individuals of plant 

species that were identified as being eaten by GLTs occurring within these transects for 

the presence of edible fruit and nectar-producing flowers.  I ranked the quantities of 

flowers, unripe fruit, and ripe fruit present in each monitored tree on a scale from 0 

(absence) to 4 (100%) based on the percentage of the tree crown covered in flowers, 

unripe fruit, and/or ripe fruit (Peres, 1994).  I then counted the number of edible unripe 

fruits, ripe fruits, and nectar-producing flowers present in GLT food trees within three 

imaginary 1 m3 boxes at random locations within the fruit-bearing region of each tree 

crown.  I estimated fruit-bearing tree crown volume by using a volume formula 

corresponding to the shape of the portion of the tree crown that contained fruit (Miller & 

Dietz, 2004).  Values for the two horizontal radii in these formulas were obtained by 

calculating the average horizontal distance from the trunk of the tree to the furthest point 

in the crown where fruit was present in each of the four compass directions (N, S, E and 

W).  Where fruit was not present on all sides of the tree, horizontal radii measured only in 

those compass directions where fruit could be found were included in mean radius 

calculations and volume formulas were modified to reflect the true shape of the fruit-

bearing region of the crown.  The height used in calculating fruit-bearing crown volume 
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was obtained using a tangent height gauge to measure the highest and lowest points 

within the tree crown where fruit occurred.  The distance between these points was 

divided by two to serve as the third, vertical radius in volume formulas.  I multiplied the 

average of the three counts of ripe fruits per unit volume times estimated fruit-bearing 

tree crown volume to estimate total fruits available in the tree (NRC, 1981; Chapman et 

al., 1992; Miller & Dietz, 2004).  I performed similar calculations for unripe fruit and 

nectar-producing flowers for each tree. 

 I quantified the number of edible fruits and nectar-producing flowers of each 

species present within sampled transects each month using the fruit counts performed on 

individual trees and extrapolations from standard curves for those trees that were given 

rankings but fruits were not counted.  Specifically, I assigned each of the species that 

produced edible fruit or flowers during phenological sampling to one of nine species 

groups.  I categorized species groups based upon similarities of life form, fruit size, and 

fruiting arrangement such that all members of a given group with a similar ordinal fruit 

and flower ranking also had similar quantities of fruit or flowers present in their crowns.  

My goal was to establish a reliable relationship between fruit rank and fruit number.  

Combining data from individuals of multiple species was necessary to produce more 

robust curves including data from more individual trees.  I produced a separate standard 

curve for each of the nine species groups by plotting ordinal rankings (0-4) on the x axis 

and their corresponding fruit and flower counts on the y axis for all individuals within the 

same species group for which both pieces of information were available.  I used nonlinear 

regression to fit a power curve to the data.  A power function was chosen since its shape 

best represented the nature of how fruit quantity increased with ranking (R2 = 0.8256-
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0.9966 for all nine curves) (Motulsky & Christopoulos, 2003).  I estimated the number of 

edible fruits and nectar-producing flowers present within trees that were given only 

rankings by extrapolating from the appropriate standard curve. 

 I then converted estimates of edible fruits and nectar-producing flowers into 

estimates of edible calories.  For edible fruits I multiplied the number of fruits of each 

species present during each phenological sample by the dry weight of a single fruit of that 

species (obtained from Miller & Dietz (2004) and Miller (unpublished data)).  I 

multiplied that product by the number of calories per gram of dry matter of that species 

(obtained from Miller (2002), Miller & Dietz (2006), and Miller (unpublished data)).   

 I estimated calories available from Symphonia globulifera nectar, the only species 

of nectar that I saw GLTs consume, by multiplying the calories from nectar present in 

each flower by the quantity of S. globulifera flowers present in each sampled transect.  I 

used methods reported by Kearns & Inouye (1993) and Dafni et al. (2005) to estimate 

cal/flower based upon the following information.  Gill Jr et al. (1998) reported that each 

flower contained a median amount of 66.5 μl of nectar with a mean total sugar 

concentration of 10%.  Dafni et al. (2005) reported an energetic value of 4 cal/mg of 

sugar (sucrose) in nectar. 

 For those species within transects that produced edible fruit during the course of 

this study, but for which dry weights or caloric values were not available (n=11 species), 

I substituted values of those fruits most similar to the unknown in terms of size, 

consistency, taste, portion eaten, and typically within the same genera.  Where 

commonalities with a fruit species of known dry weight and caloric content did not exist 

(n=2 species), I substituted the average dry weight and caloric content for all members of 
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the species group to which the unknown was previously assigned.  These calculations 

provided an estimate of the average number of calories from fruit and nectar per hectare 

available within each habitat type during each month of the reproductive year for 2004-

2005, 2005-2006, and 2006-2007.  I extrapolated to estimate the available calories from 

fruit and nectar each month in each home range during the three reproductive years.  

Minimum monthly caloric requirement  

 I estimated the minimum number of calories required to support the average 

group of GLTs and their reproduction based upon published values for daily energetic 

intake and expenditure for pregnant female common marmosets (Tardif et al., 2004), 

adult male and adult pregnant female cotton-top tamarins (Kirkwood & Underwood, 

1984; Savage, 1995), and adult reproductive female GLTs (Miller et al., 2006).  Daily 

energetic requirements ranged from 83.4 - 94.5 kcal/individual/day when applied to an 

average adult GLT body weight of 600g (Dietz et al., 1994; Hankerson, 2008).  I 

calculated a range that encompassed the energetic requirements of adult pregnant 

females, non-pregnant females, and males.  I did so by multiplying both the 83.4 

kcal/individual/day and the 94.5 kcal/individual/day intake by the average group size for 

the seven groups studied, which was 5.1 individuals per group.  Doing so, I estimated 

between 425.3 and 482.0 kcal were required to support the average GLT group for a 

single day.  The monthly caloric requirement based upon 30 days was estimated at 

between 12,759 and 14,460 kcal/group/month.  Taking the average of these two figures, I 

estimated that if the home range contained at least 13,610 kcal per month, the minimum 

caloric requirement to support a group of GLTs and their reproduction would be met for 

that month. 
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STATISTICAL ANALYSES  

Hormonal changes associated with pregnancy 

 I performed a linear mixed model analysis of variance (ANOVA) using the 

GLIMMIX procedure in SAS 9.2 (SAS Institute, Cary, North Carolina) to determine 

whether PdG and cortisol concentrations changed significantly as females became 

pregnant and as pregnancy proceeded from one trimester to another.  To avoid hormonal 

variation due to differences in reproductive maturity (French & Stribley, 1987; French et 

al., 1989; French et al., 2002; French et al., 2003), only data for adult females were 

included in analyses.  The dataset tested consisted of 367 monthly hormonal averages 

from 18 adult females from 7 GLT groups (n=18 females contributing 179 samples while 

non-pregnant, n=14 females contributing 65 samples during their 1st trimester of 

pregnancy, n=14 females contributing 65 samples during their 2nd trimester of pregnancy, 

and n=14 females contributing 58 samples during their 3rd trimester of pregnancy).  

Samples from both successful and non-successful pregnancies were included.  

GLIMMIX allows for the assignment of both random and repeated effects, such as 

individual female identity, thus addressing the problem of pseudoreplication that occurs 

when multiple observations are drawn from a single female or from multiple females 

occupying a single home range by accounting for correlations within the data (Diggle et 

al., 1999; Bales et al., 2001; Bales et al., 2002).  The home range occupied by each 

female (HR) was included as a random variable, and I controlled for individual female 

identity (FEMID) as the subject within home range (HR(FEMID)).  I included the 

identity of each pregnancy (PREGID) as a repeated variable with female identity as the 

subject (PREGID(FEMID)) to account for the fact that there were multiple pregnancies 
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per female, but controlling for the identity of each female across the pregnancies.  The 

data were log transformed to meet the assumptions of normality prior to analysis.  

Pairwise comparisons were performed on least squared means using a Tukey-Kramer 

adjustment for multiple comparisons.    

Hormonal profiles for successful versus non-successful pregnancies 

 I used logistic regression analyses to test for a statistical relationship between 

circulating maternal PdG and cortisol concentrations (during the non-pregnant period just 

prior to pregnancy, the 1st trimester of pregnancy, the 2nd trimester of pregnancy, and/or 

the 3rd trimester of pregnancy) and the likelihood that the pregnancy would result in live 

infants.  Using PdG concentrations at each of the four stages of reproduction as potential 

predictor variables, I performed backward selection eliminating non-significant variables 

(those with the largest p-value>0.05) one at a time.  I repeated this analysis using average 

cortisol levels associated with each of the four reproductive stages for each pregnancy as 

potential predictors of a successful pregnancy.  The full dataset of 37 pregnancies was 

reduced to 25 pregnancies (20 successful and 5 non-successful) for which hormonal 

averages were available for all four states of pregnancy.  I controlled for multiple 

pregnancies by some females by including FEMID as a covariate in the model.  The 

backward selection process resulted in models that contained only non-significant 

predictor variables and which neither met the assumptions required for a logistic 

regression model nor provided a good fit to the data.  Therefore, I used the Score Chi-

Square to select a reduced number of hormonal explanatory variables that were more 

likely to predict a successful pregnancy.  I chose a model with the smallest number of 

variables explaining the largest amount of variation between successful and non-
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successful pregnancies.  To predict successful pregnancies based upon PdG, I chose a 

model including only the 3rd trimester PdG averages as the explanatory variable and 

FEMID as a covariate.  Thirty-one pregnancies (23 successful and 8 non-successful) for 

which 3rd trimester PdG averages were available were included in these analyses.  To 

predict successful pregnancies based upon cortisol, I chose a model including the 1st, 2nd, 

and 3rd trimester cortisol averages as explanatory variables and FEMID as a covariate.  

Thirty pregnancies (23 successful and 7 non-successful) for which cortisol averages for 

all three trimesters were available were included in the analyses.  I performed the logistic 

regression procedure again using the two reduced models to determine whether a 

successful pregnancy could be predicted based upon 3rd trimester PdG levels and/or 1st, 

2nd, and 3rd trimester cortisol levels. Using this alternate method all assumptions were met 

for both models. 

 To determine whether hormonal profiles differed for successful vs. non-successful 

pregnancies I performed a series of linear mixed model ANOVAs (GLIMMIX procedure 

in SAS 9.2), one for each stage of pregnancy (non-pregnant, 1st, 2nd, and 3rd trimester), 

focusing on one hormone at a time.  I included 32 pregnancies (23 successful and 9 non-

successful) for which PdG and cortisol data were collected just prior to the pregnancy in 

question, 36 pregnancies (26 successful and 10 non-successful) for which hormonal data 

were collected during the 1st trimester, 35 pregnancies (25 successful and 10 non-

successful) for which hormonal data were collected during the 2nd trimester, and 31 

pregnancies (23 successful and 8 non-successful) for which hormonal data were collected 

during the 3rd trimester.  FEMID was included as the subject within the random HR effect 

as a covariate in the model.  HR(FEMID) was removed as a covariate if the covariance 
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parameter associated with it was 0 thereby treating each reproductive attempt for a given 

female within a given home range as independent (Bales et al., 2001; Bales et al., 2002).  

I controlled for individual non-pregnant baseline differences in PdG and cortisol among 

females in this analysis by including baseline PdG (AVG_NP_PDG) and cortisol 

(AVG_NP_CORT) concentrations in the model when testing for differences between 

successful and non-successful pregnancies during the three trimesters of pregnancy, but 

not during non-pregnant periods.  I defined the baseline PdG or cortisol concentrations 

for each adult female as the average PdG or cortisol concentration of all samples 

collected from that female while she was non-pregnant.  Where necessary I used a log 

transformation to meet normality requirements prior to analysis. 

Effect of caloric availability on reproductive success 

 I used logistic regression analyses to test for a statistical relationship between 

average number of calories per month of pregnancy in the home range and the likelihood 

that the pregnancy would result in live infants.  I also tested for a relationship between 

season (wet or dry) of parturition and the likelihood of success.  I included calories and 

season as potential explanatory variables in the original model and removed non-

significant effects by backward selection as described above.  All 37 pregnancies 

detected during the course of the study were included in this analysis including 26 

successful and 11 non-successful pregnancies to 14 dominant and subordinate females.  I 

included FEMID as a covariate in the model.  All assumptions were met for this model. 

Effect of group size and dominance on reproductive success  

 I used logistic regression analyses to test for a statistical relationship between 

group size during a given pregnancy and the likelihood that the pregnancy would result in 
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live infants.  I also included the dominance status of the pregnant female in the model to 

test whether a pregnancy by a dominant or a subordinate female had a greater likelihood 

of success.  Non-significant variables were removed by backward selection as described 

above.  The full dataset of 37 pregnancies was used in this analysis.  FEMID was 

included in the model as a covariate.  The final model was accepted when every variable 

remaining in the model was significant, the model as a whole was significant, and all 

assumptions for the model were met.       

Timing of successful subordinate reproduction  

 To identify variables useful in predicting a successful pregnancy to a subordinate 

female pregnant at the same time as the dominant female in her group I used the logistic 

regression procedure with backward selection of non-significant effects as described 

above.  Explanatory variables included group size, interfemale interbirth interval (IFIBI), 

whether the dominant or subordinate female became pregnant first, and the age of the 

dominant female. The dataset consisted of 11 cases of simultaneous pregnancies in 2 

females within the same group (4 cases where both the dominant and subordinate females 

were successful and 7 cases in which only the dominant female was successful).  FEMID 

was included in the model, but removed when the effect was non-significant so that each 

reproductive attempt by the same female was treated as an independent observation 

(Bales et al., 2001; Bales et al., 2002).  All assumptions were met for this model. 

RESULTS 

Ovulation and conception 

 Female GLTs reached puberty at approximately 18 months of age as 

demonstrated by non-pregnant PdG concentrations that rose from an average of 426.08 
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ng PdG/g feces in sub-adults to 1093.10 ng PdG/g feces in adults.  GLT females between 

18 months of age and the conception of their first pregnancy showed cyclical elevation in 

PdG concentrations from less than 500 ng PdG/g feces to an average of 1000 ng PdG/g 

feces with 15-30 day periodicity consistent with ovulatory patterns observed in adult 

GLTs (Chapter 2, this dissertation).  Age of first conception ranged from 2.5 to 3.9 

(mean=3.1 ± 0.2 standard error) years for 8 GLT females conceiving for the first time 

during this study (Table 1.2).  All adult females over 3.9 years of age became pregnant.  

Fourteen adult GLT females conceived 37 pregnancies.  Ten females gave birth to 48 

infants as the result of 26 successful pregnancies.  Seven females conceived 11 non-

successful pregnancies.  Of the 21 GLT females sampled, only 5 females did not 

conceive after reaching adulthood.  Four of the five were younger than three years of age 

but did show cyclical elevations in PdG concentrations.  The fifth female was of 

unknown age and remained within a habituated study group for just three months during 

which time she did not become pregnant.  

 Six of the seven GLT groups studied contained more than one adult (post-

pubertal) female, thus were potentially polygynous.  Five of these six groups (83%) 

exhibited pregnancy polygyny.  Four pregnancies by two subordinate adult females in 

two groups resulted in the birth of live young 

Hormonal changes associated with pregnancy 

 The patterns of change in PdG and cortisol concentrations associated with each 

stage of pregnancy were consistent with those previously published for GLTs (Bales, 

2000; French et al., 2003; Bales et al., 2005) and other callitrichids (Ziegler et al., 1995; 

Smith & French, 1997b; Ziegler & Sousa, 2002; Ziegler et al., 2004).  Consistency 
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between the trimester based hormone profiles in this study and previous studies of 

successful callitrichid pregnancies provides support for my pregnancy diagnoses and 

assignment of dated samples to trimesters based upon hormonal concentrations, changes 

in maternal body mass, and field observations for pregnancies without known parturition 

dates.   

 Both PdG (F-value=50.34, ddf=342, p<0.0001) and cortisol (F-value=41.95, 

ddf=342, p<0.0001) concentrations were significantly affected by stage of pregnancy 

(Figure 1.1).  Mean PdG concentrations increased significantly following conception 

(from 1633.15 ± 390.11 (mean ± standard error) ng PdG/g feces when non-pregnant to 

3615.69 ± 606.96 ng PdG/g feces during the 1st trimester; t-value=5.86, df=342, adjusted 

p<0.0001).  PdG levels did not increase significantly from the 1st to the 2nd trimester 

(4162.51 ± 608.81 ng PdG/g feces in the 2nd trimester; t-value=0.44, df=342, adjusted 

p=0.9711).  Another significant increase in PdG occurred from the 2nd trimester to the 3rd 

trimester of pregnancy (9668.11 ± 638.09 ng PdG/g feces in the 3rd trimester; t-

value=4.85, df=342, adjusted p=0.0001).  Cortisol did not increase significantly 

following conception (from 1599.31 ± 656.85 ng cortisol/g feces while non-pregnant to 

2029.61 ± 1029.28 ng cortisol/g feces during the 1st trimester; t-value=0.04, df=342, 

adjusted p=1.000).  However, cortisol increased significantly as females moved from the 

1st to the 2nd trimester of pregnancy (2609.53 ± 1032.27 ng cortisol/g feces during the 2nd 

trimester; t-value=2.67, df=342, adjusted p=0.0395).  The largest increase was from the 

2nd to the 3rd trimester of pregnancy (12807.00 ± 1082.87 ng cortisol/g feces during the 

3rd trimester; t-value=6.58, df=342, adjusted p<0.0001).   
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Hormonal profiles for successful versus non-successful pregnancies   

 A logistic regression model including average PdG levels during the 3rd trimester 

of pregnancy and controlling for FEMID just missed statistical significance (Likelihood 

Ratio Chi-Square=5.67, df=2, p=0.0587).  Average PdG levels during the 3rd trimester of 

pregnancy alone was a marginally significant predictor of a successful pregnancy by a 

female GLT (Wald Chi-Square=3.42, df=1, p=0.0645).  Given the average 3rd trimester 

PdG levels of a pregnant female, the model predicts that I can correctly classify a 

pregnancy that will be successful in producing live offspring 77.2 % of the time. 

 According to the linear mixed model ANOVA, successful GLT pregnancies had 

significantly higher PdG levels during the 3rd trimester of pregnancy (mean=11390.00 ± 

1348.75 ng PdG/g feces) than did non-successful pregnancies (mean=6072.36 ± 2286.92 

ng PdG/g feces) (F-value=4.30, ddf=28, p=0.0475) (Figure 1.2).  PdG levels during the 

non-pregnant period, the 1st, and 2nd trimester of successful pregnancies were not 

statistically different than the corresponding PdG levels in non-successful pregnancies. 

 A logistic regression model including average cortisol levels during all three 

trimesters of pregnancy and controlling for FEMID was also marginally significant 

(Likelihood Ratio Chi-Square=8.73, df=4, p=0.0681).  By knowing the average 1st, 2nd 

and 3rd trimester cortisol concentrations of a pregnant female, I could correctly predict a 

successful pregnancy 81.4% of the time.  My analyses indicated that lower cortisol levels 

during the 1st trimester of pregnancy and higher cortisol levels during the 2nd and 3rd 

trimesters were loosely associated with successful pregnancies.  Though cortisol levels 

during a single trimester alone were each non-significant predictors of successful 

pregnancies (1st trimester Wald Chi-Square=0.47, df=1, p=0.4914; 2nd trimester Wald 
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Chi-Square=0.63, df=1, p=0.4274), higher cortisol levels during the 3rd trimester alone 

were the most useful in predicting pregnancy success when data for all three trimesters 

were not available (Wald Chi-Square=2.31, df=1, p=0.1284).   

 In concordance with my logistic regression analyses, the linear mixed model 

ANOVA indicated a non-significant trend toward higher levels of cortisol for successful 

pregnancies when compared to non-successful pregnancies during both the 2nd 

(successful mean=3310.31 ± 616.89 vs. non-successful mean=1429.67 ± 977.01 ng 

cortisol/g feces; F-value=2.68, ddf=32, p=0.1113) and 3rd trimester (successful 

mean=18688.00 ± 5121.92 vs. non-successful mean=9652.59 ± 5923.39 ng cortisol/g 

feces; F-value=2.59, ddf=16, p=0.1269) of pregnancy (Figure 1.2).  Cortisol levels during 

the 2nd and 3rd trimesters of successful pregnancies were approximately double those of 

non-successful pregnancies. 

Effect of caloric availability on reproductive success 

 All 7 GLT home ranges contained more than the 13,610 kcal/month required to 

support reproduction by a group of GLTs during all months of each of the 3 reproductive 

years (Figure 1.3). 

 Neither average monthly caloric availability (Wald Chi-Square=1.14, df=1, 

p=0.2866) nor the season of parturition (Wald Chi-Square=1.25, df=1, p=0.2635) were 

significant predictors of a successful pregnancy, and the logistic regression model 

containing these two non-significant explanatory variables and controlling for FEMID 

was non-significant (Likelihood Ratio Chi-Square=0.11, df=1, p=0.7446).  
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Effect of group size and dominance on reproductive success 

 Both dominance status of the pregnant female (Wald Chi-Square=7.69, df=1, 

p=0.0055) and the number of individuals in her group (Wald Chi-Square=4.52, df=1, 

p=0.0335) were significant predictors of a successful pregnancy according to a significant 

logistic regression model that also controlled for FEMID (Likelihood Ratio Chi-

Square=15.37, df=3, p=0.0015).  A pregnant female holding dominant status in her group 

during her pregnancy was 40.4 (95% confidence limits=3.0-552.1) times as likely to give 

birth to live young as a pregnant female holding a subordinate ranking.  Pregnant females 

residing in larger groups also had a higher likelihood of having a successful pregnancy.  

For every additional group member, pregnant females increased their chances of success 

by 1.7 (95% confidence limits=1.0–2.9) times.  Given information on the dominance 

status of the pregnant female and the number of individuals residing within her group, I 

was able to classify a pregnancy correctly as successful 88.5% of the time.   

Timing of successful subordinate reproduction 

 A logistic regression model including both the age of the dominant female (Wald 

Chi-Square=1.32, df=1, p=0.2499) and whether the dominant or subordinate female was 

pregnant first (Wald Chi-Square=2.23, df=1, p=0.1353) as predictors of reproductive 

success to a subordinate female whose pregnancy overlapped with that of a dominant 

female was marginally significant (Likelihood Ratio Chi-Square=4.98, df=2, p=0.0829).  

Though neither of these pieces of information was a significant predictor of subordinate 

success, knowing both of these pieces of information provided an 85.7% likelihood of 

correctly predicting a successful pregnancy to a subordinate female.  Pregnancies by 

subordinates were 0.06 times as likely to be successful (95% confidence interval was 
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0.001-2.4) if the subordinate female was pregnant before the dominant female.  However, 

all four successful pregnancies by subordinate females were conceived prior to 

overlapping pregnancies of the dominant female (Figures1.4 and 1.5).  Three successful 

subordinate pregnancies were conceived prior to the conception of the second annual 

litter by the dominant female.  One successful subordinate pregnancy was conceived just 

three days prior to the conception of the dominant female’s first litter of the year.  

Interfemale interbirth interval (Wald Chi-Square=0.24, df=1, p=0.6275) and group size 

(Wald Chi-Square=0.79, df=1, p=0.3755) were removed from the model as non-

significant predictor variables in the order stated.  Continuing past this point with 

backward selection of non-significant terms resulted in a non-significant model 

(Likelihood Ratio Chi-Square=2.28, df=1, p=0.1307) without any statistically significant 

predictor variables. 

DISCUSSION   

Caloric abundance may promote pregnancy polygyny in GLTs 

  The availability of calories did not limit reproduction among either dominant or 

subordinate GLT females.  Instead, caloric availability was sufficient to allow 

reproduction by two females within the majority of groups studied.  The seven GLT 

home ranges included in this study each contained calories in fruit and nectar that far 

exceeded the minimum required to support GLT reproduction (Figure 1.3), even in the 

smallest and poorest of territories.  As predicted under these conditions of high caloric 

availability, subordinate adult female GLTs ovulated while still in their natal group.  

These findings are contrary to those reported in the only other study to monitor 

reproductive endocrinology in this wild population (French et al., 2003), but corroborate 
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studies in captivity that point to the lack of ovarian suppression in subordinate females in 

the genus Leontopithecus after 18 months under conditions of abundant food availability 

(French, 1987; French & Stribley, 1987; French et al., 1989; Inglett, 1993; Monfort et al., 

1996; French et al., 2002).   

 In the current study all females over 3.9 years of age became pregnant regardless 

of whether they were still residing in their natal group.  Under conditions of high caloric 

availability, pregnancy was more common in this GLT population than previously 

reported (Baker and Dietz, 1993; Dietz et al. 1994; Baker et al. 2002; French et al., 2003).  

Subordinate females were pregnant at the same time as dominant females 11 times during 

3 reproductive years.  The 83% rate of pregnancy polygyny observed in this study 

represents an almost doubling of the 44.3% rate reported by Baker et al. (2002).  Baker et 

al. (2002) included data collected over 141 group breeding seasons including long 

periods of low population turnover.  Study groups at that time were very stable and 

dominant females tended to be older resulting in a set of circumstances that have been 

shown to promote polygyny in GLTs (Dietz & Baker, 1993; Baker et al., 2002; French et 

al., 2003; Dietz, 2004).  The current study consisted of observations from only 21 group 

breeding seasons (7 GLT groups over 3 reproductive years) when predation levels were 

low, population turnover was again relatively low, and older dominant females remained 

longer within groups.  With most if not all breeding positions occupied by tenured 

females, eldest subordinate daughters attempted reproduction within their natal groups 

leading to high rates of pregnancy polygyny.  In addition, the use of non-invasive 

hormonal assays and weekly weighings allowed detection of pregnancies that previously 

went unobserved. 
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 Having more than enough calories available to meet the increased energetic 

demands of pregnancy during all months of each reproductive year, it is not surprising 

that neither caloric availability, nor the season in which parturition occurred were 

significant predictors of a pregnancy resulting in live birth among the females included in 

this study.  It is possible that GLT reproduction may not be limited by carbohydrate 

resources, but instead by the availability of protein (Kohrs et al., 1976; Kirkwood, 1983; 

Downing & Scaramuzzi, 1991).  Home ranges containing larger areas of swamp habitat 

where microforaging sites containing insect prey occur at higher densities (Dietz et al., 

1997) are more likely to support polygnyous groups (Dietz & Baker, 1993).  Insects are a 

major source of fat and protein in the GLT diet (Peres, 1986; Dietz et al., 1997; Kierulff 

et al., 2002) and consumption of some minimum quantity of insects may be required to 

provide the baseline level of body fat and protein necessary for the steroid hormones 

involved in reproduction to function normally (Ojeda, 1996; Takahashi, 2002). 

 For one particular GLT group energetic limitations on reproduction are likely to 

have been responsible for the three successive pregnancy losses experienced by the one 

adult female residing within the group.  The group PP3 produced no infants during the 

2005-2006 and 2006-2007 reproductive years though the adult female in that group was 

pregnant three times during these two reproductive years.  Pregnancy loss in this group 

coincided with an extreme loss of territory to neighboring groups.  PP3 was forced out of 

a swamp basin that provided a reliable source of food (unpublished data) and backed up 

onto a hillside bordered by non-utilizable pasture.  PP3 contained the lowest caloric 

availability of all groups studied (Figure 1.3).  Though my estimates of caloric 

availability in the PP3 range exceeded daily caloric requirements, the time spent in 
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energetically expensive encounters and competition for those resources with encroaching 

neighbors may have both increased energetic need as well as limited actual consumption 

of the resources falling within PP3’s range.  In addition, the apparent super-abundance of 

carbohydrate resources may not have been utilizable in its entirety due to ephemeral 

fruiting booms of hillside species such as Miconia cinnamomifolia and Miconia lepidota.   

Caloric availability is not responsible for the alteration of hormonal profiles 

observed in failed pregnancies 

 Hormonal profiles during pregnancy followed the general pattern predicted by the 

food limitation hypothesis (Figure 1.1).  Females whose pregnancies resulted in live 

births had low cortisol concentrations during early pregnancy and elevated concentrations 

of cortisol and progesterone during late pregnancy (Figure 1.2) typical of a successful 

pregnancy in callitrichids (Ziegler et al., 1995; Smith & French, 1997b; Bales, 2000; 

French et al., 2002; Ziegler & Sousa, 2002; French et al., 2003; Ziegler et al., 2004; Bales 

et al., 2005) and fitting the pattern predicted under conditions of adequate food 

availability.  Hormone profiles during pregnancies that failed had significantly lower 3rd 

trimester progesterone concentrations than profiles during successful pregnancies.  The 

lack of a 3rd trimester peak in progesterone was a reliable predictor of subsequent 

pregnancy loss in GLTs.  Females whose pregnancies failed also had 3rd trimester cortisol 

concentrations that were approximately half those of females during successful 

pregnancies (though this difference was not statistically significant).  Lower 3rd trimester 

progesterone and cortisol were predicted if insufficient calories limited fetal growth and 

perhaps led to placental dysfunction and fetal demise (Tardif et al., 2004; Tardif et al., 

2005).   
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 Insufficient caloric availability was not responsible for the hormonal differences 

between successful and non-successful pregnancies.  I performed a series of post hoc 

analyses to test the effect of monthly caloric availability on monthly average PdG and 

cortisol concentrations while non-pregnant and during each of the three trimesters of 

pregnancy.  I used a linear mixed model ANOVA (GLIMMIX).  The dataset consisted of 

monthly average PdG and cortisol concentrations for 18 females while non-pregnant 

(n=178) and 14 females during each trimester of pregnancy (1st trimester n=65, 2nd 

trimester n=65, 3rd trimester n=58).  The home range occupied by each female was 

included as a random variable, and I controlled for individual female identity as the 

subject within home range (HR(FEMID)).  I included the identity of each pregnancy as a 

repeated variable with female identity as the subject (PREGID(FEMID)) to account for 

the fact that there were multiple pregnancies per female, but controlling for the identity of 

each female across the pregnancies.  HR(FEMID) was removed as a covariate if the 

covariance parameter associated with it was 0 thereby treating each reproductive attempt 

for a given female within a given home range as independent (Bales et al., 2001; Bales et 

al., 2002).  Individual differences in baseline hormonal concentrations were also 

controlled by including AVG_NP_PDG and AVG_NP_CORT in the model when testing 

for effects during the three trimesters of pregnancy, but not during non-pregnant periods.  

A log transformation was performed as necessary to meet normality requirements prior to 

analysis.  I found that caloric availability had a non-significant effect on PdG levels either 

in non-pregnant females or in pregnant females during any trimester.  Likewise, caloric 

availability did not significantly affect cortisol concentrations while non-pregnant or in 

the 1st trimester of pregnancy.  Low cortisol concentrations in pregnant females during 
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both the 2nd and 3rd trimesters of pregnancy (the condition existing in pregnancies that 

failed) were significantly associated with higher rather than lower caloric availability (2nd 

trimester F-value=6.36, ddf=45.97, p=0.0152; 3rd trimester F-value=5.34, ddf=51.99, 

p=0.0249).  Lower 3rd trimester progesterone and cortisol concentrations in pregnancies 

that failed to produce live young could not be attributed to insufficient caloric 

availability.  

Caloric availability is sufficient to support polygyny in large GLT groups 

 Females in larger groups had an increased likelihood of carrying a pregnancy to 

term and giving birth to live young, suggesting that calories were sufficient to support not 

only pregnancy by multiple breeding females, but also the additional group members 

resulting from multiple litters.  In contrast with predictions of the food limitation 

hypothesis the likelihood of a successful pregnancy by either a dominant or a subordinate 

female increased 1.7 times with the addition of each group member.  The only 

subordinate female to reproduce successfully within her natal group for more than a 

single reproductive season resided within the largest GLT group studied (mean of 9.3 

individuals compared to a mean of 4.3 individuals for all other groups).  Home ranges 

containing abundant food resources like those occupied by the GLTs at PDA should 

support larger groups (Dawson, 1979; Terborgh, 1983; Terborgh & Stern, 1987; 

Chapman, 1988; Peres, 1994; Dietz et al., 1997; Ganas & Robbins, 2005; Wieczkowski, 

2005; Miller & Dietz, 2006) without a corresponding reduction in individual caloric 

intake (Foster, 1982).  With ample calories available to all group members, reproduction 

should not be limited to a single breeding female.  An abundant food supply should lead 

to high rates of pregnancy polygyny (Goldizen, 1987a; Goldizen et al., 1988; Dietz & 
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Baker, 1993; Goldizen et al., 1996; Baker et al., 2002; Clutton-Brock et al., 2008) and 

greater reproductive success (Kirkwood, 1983; Janson & van Schaik, 1988; Isbell, 1991; 

Dietz & Baker, 1993; Tardif & Jaquish, 1994; Janson & Goldsmith, 1995; Tardif & 

Jaquish, 1997; Bales et al., 2001; Tardif et al., 2001; Bales et al., 2002; Koenig, 2002; De 

Vleeschouwer et al., 2003; Tardif & Bales, 2004; Tardif et al., 2004; Tardif et al., 2005).  

Additionally, in cooperatively breeding species larger group sizes and the resulting 

increase in allocare provided to dependent young should increase reproductive success 

(in birds: reviewed by (Brown, 1987); greater ani cuckoo (Crotophaga major): (Riehl, 

2010); coyotes (Canis latrans): (Bekoff & Wells, 1982); lions (Panthera leo): (Bygott et 

al., 1979); African wild dogs (Lycaon pictus): (Malcolm & Marten, 1982); blackbacked 

jackals (Canis mesomelas): (Moehlman, 1979); dwarf mongooses (Helogale parvula): 

(Rood, 1990); meerkats (Suricata suricatta): (Hodge et al., 2008); badgers (Meles meles): 

(Kruuk, 1989); common marmosets: (Koenig, 1995), moustached tamarins (Saguinus 

mystax): (Garber et al., 1984; Sussman & Garber, 1987); cotton-top tamarins: (Price, 

1992a; Savage et al., 1996b); saddle-back tamarins: (Terborgh & Goldizen, 1985); and 

GLTs: (Dietz & Baker, 1993; Bales et al., 2001; Siani, 2009)).  Higher reproductive 

success increases group size. Therefore, as pointed out by Dietz and Baker (1993), large 

group size may be either a cause or an effect of polygyny.   

The availability of helpers rather than calories limits the timing of successful 

subordinate reproduction 

 Births of live infants to subordinate females were staggered between successive 

births by dominant females such that periods of intense infant dependency on allocare did 

not overlap (Figures 1.4 and 1.5).  When both dominant and subordinate females were 
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pregnant during the same reproductive season, the likelihood of the subordinate female 

giving birth to live young increased if the subordinate conceived her pregnancy prior to 

the dominant female as predicted under the food limitation hypothesis.  However, 

calories were more than sufficient to support simultaneous reproduction by two breeding 

females.  All four successful pregnancies by subordinate females were conceived prior to 

overlapping pregnancies of the dominant mother.  In all four of these cases the dominant 

mother in the group gave birth to two litters per reproductive year, typically one in 

September and another in late January or early February.  Three of four successful 

pregnancies by subordinate daughters were conceived prior to conception of the second 

litter of the year by the dominant female.  The infants of these subordinate females were 

born 17, 17, and 35 days (IFIBIs) prior to the infants of the second litter of the dominant 

female.  Infants of the subordinate female born at this time avoid competition for allocare 

for at least the first two to five weeks of life.  The previous litter by the dominant mother 

has already been weaned and as juveniles they are largely independent in terms of 

nutrition and locomotion (Baker, 1991; Ruiz-Miranda et al., 1999; Tardif et al., 2002; 

Siani, 2009).  The subsequent litter by the dominant mother will not arrive for at least 

another two weeks and will be cared for almost entirely by their mother for the first three 

weeks of their life (Hoage, 1978; Baker, 1991; Santos et al., 1997; Tardif et al., 2002).  

The availability of helpers during these first few weeks may be particularly important to 

subordinate females that tend to be younger and less experienced (Epple, 1975; Hoage, 

1978; Kirkwood et al., 1983; Tardif et al., 1984; Johnson et al., 1991; French et al., 1996; 

Bardi et al., 2001).  The only successful pregnancy by a subordinate female that was not 

staggered between pregnancies of the dominant female was the third successful 
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pregnancy within the natal group by that particular subordinate daughter.  This 

subordinate female still conceived prior to the dominant female, but did so just three days 

prior to conception of her mother’s first pregnancy of the year.  Thus, the subordinate 

female’s litter arrived just three days (IFIBI) prior to the dominant female’s litter in 

September.  The observation that this subordinate female alone provided the majority of 

care for this litter (Siani, 2009) lends support to the idea that when multiple litters arrive 

less than two weeks apart subordinate females may forego allocare for their infants.  My 

results combined with those of Digby (1995a) and Goldizen et al. (1996) suggest that 

competition for allocare rather than for food resources may be the selective force limiting 

reproduction by subordinate females. 
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TABLES 

Table 1.1.  Summary of the predictions generated by the food limitation hypothesis and 

empirical findings in golden lion tamarins. (Bold italics indicate predictions consistent 

with findings in golden lion tamarins.  See text for explanations and additional details.) 

Predictions Food limitation 
hypothesis 

Findings in golden lion 
tamarins 

Subordinates females ovulate. yes yes 

Subordinates females conceive. yes yes 

Pregnancies with lower cortisol 
levels just prior to conception and 
during the 1st trimester are more 
likely to succeed. 

yes yes, lower 1st trimester 
cortisol predicts success 

Pregnancies with higher 
progesterone and cortisol during 
the 3rd trimester are more likely to 
succeed. 

yes yes 

Pregnancies under higher caloric 
availability are more likely to 
succeed. 

yes no 

Pregnancies in smaller groups are 
more likely to succeed. yes no, larger 

Pregnancies with longer 
interfemale interbirth intervals are 
more likely to succeed. 

yes no 

Pregnancies conceived first are 
more likely to succeed. yes yes 
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Table 1.2.  Reproductive summary for 21 GLT females from 7 free-ranging GLT groups 

sampled from March of 2004 through February of 2007. 

Group 

 Group 
exhibits 

polygyny 
Female 

ID 
Age category 

(years) 

Age (years) 
at first 

conception 
if during 

study 
Successful 

pregnancies 
Infants 
born 

Non-
successful 

pregnancies 
Fecal 

samples 

3M5 N 782 Adult 
(4.5-6.7)  0 0 1 32 

AL Y 539 Adult 
(10.6-13.3)  2 2 2 97 

AL Y 846 Adult 
(2.8-5.3) 2.9 3 6 0 78 

AL Y 1267 
Infant to 
subadult  
(0.2-1.3) 

Did not 
conceive 0 0 0 21 

BO2 Y 720 Adult 
(9.4-12.3)  6 11 0 125 

BO2 Y 848 Adult       
(2.4-5.3) 2.5 3 6 2 136 

BO2/ 
POR Y/N 880 Subadult to 

adult (1.4-4.1) 2.8 3 6 0 88 

BO2/ 
POR Y/N 899 Subadult to 

adult (1.1-2.4) 
Did not 

conceive 0 0 0 39 

BO2/ 
POR Y/N 1227 Subadult to 

adult (0.7-2.9) 
Did not 

conceive 0 0 0 68 

BO2/ 
POR Y/N 1241 Subadult to 

adult (0.8-2.0) 
Did not 

conceive 0 0 0 52 

GF Y 766 Adult       
(5.6-6.9)  2 4 0 35 

GF Y 889 Adult       
(1.6-3.0) 2.5 0 0 1 18 

GF N 1266 Adult       
(2.9-4.0) 3.4 1 1 0 32 

PA Y 869 Adult       
(4.7-7.3)  4 8 0 98 

PA Y 884 Adult       
(1.7-3.3) 2.7 0 0 1 60 

PA Y 1271 
Juvenile to 
subadult  
(0.4-1.4) 

Did not 
conceive 0 0 0 32 

PP3 N 750 Adult       
(8.7-10.5)  1 2 3 77 

PP3 N 1238 
Juvenile to 

adult        
(0.3-1.9) 

Did not 
conceive 0 0 0 56 

PP3 Y 1264 Adult       
(4.0-4.3) 3.9 1 2 0 12 

PP3 Y 1265 Adult       
(3.3-4.2) 3.9 0 0 1 10 

PP3 N T0PP3 Adult 
(Unknown) 

Did not 
conceive 0 0 0 10 

    x̄ =3.1± 0.2 Σ= 26 Σ= 48 Σ= 11 Σ=1176 
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FIGURE LEGENDS 

Figure 1.1.  Mean (± standard error) fecal pregnanediol-3-glucuronide (PdG) and cortisol 

concentrations for adult females while non-pregnant (NP, n=179 samples, from 18 

females) and during each trimester of pregnancy (1st trimester, I, n=65, 14; 2nd trimester, 

II, n=65, 14; 3rd trimester, III, n=58, 14).  Statistically significant differences in means are 

indicated by different letters. 

Figure 1.2.  Mean (± standard error) fecal pregnanediol-3-glucuronide (PdG) and cortisol 

concentrations for successful vs. non-successful pregnancies just prior to conception (NP, 

n=32 pregnancies, 23 successful, 9 non-successful), during the 1st trimester (I, n=36, 26, 

10), during the 2nd trimester (II, n=35, 25, 10), and during the 3rd trimester of pregnancy 

(III, n=31, 23, 8).  Statistically significant differences in means are indicated by an 

asterisk. 

Figure 1.3.  Kilocalories from fruit and nectar contained within 7 GLT home ranges each 

month from March of 2004 through February of 2007 exceeded the 13,610 kcal/month 

requirement (blue horizontal line) for supporting the average group of GLTs and their 

reproduction. 

Figure 1.4.  Progesterone (PdG) profiles for a dominant mother (GLT720) and her 

subordinate daughter (GLT848) demonstrating that conceptions by the subordinate while 

the dominant female was heavily pregnant with her first litter of the year and prior to 

conception of the second litter by the dominant female were more likely to result in the 

birth of live infants.  Green arrows indicate dates of conceptions resulting in the birth of 

live young (subsequent red arrow).  Blue arrows indicate conceptions that resulted in 

pregnancy loss.  Red arrows indicate successful parturition dates.  Note that the first two 
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successful infant births by GLT848 (red arrows) occur between the birth of the first (red 

arrow in September) and second (red arrow in January or February) annual litters by 

GLT720, resulting in the staggering of successful births to the subordinate daughter 

between births to the dominant mother.  

Figure 1.5.  Progesterone (PdG) profiles for the eldest female in the study (GLT539) and 

her eldest daughter (GLT846). GLT539 was dominant until after the birth of her second 

litter in February of 2005 when GLT846 became dominant.  While subordinate to her 

mother, GLT846 successfully reproduced when she conceived while her mother was 

heavily pregnant with her first litter of the year.  Pregnancies by GLT539 that were 

conceived at the same time as those of her dominant daughter were lost at full term.  

Green arrows indicate dates of conceptions resulting in the birth of live young.  Blue 

arrows indicate conceptions that resulted in pregnancy loss.  Red arrows indicate 

successful parturition dates.  Note that successful reproduction (red arrows) by two 

females during the same reproductive year occurred only when pregnancies were 

staggered. 
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FIGURES 

PdG Profile by Stage of Pregnancy
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Cortisol Profile by Stage of Pregnancy
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Figure 1.1. 
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PdG Profile for Successful vs. Non-successful Pregnancies
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Cortisol Profile for Successful vs. Non-successful Pregnancies
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Figure 1.2.   
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Monthly Kilocalories Available in Seven GLT Home Ranges
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Figure 1.3. 



 

 72

GLT 720
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Figure 1.4. 
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GLT 539
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Figure 1.5.   
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Chapter 2:  Self-restraint limits reproduction by young adult subordinate female 

golden lion tamarins (Leontopithecus rosalia) 

ABSTRACT 

 The monopolization of reproduction by dominant group members in 

cooperatively breeding species has been explained in terms of the reduction in dominant 

fitness that occurs when subordinates are allowed to breed.  In the current study I explain 

reproductive skew in cooperatively breeding golden lion tamarins (Leontopithecus 

rosalia) in terms of the costs and benefits to subordinate fitness under existing social 

circumstances.  I tested the hypothesis that subordinate females exercise reproductive 

self-restraint when conditions are unfavorable for successful breeding.  I collected three 

years of data from seven free-ranging tamarin groups in Poço das Antas Biological 

Reserve, Rio de Janeiro, Brazil, recording group compositions daily.  I used hormonal 

(progesterone and cortisol) profiles obtained through non-invasive immunoassay of feces 

to detect ovulation in subordinates.  I also used changes in body mass, bi-annual physical 

examinations, and behavioral observations to diagnose pregnancies of both dominant and 

subordinate females.  I defined reproductive success as pregnancies that resulted in the 

birth of live infants.  I performed logistic regression analyses comparing pregnancies that 

resulted in the birth of live infants to those that did not to identify variables useful in 

predicting a successful pregnancy to a subordinate female.  Subordinate females older 

than 18 months of age ovulated while residing within their natal group, but conceptions 

were delayed one to two years following reproductive maturity as predicted if young 

subordinate females were exercising reproductive self-restraint.  The likelihood of 

successful reproduction by a subordinate female doubled with each year of age of the 



 

 75

dominant female as predicted if the ability of dominant females to interfere in 

subordinate reproduction by evicting subordinates from the group decreased with age.  

 Conceptions under incestuous mating conditions were rare (7 of 37 pregnancies) 

demonstrating inbreeding avoidance.  However, my data did not provide evidence in 

support of inbreeding depression as the selective force behind incest avoidance since the 

likelihood of giving birth to live young did not differ between pregnancies conceived 

under incestuous versus non-incestuous mating conditions.  My data provide support for 

the hypothesis that young subordinate adult females exercise reproductive self-restraint 

by delaying conception while in groups containing a young dominant female and no 

unrelated male.  I speculate that the threat of being evicted from the group and inbreeding 

avoidance are sufficient to delay attempts at reproduction by young subordinates without 

the need for costly fighting with the dominant female.  

INTRODUCTION 

 For social organisms, the resources available to individuals are dependent upon 

current group dynamics.  Reproductive skew models consider how the availability of a 

variety of resources (including food, shelter, mates, and helpers) changes under different 

social and ecological contexts, and how these changes affect individual patterns of 

behavior to limit reproduction to only a few breeding individuals per group (reproductive 

skew) (Clutton-Brock, 2009).  Thus, asymmetrical patterns of breeding and reproduction 

are explained in terms of individual fitness costs and benefits that accrue under existing 

ecological and demographic circumstances.  Monopolization of reproduction by 

dominant group members by means of social suppression of subordinate reproduction has 

been documented in several taxa of cooperative breeders including mammals (Solomon 
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& French, 1997a), birds (Reyer et al., 1986; Mays et al., 1991; Schoech et al., 1991), 

fishes (Fitzpatrick et al., 2008), and invertebrates (Hamilton, 2004).  The goal of the 

current study was to identify the mechanisms responsible for maintaining reproductive 

skew in the cooperatively breeding golden lion tamarin (Leontopithecus rosalia).   

 Golden lion tamarins (GLTs) are small, neotropical primates in the family 

Callitrichidae.  GLTs typically reside in family groups of 2–11 individuals (Dietz & 

Baker, 1993; Dietz et al., 1994).  Lion tamarin offspring typically delay dispersal and 

reproduction, and remain in their natal group to help with the care of infant siblings 

(Dietz & Baker, 1993).  Cooperative care has been suggested to be instrumental in the 

ability of callitrichids to meet the energetic needs associated with successfully rearing the 

litters of twins they are capable of producing once or twice a year  (Kleiman, 1977a; 

Sussman & Garber, 1987; Baker et al., 1993; Dietz & Baker, 1993).  Dietz and Baker 

(1993) described the mating system in GLTs as monogyny with about a 10% incidence of 

polygyny; successful reproduction is most commonly limited to a single dominant 

female.  More recent investigations have suggested that the incidence of pregnancy 

polygyny (more than one female confirmed as being pregnant within the same breeding 

season) may be much higher (Chapter 1, this dissertation), but rearing polygyny (more 

than one female reared offspring to weaning) remains low (Baker et al., 2002).  Dietz and 

Baker (1993), Baker et al. (2002), and Hankerson (2008) provided indirect support for the 

hypothesis that reproduction by multiple breeding females was limited by food 

availability, but a more recent study quantifying caloric availability within GLT home 

ranges found that home ranges contained sufficient calories to support polygyny (Chapter 

1, this dissertation).  French et al. (2003) suggested that polygyny was rare but did occur 
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in some groups containing an old dominant female and at least one non-related male.  

Based upon 16 years of demographic data, Dietz and Baker (unpublished data) found a 

significant positive relationship between the age category of the dominant female and the 

incidence of polygyny in GLT groups and concluded that older dominant females were 

no longer physically able to control reproduction by their subordinate daughters.  Both 

studies were interpreted as providing support for the hypothesis of incomplete dominant 

control of subordinate reproduction, but could also provide support for the hypothesis 

that subordinate GLT females exercise reproductive self-restraint when they occupy 

groups with a young dominant female capable of evicting them from the natal group and 

when opportunities for non-incestuous matings do not exist within the group.     

 Under the hypothesis of subordinate restraint, subordinates forego reproduction 

when existing social and ecological conditions make a reproductive investment unlikely 

to succeed (Reyer et al., 1986; Hamilton, 2004; Young et al., 2008; Saltzman et al., 

2009).  Subordinate females able to exercise reproductive restraint when the likelihood of 

success is low may avoid or minimize their investments in failed reproductive attempts as 

well as increase their own chances of survival and future reproduction (Wasser & Barash, 

1983; Jaquish et al., 1991; Digby, 1995a; Abbott et al., 1997; Saltzman, 2003; Gilchrist, 

2006a; Saltzman et al., 2009).  Given the large investment these small-bodied primates 

make in a single reproductive attempt (owing to long gestation periods (French et al., 

2002) and high infant to maternal body mass ratios (Leutenegger, 1973)), selection 

should favor females able to detect conditions unfavorable for reproduction and restrain 

their own reproductive activity accordingly (Saltzman et al., 2009).  One would also 

expect subordinates to exercise this restraint early on in the reproductive process, such as 
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prior to conception, before appreciable costs have already accrued (Wasser & Barash, 

1983).  Therefore, one assumption of the subordinate restraint model is that subordinate 

females are capable of reproducing but they do not attempt to do so (Saltzman et al., 

2009).  Subordinate females may delay reproduction by avoiding matings (Rothe, 1975; 

Abbott, 1984) or delaying conceptions (Arruda et al., 2005; Sousa et al., 2005).   

 A second assumption of this model is that the threat of eviction from the natal 

group or of losing a costly reproductive investment is sufficient to restrain subordinates 

from attempting reproduction without the constant struggle and overt aggression assumed 

to take place under incomplete control models (Saltzman et al., 2009).  By exercising 

self-restraint in response to social cues that serve as early indicators of unfavorable 

reproductive conditions, subordinates may also avoid the energetic costs and potential 

risks that may arise from conflict with the dominant female (including mounting a stress 

response, engaging in aggressive fights, eviction from the natal group and the risks 

associated with dispersal, pregnancy loss, and/or infanticide) (Saltzman et al., 2009).  

Subordinate restraint has been demonstrated in cooperatively breeding species when the 

threat of infanticide on subordinate young is high (Digby, 1995a; Saltzman, 2003; 

Saltzman et al., 2008; Young et al., 2008; Abbott et al., 2009; Saltzman et al., 2009), 

when the threat of eviction from the natal group upon any attempt to reproduce is high 

(Johnstone & Cant, 1999; Hamilton, 2004; Buston et al., 2007), and when the risk of 

mating with close relatives and suffering the consequences of inbreeding depression is 

high (incest avoidance) (Mays et al., 1991; Clarke et al., 2001; Hamilton, 2004).   

 In a review of the literature for both captive and wild groups of common 

marmosets (Callithrix jacchus), Saltzman et al. (2009) concluded that reproduction by 



 

 79

subordinate females is self-restrained rather than impeded by dominant females.  Adult 

subordinate female common marmosets undergo both suppression of ovulation as well as 

inhibition of sexual behavior in captivity (Rothe, 1975; Abbott, 1984; Saltzman et al., 

1997c) and in the wild (Digby, 1999; Sousa et al., 2005).  Reproductive suppression in 

this species is rapidly reversible in response to changes in group composition (Saltzman 

et al., 2009).  Subordinate females begin to ovulate shortly after removal of the 

subordinate female from her natal group or the removal of the dominant female from the 

group (Evans & Hodges, 1984; Abbott et al., 1988; Abbott & George, 1991).  Upon 

introduction of a non-natal male into the group, subordinate females began to engage in 

sexual behavior (Anzenberger, 1985; Hubrecht, 1989; Kirkpatrick-Tanner et al., 1996; 

Saltzman et al., 1997b; Saltzman et al., 1997c; Saltzman et al., 2004).  Anovulation and 

the lack of socio-sexual behavior on the part of these subordinate females does not appear 

to be stress induced or imposed upon subordinates by dominant females (Saltzman et al., 

2009), since subordinate marmoset females receive little or no aggression from dominant 

females (Epple, 1967; Abbott, 1984; Saltzman et al., 1994; Digby, 1995b; Saltzman et al., 

1997c; Sousa et al., 2005), subordinates rarely attempt to mate within their natal group 

(Rothe, 1975; Abbott, 1984), and interference in the few matings engaged in by 

subordinate females is rare (Kirkpatrick-Tanner et al., 1996; Lazaro-Perea et al., 2000).  

In addition, concentrations of the stress hormone cortisol are no higher in subordinate 

marmoset females than in dominant females (Abbott et al., 1981; Saltzman et al., 1994; 

Johnson et al., 1996; Saltzman et al., 1998; Ziegler & Sousa, 2002; Sousa et al., 2005; 

Saltzman et al., 2006b; Saltzman et al., 2006c) in contrast with what would be expected if 

subordinates suffered from chronic stress as the result of receiving constant harassment 
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by the dominant female (Abbott et al., 2003).  The threat of infanticide by the dominant 

female was proposed as the ultimate cause for subordinate reproductive restraint in this 

species (Saltzman et al., 2009).    

 Unlike marmosets, captive subordinate adult GLT females undergo normal 

ovulatory cycles while residing within their natal groups (French, 1987; French & 

Stribley, 1987; French et al., 1989; Inglett, 1993; Monfort et al., 1996; French et al., 

2002).  Singular breeding by a dominant female in captive GLT groups has been 

attributed to female-female aggression and incest avoidance (Kleiman, 1979; Inglett et 

al., 1989; French et al., 2002).  In contrast with studies of captive GLTs and in agreement 

with patterns found in both captive and wild common marmosets, the only hormonal 

study of wild GLTs provided evidence that the majority of subordinate females remained 

anovulatory within their natal group (French et al., 2003).  However, the presence of an 

elderly dominant female or the entry of an unrelated male into the natal group led to the 

onset of ovulation and conceptions in some subordinate daughters.  Aggression levels 

have been shown to be mild and infrequent within established GLT groups in the wild 

(Baker, 1991; Dietz & Baker, 1993; Baker et al., 2002).  Cortisol concentrations did not 

differ between anovulatory subordinates, ovulatory subordinates, and ovulatory dominant 

females (Bales et al., 2005).  These findings suggest that adult subordinate GLT females 

residing in their natal groups are physiologically capable of reproduction, but 

reproductive restraint is self-imposed rather than imposed upon them through stressful 

aggressive interactions with the dominant female.   
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Threat of eviction 

 If subordinates attempting reproduction risk eviction from the group, selection 

may favor subordinate females that delay conceptions until the risk is lower (Johnstone & 

Cant, 1999; Hamilton, 2004; Buston et al., 2007).  Evictions from the natal group are 

more common after subordinates reach sexual maturity (Baker, 1991; Baker et al., 2002; 

Clutton-Brock et al., 2008), indicative of dominant females that may not tolerate 

reproductive competition (Clutton-Brock et al., 1998a; Young et al., 2006; Clutton-Brock 

et al., 2008).  Young dominant females may pose a greater threat of eviction to their 

subordinate daughters since they are more likely to be in good physical condition (weigh 

more (Dietz et al., 1994) and have longer canine teeth (Dietz, unpublished data)) and 

physically able to mount persistent and successful attacks on subordinates (Hodge et al., 

2008).  In established groups of GLTs, high levels of aggression have been observed a 

few days before and after eviction of a group member (Baker, 1991; Dietz & Baker, 

1993; Baker et al., 2002; Bales et al., 2005).  The evicted individual is often chased and 

aggressively attacked  by the dominant female and other same-sex group members (Baker 

et al., 2002).  The costs associated with eviction from the natal group are especially high 

in females because they spend significantly longer periods of time outside of protective 

social groups as they face severe and often hostile competition for limited reproductive 

openings elsewhere (Baker & Dietz, 1996; Goldizen et al., 1996; Baker et al., 2002).  

Individuals roaming independently outside of social groups face increased risk of 

predation (Coimbra-Filho, 1977; Caine, 1987), attack by neighboring groups (Baker & 

Dietz, 1996), and hypothermia (Bartholomew & Rainey, 1971; Contreras, 1984; Ligon et 

al., 1988; Thompson et al., 1994).  Rates of successful female dispersal are low in many 
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cooperatively breeding mammals exhibiting high reproductive skew (Clutton-Brock, 

2009) including tamarins and lion tamarins (Goldizen et al., 1996; Baker et al., 2002).  

Isolation from the group may result in high levels of social stress (Johnson et al., 1996; 

Smith & French, 1997a; Smith & French, 1997b), that can inhibit energy investment in 

reproduction (Sapolsky, 2000; Sapolsky, 2002).  Eviction from the group may culminate 

in the stress-induced loss of a pregnancy that was conceived while within the group 

(Gilchrist, 2006a; Young et al., 2006).  The combination of increased risks and high 

energetic costs incurred by subordinate females that are evicted from the natal group may 

reduce a female’s chance of survival and reproduction such that selection favors 

subordinate females that exercise reproductive restraint while residing within a group 

containing a young dominant female. 

Inbreeding avoidance  

 When the deleterious effects of inbreeding lead to reduced survival of offspring 

conceived from incestuous matings, selection may favor subordinate females that 

exercise reproductive self-restraint in response to the lack of breeding opportunities with 

non-related males (Mays et al., 1991; Clarke et al., 2001; Hamilton, 2004).  Subordinate 

reproduction should be rare when subordinates lack access to unrelated males (so that the 

benefits of attempting to breed are relatively low) (Clutton-Brock et al., 2008).  A 

number of studies in mammals and birds have found a correlation between the 

physiological inhibition of reproduction and relatedness of potential mates in the group 

(Reyer et al., 1986; Mays et al., 1991; Carter & Roberts, 1997; French, 1997; Carlson et 

al., 2004).  Subordinate meerkat (Suricata suricatta) females in groups containing only 

related males have lower luteinizing hormone and estradiol concentrations than 
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subordinates occupying groups containing an unrelated male (Carlson et al., 2004) 

making subordinate meerkat females less likely to ovulate and conceive under incestuous 

mating conditions.  Incest may also be avoided through behavioral mechanisms.  

Subordinate common marmoset daughters do not mate with their fathers or conceive 

while residing within an intact natal group (Saltzman et al., 2004).  Fully mature 

subordinate females often fail to breed for one to two years while remaining within their 

natal group (Arruda et al., 2005; Sousa et al., 2005).  However, upon introduction of an 

unrelated male to the group, subordinate females readily mate with the non-natal male 

and may become pregnant (Anzenberger, 1985; Hubrecht, 1989; Kirkpatrick-Tanner et 

al., 1996; Saltzman et al., 1997b; Saltzman et al., 1997c; Saltzman et al., 2004).  A 

similar delay in mating behavior and conceptions has been documented for subordinate 

female GLTs remaining within their natal group.  The mean age at first reproduction for 

wild subordinate female GLTs is 3.6 years (Bales et al., 2001), well over the 16-18 

months of age associated with the onset of normal ovarian cyclicity (French & Stribley, 

1987; French et al., 1989; French et al., 2002).  In the only other study using hormonal 

profiles to diagnose pregnancy in wild GLTs the presence of a male not related to the 

subordinate female was a key factor in determining whether a subordinate female 

ovulated and became pregnant within her natal group (French et al., 2003).  Incest 

avoidance has been suggested as one possible reason for delays in reproductive activity 

by subordinate female marmosets and tamarins remaining within their natal group (Dietz 

et al., 2000; Baker et al., 2002; French et al., 2002).  The occurrence of polygyny in 

captive common marmoset groups is often associated with the introduction of an 

unrelated male (Rothe & Koenig, 1991).  The presence of an unrelated male within the 
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group also had a significant positive effect on the incidence of polygyny in wild saddle-

back tamarin (Saguinus fuscicollis) groups (Goldizen et al., 1996), captive and wild 

cotton-top tamarin (Saguinus oedipus) groups (Price & McGrew, 1991; Savage et al., 

1996a), as well as wild GLT groups (Baker et al., 2002). 

 In order for incest avoidance to function as a selective pressure for subordinate 

reproductive restraint, there must be a reduction in profitability that occurs when 

subordinates engage in incestuous matings (Hamilton, 2004).  A major cost of inbreeding 

is the reduced survival of inbred young.  Inbred young of 11 out of 12 small mammal 

species (including 9 families in 3 orders) experienced higher juvenile mortality rates than 

non-inbred young (Ralls & Ballou, 1982a).  When comparing rates of infant survival 

among 14 species of captive primates, infant mortality was higher for inbred offspring in 

15 out of 16 colonies studied (Ralls & Ballou, 1982b).  In a more comprehensive study of 

38 mammalian species in captivity, mortality was at least 33% higher in offspring from 

parent-offspring or full sibling matings than in offspring of unrelated parents (Ralls et al., 

1988).  Without the benefit of molecular-genetic techniques to assess whether offspring 

are indeed inbred, it is difficult to assess accurately the costs of inbreeding in wild 

populations where paternity must be assumed based upon group composition (Moore, 

1993; Dietz et al., 2000).  That concern notwithstanding, Dietz et al. (2000) found that 

inbreeding depression caused by assumed father/daughter matings may limit successful 

reproduction by subordinate females by causing higher rates of infant mortality.  In that 

study, paternity was estimated based upon behavioral observations.  Dietz and Baker 

(1993) examined first pregnancies for 19 females (primiparous females) and found 14 of 

those to be father (or brother)/daughter matings (paternity estimated by group 
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composition at time of conception).  None of those presumed incestuous offspring 

survived to weaning; whereas one or more infants from 86% of the non-incestuous 

matings survived to weaning.  In addition, the survivorship of presumed inbred tamarins 

remained lower than that of non-inbred tamarins for at least the first two years of life 

(Dietz et al., 2000). Younger subordinate females mating within their natal group run a 

greater risk of mating with their father or brother and perhaps losing a costly reproductive 

investment due to inbreeding depression.  These females may not conceive under 

incestuous conditions in favor of delaying their investment until a non-natal male joins 

the group (French et al., 2003) or they are able to secure non-incestuous matings from 

males outside the group, perhaps during encounters with neighboring groups (Digby, 

1999; Baker et al., 2002; Young et al., 2007).    

Hypotheses and predictions 

 The goal of this study was to determine whether subordinate adult female GLTs 

are capable of reproducing (ovulate) but limit their own reproduction by not conceiving 

when the probability of reproductive success is low.  Alternatively, dominant suppression 

of ovulation and/or dominant aggression may render subordinate females incapable of 

reproducing.  To test the hypothesis of subordinate self-restraint I collected three years of 

data from seven groups of GLTs.  I used data on group demography, reproductive status 

as diagnosed through non-invasive hormonal assays for progesterone and cortisol, and 

reproductive success defined as pregnancies that resulted in the birth of live offspring.  I 

tested four predictions derived from the hypothesis that subordinate adult female GLTs 

limit their own reproduction in response to cues by a young dominant female and in the 

absence of a non-related male within the group. 
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 Prediction 1:  Subordinate adult females will ovulate, but will not conceive while 

there is a young dominant female present in the group (in response to the threat of 

eviction). 

 Prediction 2:  Pregnancies by subordinate females will be more likely to succeed 

as the age of the dominant female increases (potentially avoiding the negative 

consequences of eviction). 

 Prediction 3:  Subordinate adult females will ovulate, but will not conceive while 

there is no non-related male present in the group (inbreeding avoidance). 

 Prediction 4:  Pregnancies by subordinate females will be more likely to succeed 

when a non-related male is present within the group at the time of conception (potentially 

avoiding the negative consequences of inbreeding depression). 

METHODS 

Study site 

 Data were collected within the 6300 ha Poço das Antas Biological Reserve 

(PDA), Rio de Janeiro State, Brazil (22° 30' - 33' S, 42° 15' - 19' W) (Miller & Dietz, 

2006).  The reserve is predominantly secondary forest consisting of a patchwork of 

habitat types resulting from the various stages of secondary succession following human 

occupation (Dietz et al., 1997).  The areas of secondary forest used by GLTs include 

hillside, lowland transitional, and swamp (refer to definitions of hilltop/hillside forest, 

corridor, and swamp forest/gingers in Dietz et al. (1997)).   

 PDA has a wet (October through April (Dietz et al., 1994; Hankerson, 2008)) and 

a dry season (June through August (Dietz & Baker, 1993; Hankerson, 2008)) each year.  

During the three years of this study, PDA received an average of 2135.6 ± 184.1 
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(standard error) mm of precipitation each year (unpublished data).  An average of 260.2 ± 

18.9 mm of rain fell during each wet month as compared to an average of 62.9 ± 7.4 mm 

of rain during each dry month (unpublished data).  Average maximum temperatures were 

27.6 ± 0.2 ° C during the wet season and 25.0 ± 0.2 ° C during the dry season 

(unpublished data).    

Study species 

 Golden lion tamarins once occupied much of the Atlantic Coastal Forest of Rio de 

Janeiro State, Brazil.  Today, primarily as a result of habitat loss, fragmentation, and 

forest degradation and with the exception of a few small coastal populations, GLTs are 

found only in small patches of remnant forest centered around the São João river basin 

(Rylands et al., 2002; Ruiz-Miranda et al., 2008).  GLTs were ranked as “critically 

endangered” from 1963 to 2002 due to low numbers, narrow distribution, and threat of 

continued habitat loss (Hilton-Taylor, 2000; Rylands et al., 2002).  Due to successful 

local, national, and international conservation efforts, GLTs were reclassified as 

“endangered” in 2003 (IUCN, 2010).  Still, only an estimated 1500 GLTs remain in the 

wild (Ruiz-Miranda et al., 2008); PDA holds the largest remaining population (Rylands et 

al., 2002; Ruiz-Miranda et al., 2008).  Currently, an estimated 350 GLTs exist within the 

secondary forests protected by the reserve (Rylands et al., 2002; Ruiz-Miranda et al., 

2008).   

Individual identification and weighing  

 The animals under study at PDA are native and unmanipulated except for bi-

annual live captures necessary for replacing radio collars to facilitate group location.  

During these routine captures, usually in May or early June and again in December or 
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January, individuals are given identifiable markings (hair dye and tattoos), weighed, and 

evaluated for growth and body condition including notes regarding female nipple length 

(reflecting parity), lactation, and pregnancy (Dietz & Baker, 1993; Dietz et al., 1994).  

During the current study weights were also obtained weekly from August through 

December of each year using baited scales in the field (Bales, 2000; Bales et al., 2002; 

Siani, 2009). 

Behavioral observations 

 I collected data on 7 groups of wild GLTs at PDA, each containing 2 to 13 

individuals and 1 to 3 adult females.  All individuals were habituated to the presence of 

human observers.  Six of these groups were observed from March 2004 through February 

2007.  Another group was added to the study in June of 2005, and was observed until the 

end of the study in February of 2007.  Group sizes fluctuated but losses typically were 

filled by colonizers.  Field assistants performed randomly alternated daily behavioral 

observations on these seven study groups.  Focal observations included observed 

reproductive behavior, fights, and encounters with neighboring groups.  Group scans 

recorded activity every 20 minutes.  Group composition was recorded daily including all 

births, deaths, emigrations, and immigrations.  These data were entered into a 

genealogical database program (SPARKS 1.53, ISIS, Apple Valley, Minnesota) used to 

track relatedness of group members and reproductive output. 

 The ages of individuals born within study groups are known from long-term 

demographic data or estimated to year based upon weight, the eruption of permanent 

teeth, and degree of tooth wear and discoloration noted at semi-annual captures (Dietz et 

al., 1994; Bales et al., 2001; French et al., 2003).  Adults were defined as individuals 
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older than 18 months of age (Dietz & Baker, 1993) corresponding to the average age of 

sexual maturation (French & Stribley, 1987; French et al., 1989; Dietz et al., 1994; 

French et al., 2002).  The average life span for captive tamarins is nine years of age 

(Dyke et al., 1993). 

 Each group contained one adult female who was behaviorally dominant to other 

females in the group.  Dominance was assigned to the predominant aggressor based upon 

archwalks, mounts, and chases and winner of fights (Dietz & Baker, 1993; Bales et al., 

2005). 

Fecal sample collection 

  I collected 1176 fecal samples from individually identified female GLTs in 7 free-

ranging social groups from March 2004 through February 2007. Feces were collected 

from a total of 21 GLT females including 14 adults, 4 females that passed from subadult 

to adult, 1 from juvenile to adult, 1 from juvenile to subadult, and 1 from infant to 

subadult (Table 2.1).  I collected samples year-round during reproductive and non-

reproductive months of the year.  I collected fecal samples from each female once or 

twice per week as they left their sleeping locations or during subsequent observations.  I 

attempted to restrict fecal collection to the morning hours to reduce diurnal variation in 

concentrations of fecal progesterone metabolites (Sousa & Ziegler, 1998; French et al., 

2003).  As a result, 28% of samples were collected before 0900h, and 83% by 1200h.  No 

more than 10 hours passed between fecal sample collection and storage in a freezer.  

Samples remained frozen until analysis at the Callitrichid Research Center, University of 

Nebraska at Omaha.  
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Pregnanediol-3-glucuronide (PdG) and cortisol extraction from feces  

  Pregnanediol-3-glucuronide (PdG) is a metabolite of the hormone progesterone 

excreted in the feces and has been validated as a reliable indicator of circulating 

progesterone concentrations (Bales, 2000; French et al., 2003).  Cortisol is excreted 

directly into the feces.  PdG and cortisol were extracted simultaneously from fecal 

samples.  Fecal samples were thawed at room temperature, processed by removing large 

plant and insect fragments, and dried prior to weighing in a drying oven at 37 ° C.  

Extraction of both PdG and cortisol was performed by briefly vortexing and then shaking 

0.125 g of dried fecal matter in 2.5 ml of solubilizing extraction buffer (40% methanol 

(MeOH):60% phosphate buffered saline (PBS)) for 12-16 hours on a shaker rack.  

Samples were then briefly vortexed to remove residue along the tube walls and 

centrifuged for 15 min at 2000 rpm at 6 ° C.  The supernatant was decanted into a clean 

test tube and refrozen for storage until further diluted for assay.  

Enzyme immunoassay (EIA) for PdG 

 PdG was measured using an assay previously described (Chapter 1, this 

dissertation), validated against circulating hormone levels and tested for accuracy (Bales, 

2000; French et al., 2003).  Extracted fecal samples were diluted 1:5 in PBS prior to 

assay.  PdG standards ranged from 10,000 to 78 pg/well and were prepared using halving 

dilutions in 1:5 extraction buffer:PBS.  Controls were 1:5 extraction buffer:PBS.  Internal 

quality control pools consisted of female Geoffroy’s marmoset (Callithrix geoffroyi) 

urine.  They were run at high concentrations (1:80 in 1:5 extraction buffer:PBS) and low 

concentrations (1:640 in 1:5 extraction buffer:PBS).  PdG concentrations were 

determined through standardized enzyme immunoassay techniques (EIA) and 
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calculations resulting from a four-parameter sigmoidal curve-fitting function.  The intra- 

and inter-assay coefficients of variation for high and low concentrations of a urine quality 

control pool for the PdG assay were 9.1% and 19.9% (high), and 7.4% and 26.7% (low), 

respectively.   

Enzyme immunoassay (EIA) for cortisol  

 Fecal cortisol was measured using an assay previously described (Chapter 1, this 

dissertation), validated against circulating hormone levels and tested for accuracy (Bales, 

2000; Bales et al., 2005).  Extracted fecal samples were diluted 1:10 in PBS prior to 

assay.  Cortisol standards ranged from 1,000 to 7.8 pg/well and were prepared using 

halving dilutions in 1:10 extraction buffer:PBS.  Controls were 1:10 extraction 

buffer:PBS.  Internal quality control pools consisted of female Geoffroy’s marmoset 

urine.  They were run at high concentrations (1:2560 in 1:10 extraction buffer:PBS) and 

low concentrations (1:20,480 in 1:10 extraction buffer:PBS).  Cortisol concentrations 

were determined through standardized EIA techniques and calculations resulting from a 

four-parameter sigmoidal curve-fitting function.  The intra- and inter-assay coefficients 

of variation for high and low concentrations of a urine quality control pool for the cortisol 

assay were 3.9% and 11.4% (high), and 3.9% and 20.7% (low), respectively.   

Detection of ovulation, pregnancy, parturition, and abortion 

I plotted PdG and cortisol concentrations over time to help visualize reproductive 

patterns for individual GLT females.  Variation in progesterone levels corresponds to 

ovulation, the formation of the corpus luteum, and placental development (Ojeda, 1996; 

Nelson, 2005) and has been used to trace ovarian cycles and pregnancy in GLTs (French 

& Stribley, 1985; French & Stribley, 1987; Bales, 2000; French et al., 2002; French et al., 
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2003).  I examined progesterone profiles of subordinate adult GLT females from 18 

months of age until conception of their first pregnancy.  Subordinate adult females were 

considered ovulatory if non-pregnant progesterone profiles showed cyclical elevation in 

PdG concentrations averaging 20 days in periodicity (French et al., 2002).   

Pregnancy was diagnosed primarily by the prolonged elevation of PdG 

concentrations (Bales, 2000; French et al., 2002; French et al., 2003).  Cortisol, a 

glucocorticoid responsible for mobilizing fat and protein reserves for use by the body in 

times of food deprivation or stress (Nelson, 2005), also shows a significant increase in 

concentration during the 3rd trimester of GLT pregnancy indicative of fetal and placental 

development (Bales, 2000; Bales et al., 2005), so can be used as a late pregnancy 

diagnostic.  In addition, pregnant GLT females demonstrate steady and considerable 

weight gain beginning in their 2nd trimester of pregnancy and continuing throughout 

gestation (Bales et al., 2001; Hankerson, 2008).  Parturition was diagnosed by a sudden 

drop in PdG concentrations to baseline levels (Bales, 2000; French et al., 2002; French et 

al., 2003) accompanied by a rapid and large amount of weight loss (mean=112.7 g; range 

73 to 142 g; n=12 full term pregnancies for which immediate pre- and post-partum 

weights were available (Siani, 2009)).  I defined successful pregnancies as those that 

were carried to full term and that resulted in observations of new infants carried and 

nursed during the first week after birth by the female I identified as the mother.  Birth 

dates were recorded within one or two days of parturition for most infants and within one 

week for all observed infants born during this study.   To establish a calendar for each 

successful pregnancy I divided the 125-day gestation period (French et al., 2002) into 

trimesters.  Trimesters were assigned by counting back from known parturition dates: 84-
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125 days (3rd trimester), 42-83 days (2nd), and 0-41 days (1st) (French & Stribley, 1985; 

French et al., 2002).  Because hormone profiles are highly individualized, for each 

reproductive female I calculated average PdG concentrations during each trimester of 

pregnancy and during non-pregnant periods to provide “typical” values for successful 

pregnancies.  These trimester averages were used as a guide in diagnosing suspected 

pregnancies for which infants were not observed and to determine the probable trimester 

in which pregnancies were aborted. 

Pregnancy diagnoses and assignment of trimesters when no infants were observed 

were made by consulting multiple sources of information on a case by case basis as 

described previously (Chapter 1, this dissertation).  First, I consulted average trimester 

PdG values for successful pregnancies.  Mean PdG concentrations of 1500 ng PdG/g 

feces, 3500 ng/g, 5000 ng/g, and 10,000 ng/g were indicative of an adult female that was 

either non-pregnant or in her 1st, 2nd , or 3rd trimester of pregnancy, respectively.  

Consistently high levels of PdG that suddenly dropped to titer levels indicated pregnancy 

loss or parturition depending on when concentrations returned to baseline values (Bales, 

2000; French et al., 2002; French et al., 2003).  Second, a large and consistent rise in 

cortisol reaching a mean of 15,000 ng cortisol/g feces was used to diagnose pregnancies 

that had proceeded into the middle to late 3rd trimester.  Third, I used patterns of weight 

gain in females in the current study to establish general guidelines for diagnosing 

pregnancy from the 2nd trimester onward.  Females gaining 5-10% or in excess of 10% of 

their non-pregnant average weight in a consistently rising pattern were diagnosed as 

being in their 2nd or 3rd trimester, respectively.  Females that gained approximately 20% 

of their body mass were considered to have reached full term, since neonatal weight for 
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Leontopithecus is on average 20% of the mother’s body weight (Tardif et al., 1993).  

Average weight loss for 12 births during the current study for which immediate pre- and 

post-partum weights were available was 18.6% of the females’ post-partum weight 

(Siani, 2009).  Rapid weight loss was considered indicative of parturition or the loss of a 

2nd or 3rd trimester pregnancy.  Fourth, bi-annual capture records including each female’s 

weight, nipple length, whether a female was lactating or not, and the results of uterus 

palpation for pregnancy and trimester diagnosis at the time of capture (Dietz & Baker, 

1993; Dietz et al., 1994) provided data points during early pregnancy in late May or June 

when field weights were not available and pregnancy diagnoses were not often possible 

given hormonal concentrations that remain low during this early stage.  Ad libitum field 

observations regarding female appearance and behavioral changes were consulted for 

additional confirmation, though were not considered diagnostic.    

STATISTICAL ANALYSES  

Threat of eviction and inbreeding avoidance 

 I used logistic regression analyses to test for a statistical relationship between the 

presence within the group of a male assumed to be unrelated to the pregnant female and 

the likelihood that the pregnancy would result in the birth of live infants (SAS 9.2, SAS 

Institute, Cary, North Carolina).  The full dataset of 37 pregnancies conceived by 14 

dominant and subordinate adult females (26 successful to 10 females and 11 non-

successful to 7 females) was used in this analysis.  Individual female identity (FEMID) 

was included as a covariate in the model to account for multiple pregnancies by some 

females.  All assumptions were met for this model.   
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 To identify variables useful in predicting a successful pregnancy to a subordinate 

female pregnant at the same time as the dominant female in her group I used the logistic 

regression procedure with removal of non-significant effects (those with the largest p-

value>0.05) one at a time through backward selection.  Explanatory variables included 

the age of the dominant female, the presence within the group of a male assumed to be 

unrelated to the subordinate female at the time of conception, and whether the dominant 

or subordinate female became pregnant first.  The dataset consisted of 11 cases of 

simultaneous pregnancies in 2 females within the same group (4 cases where both the 

dominant and subordinate females were successful and 7 cases in which only the 

dominant female was successful).  FEMID was again included in the model, but removed 

from the model when the effect was non-significant such that each reproductive attempt 

by the same female was treated as an independent observation (Bales et al., 2001; Bales 

et al., 2002).  All assumptions were met for this model. 

RESULTS 

Subordinate ovulation without conception 

 Subordinate females between 18 months of age and the conception of their first 

pregnancy showed cyclical elevation in PdG concentrations from less than 500 ng PdG/g 

feces to an average of 1000 ng PdG/g feces with 15-30 day periodicity consistent with 

ovulatory patterns observed in adult GLTs (Figure 2.1).  Age of first conception ranged 

from 2.5 to 3.9 (mean=3.1 ± 0.2 standard error) years for 8 GLT females conceiving for 

the first time during this study (Table 2.1).  Five adult females did not conceive.  Four of 

the five were younger than three years of age but did show cyclical elevations in PdG 

concentrations.  The fifth female was of unknown age and remained within a habituated 
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study group for just three months during which time she did not become pregnant.  

Sample frequency was insufficient to determine the ovulatory status of this female. 

Threat of eviction and inbreeding avoidance 

 The presence within the group of a male unrelated to the pregnant female at the 

time of conception was not a significant predictor (Wald Chi-Square=0.0017, df=1, 

p=0.9673) of the birth of live infants to either a pregnant dominant or subordinate female.  

Thirty pregnancies were conceived while a male unrelated to the pregnant female was 

present; twenty-two of these resulted in live births.  Seven pregnancies were conceived 

when there was no unrelated male present, with four of these resulting in live births.  

Eight of eleven non-successful pregnancies were conceived while there was an unrelated 

male present in the group.  

 A logistic regression model including both the age of the dominant female (Wald 

Chi-Square=1.32, df=1, p=0.2499) and whether the dominant or subordinate female was 

pregnant first (Wald Chi-Square=2.23, df=1, p=0.1353) as predictors of a successful 

pregnancy to a subordinate female whose pregnancy overlapped with that of a dominant 

female was marginally significant (Likelihood Ratio Chi-Square=4.98, df=2, p=0.0829).  

Though neither of these pieces of information was a significant predictor of subordinate 

success, knowing both of these pieces of information provided an 85.7% likelihood of 

correctly predicting a successful pregnancy to a subordinate female.  As the age of the 

dominant female increased, the likelihood of success by a subordinate female increased.   

Under this model, for every year of age of the dominant female, a pregnancy by the  

subordinate female was 2.0 times as likely to be successful (95% confidence interval was 

0.6-6.6).  The mean age of the dominant female during a non-successful pregnancy by a 
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subordinate was 6.4 years compared to 10.9 years during a successful pregnancy by a 

subordinate.  All four successful pregnancies by subordinate females occurred when the 

dominant female in each of the two groups was 10 years old or older.  The presence or 

absence of a male unrelated to the subordinate female in the group at the time of 

conception was removed from the model as non-significant predictor variable (Wald Chi-

Square=0.04, df=1, p=0.8399).  Continuing past this point with backward selection of 

non-significant terms resulted in a non-significant model (Likelihood Ratio Chi-

Square=2.28, df=1, p=0.1307) without any statistically significant predictor variables. 

DISCUSSION 

Subordinate ovulation without conception 

 The findings herein are consistent with those of French et al. (2003) and suggest 

that subordinate adult GLT females younger than 3.1 years of age exercise reproductive 

self-restraint by delaying conception when they reside in groups containing a young 

dominant female and no unrelated males.  I suggest that limits on reproduction by young 

subordinate females are self-imposed in response to conditions that reduce the probability 

of a successful reproductive investment (Reyer et al., 1986; Hamilton, 2004; Young et al., 

2008; Saltzman et al., 2009) rather than being actively enforced by dominant females 

through physical aggression.  However, the physical condition of the dominant female 

may serve as a cue by which subordinates gauge the ability of dominants to interfere in 

subordinate reproduction, thus playing a determining role in whether or not subordinate 

GLTs exercise restraint (Young et al., 2008; Saltzman et al., 2009). 

 Physiological suppression of ovarian activity in subordinate adult females does 

not appear to be limiting reproduction in subordinate female GLTs.  Subordinate females 
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older than 18 months of age ovulated while residing within their natal group, but 

conceptions were delayed one to two years following the onset of ovulation (Figure 2.1) 

as predicted if young subordinate females were exercising reproductive self-restraint.  

These findings corroborate studies in captivity that point to the lack of ovarian 

suppression in subordinate females older than 18 months of age in the genus 

Leontopithecus (French, 1987; French & Stribley, 1987; French et al., 1989; Inglett, 

1993; Monfort et al., 1996; French et al., 2002), but see French et al. (2003) for evidence 

of anovulation in subordinate GLT daughters.  Young adult subordinate females 

undergoing regular ovulatory cycles should be hormonally competent to reproduce, but 

the mean age at first conception for females in the current study was 3.1 years (similar to 

the 3.6 years reported by Bales et al. (2001)).  Perhaps younger subordinate females delay 

conceptions by not engaging in sexual behavior while residing in groups containing a 

young dominant female and no unrelated males (Abbott, 1984; French et al., 2003).  A 

delay in first conception was also found for young subordinate common marmoset 

females (Arruda et al., 2005; Sousa et al., 2005).  A review of the literature for common 

marmosets from both field and captive settings concluded that the delay in onset of 

reproduction was due to reproductive self-restraint on the part of most subordinates in 

response to the threat of dominant infanticide (Saltzman et al., 2009).  But since 

infanticide has not been documented in wild populations of GLTs to date (Dietz, personal 

communication), it appears unlikely that infanticide serves as the selective pressure 

promoting reproductive self-restraint in GLTs.   
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Threat of eviction and inbreeding avoidance 

 Reproductive restraint on the part of young adult female GLTs occupying a 

subordinate position within their natal group is the product of both the threat of eviction 

from the natal group and incest avoidance (Baker et al., 2002; French et al., 2002; French 

et al., 2003).  In the only other study to diagnose pregnancy in wild GLTs based upon 

hormonal profiles, both the presence of an elderly dominant female and the presence of a 

male unrelated to the subordinate female were key factors in determining whether a 

subordinate female ovulated and became pregnant within her natal group (French et al., 

2003).  Subordinate GLT females faced with the high risks associated with both 

emigration and immigration (Baker & Dietz, 1996; Goldizen et al., 1996; Baker et al., 

2002) forego their own reproduction in an attempt to avoid conflict with a strong 

dominant female that may lead to their eviction from the group.  When the dominant 

female in GLT groups was young (potentially weighed more (Dietz et al., 1994) and had 

longer canine teeth (Dietz, unpublished data)) and was physically able to mount and win 

attacks on subordinates (Hodge et al., 2008) successful reproduction by subordinate 

GLTs was rare.  All successful pregnancies by subordinate females occurred when the 

dominant female was at least 10 years of age.  In addition, the likelihood of a pregnancy 

by a subordinate female resulting in the birth of live infants doubled with each year of 

age of the dominant female according to a marginally significant logistic regression 

model based upon only 11 cases of simultaneous pregnancy by two females within the 

same group.  These results, combined with those of French et al. (2003) suggest that 

elderly dominant female GLTs may not be in good enough physical condition to either 

prevent a pregnancy by their subordinate daughters or interfere with subordinate 
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pregnancies through the persistent harassment and aggressive attacks associated with 

eviction from the natal group (Baker et al., 2002).  The presence of an elderly dominant 

female may not pose a high enough threat to subordinate females for them to exercise 

reproductive self-restraint.  In contrast, the presence of a young dominant female 

significantly reduced the likelihood that a costly reproductive investment would result in 

the birth of live infants; providing the selective pressure necessary to promote self-

restraint of reproduction in young subordinates (Wasser & Barash, 1983; Reyer et al., 

1986; Jaquish et al., 1991; Digby, 1995a; Abbott et al., 1997; Saltzman, 2003; Hamilton, 

2004; Gilchrist, 2006a; Young et al., 2008; Saltzman et al., 2009). 

 Though young subordinate females in this study ovulated, conceptions were rare 

under incestuous mating conditions.  Only 7 of 37 pregnancies were conceived while 

there was no unrelated male present within the group, demonstrating the tendency in 

GLTs to avoid incestuous matings.  Inbreeding depression has been suggested as a 

potential cause for infant mortality and a selective pressure leading to incest avoidance in 

this population of wild GLTs (Dietz & Baker, 1993; Dietz et al., 2000); however, my data 

provide no evidence that the risk of pregnancy loss is higher for GLT females that 

become pregnant under potentially incestuous mating conditions (see Bales et al. (2001) 

for corroborating results).  Specifically, whether a pregnancy was conceived under 

incestuous or non-incestuous mating conditions had no effect on whether that pregnancy 

resulted in the birth of live young.  These results corroborate those of Baker et al. (2002) 

whose authors reported that success rates for pregnancies by natal females older than 

three to four years of age were unaffected by the relationship between resident males and 

the natal female.  The long delay from puberty to conception, the low number of 
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conceptions under incestuous mating conditions, and the lack of evidence for inbreeding 

depression all suggest that young subordinate females may not conceive under incestuous 

conditions in favor of delaying their investment until a non-natal male joins the group or 

they are able to secure non-incestuous matings outside their natal group, perhaps during 

intergroup encounters (Digby, 1999; French et al., 2003).   

 However, my analysis was based upon the assumption of non-relatedness among 

non-natal group members.  At PDA, neighboring groups contain close relatives due to 

habitat saturation (Dietz et al., 2000).  As a result, extra-group copulations as well as 

copulations with non-natal males that immigrate into the natal groups of subordinate 

females may result in inbred offspring (Dietz et al., 2000).  Cross-checking with a long 

term genealogical database that also monitors immigration and emigration helped to 

reduce errors in my assignment of “unrelated” to non-natal males, but without molecular-

genetic data confirming paternity in GLTs, there is no way of knowing whether 

conceptions by subordinate females were indeed incestuous.  It has also been 

hypothesized that callitrichids may be less adversely affected by inbreeding depression 

since blood chimerism between twins results in low allozyme diversity in callitrichids 

and may serve as an adaptation to the homozygosity that results from inbreeding (Pope, 

1996).  Given these limitations, the lack of support for inbreeding depression provided in 

this study is not surprising.  It is possible, however, that in measuring infant survival past 

the period of infant dependency as was done by Dietz & Baker (1993) and Dietz et al. 

(2000), differential survival based upon incestuous mating conditions may become 

apparent.  
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 Further supporting the idea of subordinate self- restraint rather than dominants 

imposing constraints upon subordinate reproduction is the finding that subordinate female 

GLTs do not appear to suffer from chronic social stress (Chapter 3, this dissertation).  

Cortisol concentrations in subordinate female GLTs do not differ from those of dominant 

females (Bales et al., 2005) (Chapter 3, this dissertation), in contrast with what would be 

expected if they were being aggressively harassed by dominant females as a deterrent to 

reproduction (Abbott et al., 2003).  In addition, pregnancy loss in subordinate GLT 

females could not be attributed to high levels of social stress as the result of dominant 

aggression since failed pregnancies did not differ significantly from successful 

pregnancies in their starting non-pregnant cortisol levels, nor in cortisol concentrations 

during the 1st trimester (Chapter 3, this dissertation).  Aggression was low and social 

support high among females occupying the same group except for those brief periods of 

one to two days marking the eviction of a female from a group (Baker, 1991; Dietz & 

Baker, 1993; Bales et al., 2005).  And though dominant female callitrichids have been 

observed to interfere actively with mating attempts by the subordinate (Abbott, 1984), 

these occurrences are rare and this behavior was not observed during my study.  It is 

unlikely that dominant females are able to monitor and successfully intercede in 

subordinate reproductive attempts over such a prolonged period (Saltzman et al., 2009).  

A more parsimonious explanation is that a younger subordinate adult female exercises 

reproductive restraint for the first one to two years of adulthood within her natal group 

(while the dominant female is young and the threat of eviction high, while non-incestuous 

mating opportunities do not exist, and while the subordinate still has a long reproductive 

life span ahead of her (French et al., 2003)) as she waits for her chances of successfully 
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investing in reproduction to improve.  Meanwhile, the threat of being evicted from the 

group and incest avoidance are enough to restrain attempts at reproduction by young 

subordinates without the need for constant aggression (Young et al., 2008; Saltzman et 

al., 2009).  
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TABLES 

Table 2.1.  Ovulatory status (O=ovulatory, N=non-ovulatory) and age at first conception 

for 21 GLT females from 7 free-ranging golden lion tamarin groups for which fecal 

samples were collected from March 2004 through February 2007. 

Female 
ID Group 

Dominance 
status 

Age 
(years) 
during 
sample 

collection 
Age 

category 

Number 
of PdG 
samples 

Ovulatory 
status 

Age (years) 
at first 

conception 
if occurred 

during study 

539 AL 
Dominant 

then 
subordinate 

10.6-13.3 Adult 97 O  

720 BO2 Dominant 9.4-12.3 Adult 125 O  
750 PP3 Dominant 8.7-10.5 Adult 77 O  
766 GF Dominant 5.6-6.9 Adult 35 O  
782 3M5 Dominant 4.5-6.7 Adult 32 O  

846 AL 
Subordinate 

then 
dominant 

2.8-5.3 Adult 78 O 2.9 

848 BO2 Subordinate 2.4-5.3 Adult 136 O 2.5 
869 PA Dominant 4.7-7.3 Adult 98 O  

880 BO2 to 
POR 

Subordinate 
in BO2, 

dominant in 
POR 

1.4-4.1 Subadult 
to adult 88 O 2.8 

884 PA Subordinate 1.7-3.3 Adult 60 O 2.7 
889 GF Subordinate 1.6-3.0 Adult 18 O 2.5 

899 BO2 to 
POR Subordinate 1.1-2.4 Subadult 

to adult 39 O Did not 
conceive 

1227 BO2 to 
POR Subordinate 0.7-2.9 Subadult 

to adult 68 O Did not 
conceive 

1238 PP3 Subordinate 0.3-1.9 Juvenile 
to adult 56 O Did not 

conceive 

1241 BO2 to 
POR Subordinate 0.8-2.0 Subadult 

to adult 52 O Did not 
conceive 

1264 PP3 Dominant 4.0-4.3 Adult 12 O 3.9 
1265 PP3 Subordinate 3.3-4.2 Adult 10 O 3.9 
1266 GF Dominant 2.9-4.0 Adult 32 O 3.5 

1267 AL Subordinate 0.2-1.3 Infant to 
subadult 21 N Did not 

conceive 

1271 PA Subordinate 0.4-1.4 
Juvenile 

to 
subadult 

32 N Did not 
conceive 

T0PP3 PP3 Dominant Unknown Adult 10 Unknown Did not 
conceive 

     Σ=1176  x̄ =3.1 ± 0.2 
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FIGURE LEGENDS 

Figure 2.1.  Ovulatory cycles as demonstrated by cyclical elevation in PdG 

concentrations in two subordinate adult females a) GLT 880 from 1.6-2.5 years of age 

and b) GLT 1227 from 1.5-2.9 years of age prior to first conception. 
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Chapter 3:  Incomplete control limits reproduction in older subordinate female 

golden lion tamarins (Leontopithecus rosalia) 

ABSTRACT 

 Many cooperatively breeding species exhibit high reproductive skew.  One 

hypothesized evolutionary pathway linking the two relies upon the premise that 

reproduction by subordinates reduces the fitness of the dominant; therefore, selection 

should favor dominants able to control subordinate reproduction.  The current study 

examines both the proximate mechanisms and ultimate causes of female reproductive 

skew in cooperatively breeding golden lion tamarins (Leontopithecus rosalia).  I tested 

whether reproduction by subordinate adult female tamarins is limited by dominant 

females who had incomplete control (incomplete control model, ICM) or complete 

control (optimal skew model, OSM) over subordinate reproduction.  I tested the ICM 

prediction that subordinate females would ovulate and conceive, but only those 

subordinates capable of winning fights with the dominant female would give birth to live 

young.  I tested the OSM prediction that ovulation, conception and successful 

reproduction would be allowed only by subordinate females providing inclusive fitness 

benefits to the dominant female.  I used three years of data from seven free-ranging 

groups of tamarins in Poço das Antas Biological Reserve, Rio de Janeiro, Brazil, and 

used hormonal (progesterone and cortisol) profiles obtained through non-invasive 

immunoassay of feces to detect ovulation in subordinates.  I also used changes in body 

mass, bi-annual physical examinations, and behavioral observations to diagnose 

pregnancies of both dominant and subordinate females.  I defined reproductive success as 

pregnancies that resulted in the birth of live infants, and used circulating cortisol 
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concentrations as a measure of stress.  I performed phenological surveys to quantify 

average monthly caloric availability, and recorded group compositions daily.  I compared 

hormonal profiles of successful vs. non-successful pregnancies using linear mixed model 

analysis of variance, and identified hormonal, social, and ecological variables useful in 

predicting a successful pregnancy to a subordinate female by using logistic regression 

analyses.  Whereas subordinate females younger than 2.5 years of age ovulated but did 

not conceive, all females older than 3.9 years of age became pregnant.  In support of the 

hypothesis of incomplete control, reproduction in subordinate adult females was not 

limited by hormonal suppression of ovulation or conception, but by the failure of 

pregnancies to produce live offspring.  Seven of eleven subordinate pregnancies were not 

successful.  Subordinate pregnancy loss could not be attributed to stress; subordinate 

females did not experience higher levels of stress than dominants.  Caloric availability in 

all home ranges was more than adequate to support tamarin reproduction.  Group size 

limited the number of females that successfully reproduced; the likelihood of 

reproductive success increased 1.7 times with each additional group member.  My results 

suggest that when caloric availability is sufficient to support reproduction by two 

breeding females and the group members necessary to provide allocare for two litters, 

subordinate females do not abide by a social contract that would limit their reproduction 

(OSM).  Instead, older subordinates compete with dominant females for reproduction and 

succeed in producing live young if the dominant female is at least 10 years old, if 

subordinates conceive while the dominant is heavily pregnant, and if they reside within 

larger groups (ICM).   
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INTRODUCTION 

 Cooperative breeding in which the young born to one or more breeding females 

are reared by non-reproductive helpers is rare among social mammals and is most highly 

developed in four taxa (Clutton-Brock, 2009):  the marmosets and tamarins 

(Callitrichidae) (Goldizen, 1987a; Goldizen, 1987b; Tardif et al., 2002; Digby et al., 

2007); the dogs (Canidae) (Moehlman, 1986; Creel & Creel, 2001); the diurnal 

mongooses (Herpestidae) (Rood, 1986; Creel & Waser, 1997; Clutton-Brock, 2006); and 

African mole-rats (Bathyergidae) (Bennett & Faulkes, 2000; Faulkes & Bennett, 2007).  

Across taxa, cooperative breeding is associated with high reproductive skew (Clutton-

Brock, 2009).  Clutton-Brock (2009) suggested a potential evolutionary pathway linking 

reproductive skew to cooperative breeding in mammals.  When simultaneous breeding by 

multiple females dilutes the investment of helpers and/or reduces the survival or growth 

of offspring born to the dominant (Clutton-Brock et al., 2001b; Hodge, 2009), selection 

should favor dominant females able to control subordinate reproduction.  Monopolization 

of reproduction by dominant group members by means of suppression of subordinate 

reproduction has been documented in several taxa of cooperative breeders including 

mammals (Solomon & French, 1997a), birds (Reyer et al., 1986; Mays et al., 1991; 

Schoech et al., 1991), fishes (Fitzpatrick et al., 2008), and invertebrates (Hamilton, 2004).  

Limited opportunities for subordinate reproduction within the group combined with few 

options for successful dispersal and reproduction outside the group (Baker & Dietz, 1996; 

Goldizen et al., 1996; Clutton-Brock et al., 1998a; Clutton-Brock et al., 2001a; Baker et 

al., 2002; Clutton-Brock et al., 2006) may lead to the evolution of non-breeding helpers.  

Helpers improve growth and survival of the dominant’s offspring (in birds: (Brown, 
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1987); coyotes (Canis latrans): (Bekoff & Wells, 1982); African wild dogs (Lycaon 

pictus): (Malcolm & Marten, 1982; Creel & Creel, 2001); blackbacked jackals (Canis 

mesomelas): (Moehlman, 1979); meerkats (Suricata suricatta):  (Clutton-Brock et al., 

2001b; Russell et al., 2003); dwarf mongooses (Helogale parvula): (Rood, 1990); 

badgers (Meles meles): (Kruuk, 1989); and marmosets and tamarins: (Dietz, 2004)).  By 

helping to rear the young of related dominants (typically a mother or a sister), 

subordinates with few options for their own reproduction benefit by increasing their own 

inclusive fitness (West-Eberhard, 1975; Sherman et al., 1995; Bourke, 1999; Ratnieks & 

Helanterä, 2009).  Cooperative care reduces fitness costs associated with reproduction for 

the dominant female and increases her rate of reproduction (Clutton-Brock et al., 1998b; 

Russell et al., 2003; Fite et al., 2005).  Dominant females in cooperatively breeding 

species also have relatively long life spans (Arnold & Owens, 1998; Carey, 2001; 

Sherman & Jarvis, 2002), further augmenting the degree of reproductive skew (Hauber & 

Lacey, 2005; Clutton-Brock et al., 2006).   

 Golden lion tamarins (Leontopithecus rosalia) are cooperatively breeding 

callitrichid primates that display a high degree of reproductive skew.  Golden lion 

tamarins (GLTs) reside in family groups of 2–11 individuals (Dietz & Baker, 1993; Dietz 

et al., 1994).  Lion tamarin offspring typically delay dispersal and reproduction, and 

remain in their natal group to help with the care of infant siblings (Dietz & Baker, 1993).  

Cooperative care has been suggested to be instrumental in the ability of callitrichids to 

meet the energetic needs associated with successfully rearing the litters of twins they are 

capable of producing either once or twice a year  (Kleiman, 1977a; Sussman & Garber, 

1987; Baker et al., 1993; Dietz & Baker, 1993).  Dietz and Baker (1993) reported that 
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reproduction was limited to a single dominant female (monogyny) in most GLT groups.  

Reproduction by two females in the same group (polygyny) occurred in only 10% of 

GLT groups.  As long-term study continued the incidence of rearing polygyny (more than 

one female rearing offspring to weaning) remained low (26.2% reported by Baker et al. 

(2002)), but pregnancy polygyny (more than one female confirmed as being pregnant 

within the same breeding season) was common (44.3% reported by Baker et al. (2002); 

83% reported in chapter one of this dissertation).   

  As long-term field research on callitrichids continues, the presence of multiple 

breeding females within callitrichid groups has been observed in an increasing number of 

species (common marmosets (Callithrix jacchus): (Hubrecht, 1984; Digby & Ferrari, 

1994; Digby, 1995b; Arruda et al., 2005); pygmy marmosets (Cebuella pygmaea): (Soini, 

1982); cotton-top tamarins (Saguinus oedipus): (Savage et al., 1996a); saddle-back 

tamarins (Saguinus fuscicollis): (Goldizen et al., 1996); and moustached tamarins 

(Saguinus mystax): (Garber et al., 1984; Ramirez, 1984; Garber et al., 1993; Smith et al., 

2001)).  However, subordinate reproductive success remains lower than that of dominant 

females in both marmosets (Digby, 1995a; Arruda et al., 2005; Sousa et al., 2005; 

Saltzman et al., 2008; Saltzman et al., 2009) and tamarins (Goldizen et al., 1996; Garber, 

1997).  In both captive and wild groups of cotton-top tamarins only one female per group 

gives birth regardless of the number of other pregnant females in the group (Price & 

McGrew, 1991; Savage et al., 1996a).  The contradiction between high rates of 

pregnancy polygyny and low reproductive success by subordinate females encourages a 

re-examination of explanations for singular breeding in callitrichids.   
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Reproductive skew models 

 Models of reproductive skew attempt to explain limits on subordinate 

reproduction in terms of fitness costs and benefits to dominant and subordinate 

individuals under existing ecological and social circumstances (Clutton-Brock, 2009).  

Incomplete control models (ICM) of reproductive skew, also called tug of war models,  

presume that there is an ongoing contest or power struggle for successful reproduction 

between dominant and subordinate females (Johnstone, 2000; Beekman et al., 2003; 

Hager, 2003) in which both the dominant and the subordinate females will try to disrupt 

each other’s reproductive attempts (Young & Clutton-Brock, 2006; Saltzman et al., 

2009).  Under ICM subordinate reproductive success is determined by the physical 

condition, size, or strength of each contender (Reeve & Sherman, 1991; Clarke & 

Faulkes, 1997; Bernasconi & Strassmann, 1999; Hodge et al., 2008).  Dominant females 

are assumed to win most, but not all of these contests (Clutton-Brock, 1998; Reeve & 

Shen, 2006).  Subordinate females are occasionally able to breed when dominants cannot 

prevent them from doing so (Clutton-Brock et al., 2001a; French et al., 2003; Clutton-

Brock et al., 2008).  The frequency of successful breeding by subordinates depends upon 

the costs and benefits accrued by dominants as a result of suppressing subordinate 

reproduction as well as the costs and benefits accrued by subordinates in attempting to 

breed (Emlen, 1995; Emlen et al., 1998; Reeve et al., 1998; Dietz, 2004; Clutton-Brock et 

al., 2008).  

 In optimal skew models (OSM), also called concessions models, it is assumed that 

dominant females have complete control over reproduction by subordinate females 

(Johnstone, 2000; Hager, 2003; Dietz, 2004; Buston et al., 2007).  When it is of benefit to 
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the dominant female, as when subordinate daughters in this cooperatively breeding 

species remain in their natal group and provide care for the offspring of the dominant 

mother (Bales et al., 2001; Dietz, 2004), she is predicted to share reproduction with her 

daughter as a concession to entice subordinates to remain in the group (Emlen, 1982; 

Clutton-Brock, 1998; Reeve et al., 1998; Reeve & Shen, 2006).  Under OSM dominant 

females weigh the costs and benefits to themselves of each potential mating by a 

subordinate female under the current set of demographic and ecological conditions, and 

either allow or deny reproductive opportunities to subordinate females within their group 

according to what would be most likely to increase their own inclusive fitness (Emlen et 

al., 1998; Johnstone, 2000; Hager, 2003; Dietz, 2004).  In contrast to ICM, OSM assumes 

that subordinate females only succeed in reproducing when allowed to do so by the 

dominant female (Clutton-Brock, 1998; Reeve et al., 1998; Johnstone, 2000; Hager, 

2003; Buston et al., 2007).   

 Under both ICM and OSM models of reproductive skew, reproductive success is 

expected to be higher in dominants than in subordinates (Emlen et al., 1998; Johnstone, 

2000; Hager, 2003; Dietz, 2004) as seen in many cooperatively breeding taxa (mammals: 

(Solomon & French, 1997a; Gilchrist, 2006a; Gilchrist, 2006b; Young et al., 2006; 

Clutton-Brock et al., 2008; Hodge et al., 2008) including marmosets: (Digby, 1995a; 

Arruda et al., 2005; Sousa et al., 2005; Saltzman et al., 2008; Saltzman et al., 2009) and 

tamarins: (Dietz & Baker, 1993; Goldizen et al., 1996; Garber, 1997); birds: (Reyer et al., 

1986; Mays et al., 1991; Schoech et al., 1991; Koenig & Dickinson, 2004); fish: 

(Fitzpatrick et al., 2008); and invertebrates: (Hamilton, 2004)).   
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Hormonal control of subordinate reproduction 

 Under the model of incomplete control, selection should favor subordinates that 

are capable of taking advantage of any reproductive opportunity.  Thus, one assumption 

is that adult subordinate females are physiologically capable of reproducing and attempt 

to do so when presented with the opportunity.  For example, in cooperatively breeding 

pied kingfishers (Ceryle rudis) secondary male helpers that are not behaviorally 

dominated by breeding males and may be able to gain the occasional reproductive 

opportunity as a result of competing with breeding dominant individuals do not exhibit 

reduced fertility in terms of lowered testosterone levels or a reduction in gonad size and 

sperm production (Reyer et al., 1986).  In contrast, primary male helpers that are 

behaviorally dominated by breeding males and are less likely to be able to win 

reproductive rights from the dominant male have lower testosterone levels, smaller 

gonads, and do not produce sperm.  Similarly, male Harris’ hawk (Parabuteu unicinctus) 

helpers were hormonally ready to take advantage of breeding opportunities during the 

nesting season; but female helpers, weighing on average 10% less than the dominant 

breeding female, showed no elevation in reproductive hormone concentrations (estradiol 

and luteinizing hormone) associated with breeding readiness (Mays et al., 1991).   

 Under the model of optimal skew, only those subordinate females whose 

continued presence within the group provide benefits in terms of inclusive fitness to the 

dominant female will be allowed to ovulate and conceive within their natal group.  As 

group size increases, the relative benefits to the dominant female of allowing each 

additional subordinate female to remain within the group and breed become smaller 

(Reeve & Emlen, 2000; Clutton-Brock et al., 2008).  Therefore, not all subordinate adult 
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females are expected to be allowed to reproduce within the group.  Dominant females 

may exert their control over subordinate reproduction through the reduction of 

reproductive hormone concentrations (Florida scrub jays (Aphelocoma coerulescens 

coerulescens): (Schoech et al., 1991); Harris’ hawks: (Mays et al., 1991); dwarf 

mongooses: (Creel et al., 1992); and African mole-rats (Cryptomys spp. and 

Heterocephalus spp.): (Faulkes & Bennett, 2001)) and the suppression of subordinate 

ovulation (African mole-rats: (Faulkes & Abbott, 1997; Molteno & Bennett, 2000; 

Faulkes & Bennett, 2001); and pine voles (Microtus pinetorum): (Solomon et al., 2001)).  

Singular breeding in callitrichid groups is maintained by inhibition of subordinate sexual 

behavior and hormonal suppression of subordinate female ovulation (marmosets: (Rothe, 

1975; Abbott & Hearn, 1978; Abbott et al., 1981; Abbott, 1984; Evans & Hodges, 1984; 

Hubrecht, 1989; Abbott, 1993; French, 1997; Saltzman et al., 1997a; Digby, 1999; 

Albuquerque et al., 2001; Sousa et al., 2005); and tamarins: (Epple & Katz, 1984; French 

et al., 1984; Abbott, 1993; French, 1997)).   

 The genus Leontopithecus differs from other callitrichids in that dominant females 

do not appear to control subordinate reproduction through the suppression of ovulation in 

captive populations (French, 1987; French & Stribley, 1987; French et al., 1989; Inglett, 

1993; Monfort et al., 1996; French et al., 2002), suggesting that subordinate daughters 

may be hormonally primed to take advantage of reproductive opportunities.  Results from 

endocrine sampling of GLTs in the wild suggest that the majority of subordinate females 

are anovulatory while remaining within their natal group; however, the presence of an 

elderly dominant female or immigration of a non-related male into the natal group may 

be followed by ovulation and conception by some subordinate daughters (French et al. 
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2003).   These studies demonstrate not only the incomplete ability of dominant females to 

suppress the reproductive hormones controlling ovulation and sexual behavior in 

subordinate female GLTs, but also the opportunistic flexibility of the female GLT 

reproductive system. 

 The neuroendocrine pathway responsible for suppression of ovulation in 

subordinate marmosets and tamarins is remarkably flexible in responding to a changing 

social environment, especially the presence or absence of a dominant female (Saltzman et 

al., 2009).  Subordinate females begin to ovulate, mate, and may conceive shortly after 

removal of the subordinate female from her natal group or the removal of the dominant 

female from the group (Evans & Hodges, 1984; Abbott et al., 1988; Abbott & George, 

1991).  Upon introduction of a non-natal male into the group, subordinate females began 

to engage in sexual behavior (Anzenberger, 1985; Hubrecht, 1989; Kirkpatrick-Tanner et 

al., 1996; Saltzman et al., 1997b; Saltzman et al., 1997c; Saltzman et al., 2004).    In the 

common marmoset, inhibition of ovulation is the result of suppression of chorionic 

gonadotropin (CG) released from the anterior pituitary (Abbott et al., 1990; Abbott et al., 

1998).  Though the precise neuroendocrine mechanism responsible for the suppression of 

chorionic gonadotropin release remains unknown, the pathway does not appear to be 

mediated by stress (Abbott et al., 1997).  Instead, the receipt of olfactory (pheremonal) 

and visual signals sent by the dominant female appears to be sufficient to initiate and 

maintain ovulatory suppression in subordinates (Barrett et al., 1990; Abbott et al., 1993; 

Barrett et al., 1993; Smith & Abbott, 1995; Abbott et al., 1998).  Because this pathway is 

reliable, rapid, and reversible, some authors have suggested that it may have evolved in 

cooperative breeders (Faulkes & Abbott, 1997; French, 1997; Molteno & Bennett, 2000; 
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Solomon et al., 2001; Saltzman et al., 2009) as a means to quickly turn the female 

reproductive system on or off in response to a socially dynamic and unpredictable 

environment (Puffer et al., 2004; Saltzman et al., 2009).  This neuroendocrine pathway 

may allow subordinate females to take advantage of temporary reproductive openings 

(ICM).  Alternatively, this pathway may provide the mechanism by which dominant 

females are able to prevent ovulation in some subordinate females and allow ovulation in 

others under circumstances when subordinate reproduction would provide greater 

benefits to the dominant (OSM).     

Behavioral control of subordinate reproduction 

 Dominant females may limit subordinate access to mates when conceptions are 

more likely.  The timing of female emigration in GLTs suggests that subordinate 

daughters may be evicted from the group shortly after reaching puberty (Baker, 1991).  

Dominant females may also prevent conceptions by ovulatory subordinate females that 

remain within the group by interfering with subordinate mating attempts (Epple, 1967; 

Rothe, 1975; Abbott, 1984).  In green sea turtles (Chelonia mydas), males escort mounted 

pairs perhaps in an effort to disrupt copulation attempts by rivals and increase their own 

reproductive success (Comuzzie Crowell & Owens, 1990).  Male chimpanzees (Pan 

troglodytes schweinfurthii) respond aggressively to copulatory attempts of other males 

with a female they are courting (Tutin, 1979).  Mate guarding by dominant individuals 

may also limit subordinate access to mating partners and reinforce reproductive skew 

(acorn woodpeckers (Melanerpes formicivorus): (Mumme et al., 1983); mandrills 

(Mandrillus sphinx): (Setchell et al., 2005);  long-tailed macaques (Macaca fascicularis): 

(Engelhardt et al., 2006); black howler monkeys (Alouatta pigra): (Van Belle et al., 



 

 118

2009)).  Long-term patterns of reproductive skew in male savannah baboons (Papio 

cynocephalus) were maintained according to a dominance hierarchy in which dominant 

individuals were able to monopolize access to fertile females by means of sexual 

consortships (Alberts et al., 2003).  

 As an alternative to suppressing conceptions, aggression, eviction, stress-induced 

abortion, and infanticide may be used to skew post-conceptive reproductive success in 

favor of dominant females (Arabian babblers (Turdoides squamiceps): (Zahavi, 1990); 

meerkats: (Clutton-Brock et al., 1998a; Clutton-Brock et al., 2001a; Kutsukake & 

Clutton-Brock, 2006; Young et al., 2006; Clutton-Brock et al., 2008); dingos (Canis 

familiaris dingo): (Corbett, 1988); African wild dogs: (Creel et al., 1997); dwarf 

mongooses: (Creel & Waser, 1991; Rasa, 1994; Creel & Waser, 1997); banded 

mongooses (Mungos mungo): (Gilchrist, 2006a; Cant et al., 2010); naked mole-rats 

(Heterocephalus glaber): (Faulkes & Abbott, 1997); prairie dogs (Cynomys 

ludovicianus): (Hoogland, 1985); and in Mongolian gerbils (Meriones unguiculatus): 

(Saltzman et al., 2006a)).  Subordinate eviction upon conception within the natal group 

could lead to pregnancy loss (Gilchrist, 2006a; Young et al., 2006), but observations to 

support this mechanism are lacking for wild callitrichids (where early pregnancy loss 

often goes undetected).  In common marmoset groups where the potential hormonal and 

behavioral mechanisms responsible for reproductive skew have been examined in detail 

through a series of investigations carried out in captive as well as wild groups, infanticide 

appears to be responsible for limiting reproductive success in subordinate females 

(Saltzman, 2003; Saltzman et al., 2009).  However, infanticide has never been observed 

in the long term study of GLTs in Poço das Antas Biological Reserve (PDA) (Dietz, 
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personal communication).  Overt aggression by dominant females toward subordinate 

females has been suggested as a potential mechanism limiting reproduction by 

subordinate GLT females (Kleiman, 1979; Inglett et al., 1989; De Vleeschouwer et al., 

2001; French et al., 2002). But in both captive and wild groups of common marmosets 

once a subordinate female has conceived within her natal group, aggression by the 

dominant female does not appear to interfere with gestation, parturition, or lactation 

(Saltzman, 2003; Saltzman et al., 2009).   

Stress in subordinate females 

 Circulating concentrations of the glucocorticoid stress hormone, cortisol, should 

be relatively high among reproductive subordinates (Abbott et al., 2003) that must 

struggle against dominant females to win the right to  reproduce.  As a result of this 

struggle, both dominant and subordinate females in cooperatively breeding birds, 

carnivores, and primates may experience stress (see summary Table 1 in Creel (2005)).  

An animal’s primary response to stress is an increase in the activity of the hypothalamic-

pituitary-adrenocortical axis which increases the concentration of circulating adrenal 

glucocorticoids (Sapolsky, 1992; Sapolsky, 2000; Sapolsky, 2002).   Corticosterone 

concentrations were higher during nesting periods than during non-nesting periods in 

both male and female Harris’ hawks (Mays et al., 1991).  Higher rates of agonistic and 

aggressive behaviors on the part of dominant female dwarf mongooses were associated 

with higher basal levels of glucocorticoids (Creel et al., 1996; Creel, 2005).  High cortisol 

concentrations among dominant members of cooperatively breeding ring-tailed lemur 

(Lemur catta) groups were associated with the initiation of aggression, whereas high 

cortisol in subordinates was associated with the receipt of aggression (Cavigelli et al., 
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2003).  Circulating concentrations of cortisol have been shown to be higher in both Old 

and New World primates when subject to higher rates of stress and less social support 

(see meta-analysis by Abbott et al. (2003)).  Rises in cortisol concentrations in both 

common marmosets and Wied’s black tufted-ear marmosets (Callithrix kuhlii) were 

documented following exposure to social stressors such as isolation or changes in the 

social group (Johnson et al., 1996; Smith & French, 1997a; Smith & French, 1997b; 

Smith et al., 1997; Albuquerque et al., 2001; Ziegler & Sousa, 2002).   

 Cortisol concentrations also rise significantly during late pregnancy in 

callitrichids (Ziegler et al., 1995; Smith & French, 1997b; Albuquerque et al., 2001; 

Ziegler & Sousa, 2002; Ziegler et al., 2004; Bales et al., 2005; Tardif et al., 2005), but 

this precipitous rise is driven primarily by a positive feedback loop between the placenta, 

fetal pituitary gland, and fetal adrenal gland that stimulates placental corticotropin-

releasing hormone production culminating in higher levels of circulating maternal 

cortisol (Goland et al., 1994; Coulter & Jaffe, 1998; Smith et al., 1998; Smith et al., 1999; 

Challis et al., 2000; Umezaki et al., 2001; Mastorakos & Ilias, 2003).  Rather than being 

indicative of aggression received or initiated by subordinate females attempting to 

reproduce, cortisol concentrations during late pregnancy are indicative of increased 

placental activity and fetal development (Bales et al., 2005; Tardif et al., 2005; Power et 

al., 2006).  To avoid this confound, assessments of stress in subordinate females that are 

based upon cortisol concentrations are best conducted outside of late pregnancy.   

 Following the OSM logic, pregnant subordinate females that were allowed to 

breed should not be the targets of aggression by the dominant female as aggression may 

reduce the likelihood of carrying a pregnancy to term.  Constant agonistic and aggressive 
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interactions between dominant and subordinate females are energetically expensive, 

come with a risk of injury for both the dominant and subordinate female, and may lead to 

the long term elevation of glucocorticoid concentrations (Creel, 2005; Sapolsky, 2000).  

Glucocorticoids divert energy from costly physiological processes that are not 

immediately necessary for survival including digestion, energy storage, growth, 

immunity, and reproduction (Munck et al., 1984; Sapolsky, 1992; Wingfield, 1994; 

Sapolsky, 2000; Sapolsky, 2002; Nelson, 2005).  The chronic elevation of cortisol has 

been implicated in the reduction of female fertility in primates (Wasser & Barash, 1983; 

Chrousos & Gold, 1992; Sapolsky, 1992; von Holst, 1998; Pottinger, 1999) and may 

result in the loss of pregnancies by subordinate females (Wasser & Barash, 1983; 

Dunbar, 1988; Chrousos & Gold, 1992; Sapolsky, 1992; Ebensperger, 1998; von Holst, 

1998; Pottinger, 1999; Young et al., 2006).  Subordinate females reproducing in 

cooperatively breeding groups are not necessarily subject to high levels of aggression or 

social stress as reflected in elevated basal glucocorticoid concentrations (Creel, 2005).  In 

low skew cooperatively breeding Florida scrub jays (Schoech et al., 1991) and  ring-

tailed lemurs (Cavigelli, 1999; Cavigelli et al., 2003), subordinate females breed 

alongside dominant females and glucocorticoid levels were lower among subordinates 

than they were among dominant females.  In cooperatively breeding carnivores exhibiting 

high reproductive skew such as dwarf mongooses (Creel et al., 1992; Creel et al., 1996), 

African wild dogs (Creel et al., 1996; Creel et al., 1997), and gray wolves (Canis lupus) 

(Sands & Creel, 2004), dominants usually have higher reproductive success but cortisol 

levels were lower in subordinates than in dominants.  Established wild and captive 

marmoset (Rothe, 1975; Abbott, 1984; Digby, 1995b; Saltzman et al., 1997c; Saltzman et 
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al., 2004; Sousa et al., 2005) and tamarin groups (Baker, 1991; Dietz & Baker, 1993; 

Savage et al., 1996a; Garber, 1997; Baker et al., 2002; Bales et al., 2005) demonstrate 

high degrees of affiliative behavior rather than aggression.  Aggression is also not 

directed at higher rates toward pregnant subordinates (Saltzman et al., 1997c; Saltzman et 

al., 2004; Alencar et al., 2006; Saltzman et al., 2008) as might be expected under ICM; 

and cortisol levels are no higher in subordinates than in dominant females regardless of 

whether those subordinates are reproductively active within the group or not (Abbott et 

al., 1981; Saltzman et al., 1994; Johnson et al., 1996; Smith & French, 1997b; Saltzman 

et al., 1998; Ziegler & Sousa, 2002; Bales et al., 2005; Sousa et al., 2005; Saltzman et al., 

2006b; Saltzman et al., 2006c). 

Age effects on subordinate reproduction 

 As subordinate daughters age within their natal group and their reproductive life 

spans become shorter, the cost of remaining non-reproductive in terms of lifetime fitness 

increases.  Therefore, aging subordinate daughters may be more likely to challenge the 

dominant female for an opportunity to reproduce within their natal group rather than 

forego reproduction altogether (Dietz & Baker, 1993; Baker et al., 2002; French et al., 

2003).  The dominant female in a GLT group is most commonly the eldest female in the 

group as well as the predominant aggressor and winner of fights (Dietz & Baker, 1993).  

But as dominance asymmetry decreases, as it should when subordinates are older and 

closer in both age and weight to the dominant (Dietz et al., 1994), the subordinate 

becomes more likely to challenge the dominant and win, and the dominant runs a greater 

risk of injury and losing her breeding position to an older subordinate (Emlen, 1995).  

Age and weight significantly affected breeding frequency of subordinate female meerkats 
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reflecting the capability of older subordinates to breed and their ability to resist dominant 

attempts to suppress them (Clutton-Brock et al., 2008).  This principle can also be seen in 

polygynous callitrichid groups, as it is most often the eldest daughter that reproduces 

alongside her mother (Abbott, 1984; Dietz & Baker, 1993; Goldizen et al., 1996).  The 

likelihood of a subordinate female undergoing physiological suppression of reproduction 

decreases with age in captive common marmosets (Saltzman et al., 1996; Saltzman et al., 

1997a), reflecting the idea that subordinates are less willing to either restrain their own 

reproduction or be restrained by dominants as they age.  Whereas only a small percentage 

of two year old GLT daughters were known to conceive while co-resident with their 

mothers, over 50% of subordinate daughters remaining within the natal group until the 

age of three to four years became pregnant regardless of whether an immigrant male was 

present in the group (Baker et al., 2002).   

 If subordinate reproduction is the result of subordinate females winning battles 

against dominant females, then one would also expect subordinate reproductive success 

to be higher in groups in which the dominant female is elderly and in poor physical 

condition.  Under the model of incomplete control, subordinate reproduction is more 

likely to be successful when dominants are physically unable to prevent it (Clutton-Brock 

et al., 2001a; Clutton-Brock et al., 2008).  As female callitrichids reach advanced ages, 

average body mass decreases (Dietz et al., 1994) and canine teeth get shorter (Dietz, 

unpublished data).  As body mass decreases, elderly females may lose the ability to win 

physical battles with younger and potentially stronger subordinate daughters (Clutton-

Brock et al., 2008; Hodge et al., 2008).  Subordinate females that are in better physical 

condition (weigh more) and do get pregnant may be able to rebuff aggressive attacks or 



 

 124

attempts at eviction by the dominant female (Clutton-Brock et al., 1998a; Gilchrist, 

2006a; Cant et al., 2010) and are more likely to carry their pregnancies to term (Bales et 

al., 2001; Tardif et al., 2004; Tardif et al., 2005).  Subordinates able to overpower an 

older dominant may be better able to secure resources for and defend their offspring from 

potential infanticide perhaps increasing their chances of survival (Young & Clutton-

Brock, 2006).  Supporting this idea of incomplete control by elderly dominant GLT 

females, the likelihood of ovulation and pregnancy by subordinate GLT daughters 

increased with the age of the dominant mother (French et al., 2003).  In an examination 

of 16 years of demographic data for this population of GLTs, Dietz and Baker 

(unpublished data) also found a significant positive relationship between the age category 

of the dominant female and the occurrence of polygyny in GLT groups.  Suggesting that 

elderly dominant females in those groups in which subordinate daughters successfully 

reproduced were in poor physical condition, elderly dominant females either died or 

disappeared from the group less than a year following the onset of polygyny.  The authors 

concluded that some older dominant female GLTs could no longer physically evict or 

control reproduction by their daughters.  

 The ability of dominant females to hormonally suppress subordinate reproduction 

may also wane with the age of the dominant female.  Captive callitrichids have been 

shown to experience age-related effects on ovarian function including reduced follicle 

number, irregular hormonal cycles, and even the cessation of ovulation in very old 

females  (Tardif, 1985; Tardif & Ziegler, 1992; Caro et al., 1995).  Rather than occurring 

gradually, as has been shown for Old World primates (Wasser et al., 1998; Atsalis & 

Margulis, 2008; Borries & Koenig, 2008; Videan et al., 2008), loss of reproductive 
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function in callitrichids occurs abruptly near the end of the life span (Tardif et al., 2008).  

In Old World primates, the cyclical production of steroid hormones becomes irregular 

and eventually halts as follicles fail to mature (Ojeda, 1996; Atsalis & Margulis, 2008; 

Borries & Koenig, 2008; Videan et al., 2008).  In reproductively senescent callitrichid 

females, it appears that luteal cells within the interstitial gland of the ovary continue to 

produce steroid hormones in the absence of normal follicular development (Tardif & 

Ziegler, 1992; Tardif et al., 2008).  The lack of obvious peaks in luteinizing hormone in 

old anovulatory females may be due to the negative feedback that results from this 

continued production of steroids (Tardif & Ziegler, 1992).  In the absence of surges in 

luteinizing hormone and the behavioral or olfactory cues presented by dominant females 

as they undergo regular ovulatory cycles, subordinate females may begin to ovulate and 

attempt to reproduce (Barrett et al., 1990; Abbott et al., 1993; Barrett et al., 1993; Smith 

& Abbott, 1995; Abbott et al., 1997; Abbott et al., 1998).  

 Reproductive senescence in primates has been suggested to be an adaptation that 

increases the inclusive fitness of the elderly female by forcing her to stop investing in her 

own reproduction when her imminent death would compromise the survival of an 

additional litter (Rhine et al., 1980; Paul et al., 1993).  Under this hypothesis, older 

females that are unable to reproduce should continue to invest in their offspring or grand-

offspring, exploiting their only remaining avenue for increasing their own inclusive 

fitness (Hawkes et al., 1997).  Reproductive senescence (Tardif, 1985; Tardif & Ziegler, 

1992; Caro et al., 1995) and/or reduced body mass (Dietz et al., 1994) associated with 

advanced age in callitrichid females may reduce the likelihood of a successful pregnancy 

by an elderly dominant female (Dietz & Baker, 1993; Tardif & Jaquish, 1994; Tardif & 
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Jaquish, 1997; Bales et al., 2001; Tardif et al., 2001; Bales et al., 2002; De Vleeschouwer 

et al., 2003; Tardif & Bales, 2004; Tardif et al., 2004; Tardif et al., 2005; Tardif et al., 

2008).  Unable to become pregnant or carry her own pregnancy to term, an elderly 

dominant mother may allow her subordinate daughter to breed within the natal group, 

perhaps as a means of securing a rare opening as a reproductive dominant (Baker & 

Dietz, 1996; Goldizen et al., 1996; Baker et al., 2002) for her daughter upon her death.  In 

support of this idea, French et al. (2003) found that elderly GLT mothers died or 

disappeared less than a year following the onset of reproduction by their subordinate 

daughters within the natal group.  In addition, evidence has been found in support of 

matrilineal inheritance of breeding positions in marmosets (Abbott, 1984; Ferrari & 

Diego, 1992; Digby & Ferrari, 1994) and tamarins (Dietz & Baker, 1993; Baker & Dietz, 

1996; Goldizen et al., 1996; Baker et al., 2002; French et al., 2003).  If providing care for 

not only their own offspring, but also for their grandoffspring increases the survival and 

fecundity of these offspring, then the genes of elderly females that provide extended care 

should be favored by selection (Williams, 1957; Hamilton, 1966; Hawkes et al., 1997; 

Packer et al., 1998).  Maternal grandmothers in the Hadza society significantly increase 

their foraging efforts right after the birth of a grandchild, making up for a reduction in 

foraging by mothers of newborns, and positively affecting the welfare of their 

grandchildren (Hawkes et al., 1997).  Grandmother vervet monkeys (Cercopithecus 

aethiops sabaeus) actively contribute to the reproductive success of their adult daughters 

and to the survival of their grandinfants (Fairbanks & McGuire, 1986) by engaging in 

affiliative behaviors with grandinfants at an intensity proportional to the vulnerability of 

the grandinfant to mortality and their own ability to provide effective social support 
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(Fairbanks, 1988).  Grandmother baboons (Papio spp.) provide care for their 

grandoffspring by determining their daughter’s dominance rank, intervening on the 

behalf of their kin, and grooming their grandoffspring (Gouzoules & Gouzoules, 1987).  

Grandmother lions (Panthera leo) defend communal territories and allonurse their 

daughter’s infants as often as their own (Packer et al., 1990; McComb et al., 1994; 

Heinsohn & Packer, 1995).  However, Packer et al. (1998) found no evidence to support 

the idea that this behavior enhanced the fitness of either older offspring or 

grandoffspring.   

Timing of subordinate reproduction 

 If reproduction by subordinate females is the result of a struggle between 

dominant and subordinate females, successful reproduction by subordinate females may 

increase when dominant females are physically unable to interfere with subordinate 

matings and/or when hormonal suppression of subordinate reproduction is minimal.  

These two conditions are met when dominant females are heavily pregnant.  Subordinate 

females mating at this time may be more likely to conceive and produce live offspring.  

High clutch mass during reptilian pregnancies significantly reduces locomotor 

capabilities (Shine, 1980; Bauwens & Thoen, 1981; Garland Jr., 1985; Seigel et al., 1987) 

and may have a detrimental effect on survival, especially in species that rely mainly on 

speed for predator avoidance (Vitt & Congdon, 1978; Vitt, 1981; Vitt & Price, 1982; 

Magnusson et al., 1985).  Perhaps in response to this selective pressure, female garter 

snakes (Thamnophis ordinoides) reduce locomotion and tend more toward crypsis as a 

means of predator avoidance while gravid (Brodie III, 1989).  Similarly, heavy maternal-

fetal weight ratios (Leutenegger, 1973) and increased maternal body weight in late 
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pregnany (Lunn, 1983) may limit the mobility of female callitrichids (Evans & Poole, 

1984; Price, 1992b; Miller et al., 2006) and increase the risk of falling or serious injury 

during chases or fights.  Subordinate female cotton-top tamarins were infrequent targets 

of aggression by heavily pregnant dominant females, but aggression by dominants toward 

subordinates increased following the birth of infants by the dominant female (Snowdon et 

al., 1993).  In addition, GLT females in late pregnancy tend to avoid energetically 

expensive and potentially dangerous fights during inter-group encounters.  Rather than 

taking positions at the forefront of encounters with neighboring groups, as is typical 

(French et al., 2003), heavily pregnant dominant females tend to remain at the rear of the 

group and do not engage in the aggressive posturing, chases, or fights that characterize 

inter-group encounters (unpublished observations).   

 In addition, subordinate females may be released temporarily from hormonal 

suppression when the dominant female is in late pregnancy.  Chemical communication of 

fertility replaces aggression in queenless ant colonies (Streblognathus peetersi) (Monnin 

& Peeters, 1999; Cuvillier-Hot et al., 2002; Cuvillier-Hot et al., 2004).  Olfactory 

investigation through flehmen behavior among female sable antelopes (Hippotragus 

niger) may serve to alter the timing of conceptions and parturitions as well as play a 

potential role in reproductive maturation (Thompson, 1995a; Thompson, 1995b).  In 

contrast, behavioral contact with an aggressive queen naked mole-rat was sufficient to 

suppress ovulation in subordinate group members (Faulkes et al., 1990; Faulkes & 

Abbott, 1993; Faulkes & Abbott, 1997).  A series of experiments with captive common 

marmosets showed that ovulation in subordinate females is sensitive to the olfactory and 
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behavioral signals sent by the dominant female of the group (Barrett et al., 1990; Abbott 

et al., 1993; Barrett et al., 1993; Smith & Abbott, 1995; Abbott et al., 1998).   

 Both types of signals are capable of conveying information about the reproductive 

status of the dominant female (Smith & Abbott, 1998), and may either inhibit or stimulate 

ovulation and conception in subordinates (lab rats (Rattus norvegicus): (McClintock, 

1978);  golden hamsters (Mesocricetus auratus): (Handelmann et al., 1980); opossums 

(Mondelphis domestica): (Fadem, 1987); domestic cattle (Bos taurus): (Vandenbergh & 

Izard, 1983); squirrel monkeys (Saimiri oerstedi): (Boinski, 1987); and humans (Homo 

sapiens): (Russell et al., 1980)).  For example, eldest daughters in captive cotton-top 

tamarin groups exhibit a reduction in both estrogen and luteinizing hormone 

concentrations during their mother’s post-partum estrus period, corresponding with the 

resumption of ovulation by the dominant, and an increase in aggressive behavior by the 

dominant toward older subordinate daughters (Snowdon et al., 1993).  This mechanism 

has been proposed as a means of controlling subordinate reproduction during the post-

partum ovulation period of the dominant female (Snowdon et al., 1993; Lazaro-Perea et 

al., 2000).  This reduction in reproductive hormone levels accompanied by an increase in 

aggression toward subordinate females at this time may limit the timing of matings and 

conceptions by subordinate females to the period prior to the arrival of the dominant 

female’s first litter of the season.  In contrast, work by Puffer et al. (2004) demonstrated 

the lack of hormonal suppression in post-pubertal Wied’s black tufted-ear marmoset 

daughters just prior to and directly following the birth of infant siblings to the dominant 

mother.  Hormonal concentrations in subordinate daughters late in their mother’s 

pregnancy and immediately post-partum were typical of a non-pregnant, breeding adult 



 

 130

female in this population.  Instead of hormonal suppression, the authors reported a non-

significant increase in reproductive hormones in post-pubertal subordinate Wied’s black 

tufted-ear marmoset daughters during weeks one through three following parturition by 

their mother.  The authors suggested that the absence of hormonal suppression and the 

trend toward increasing steroid concentrations in subordinate daughters following 

parturition by the mother may represent a type of hormonal priming that allows 

subordinates to take advantage of potential mating opportunities that may arise as a 

consequence of changes in group composition or emigrations that typically follow infant 

births in wild marmoset populations (Lazaro-Perea et al., 2001).  Similarly, ovulation by 

subordinate common marmosets was more common in groups in which the dominant 

female was either anovulatory or ovulated and conceived, but was unable to carry 

pregnancy to term (Saltzman et al., 1997c).  French et al. (2003) suggested that the onset 

of subordinate ovulation and reproduction in wild GLT daughters may be based upon 

their assessment of the reproductive status of their dominant mothers.   

 Selection should favor subordinate females that conceive while the dominant 

female is heavily pregnant with her first litter of the year; and, in doing so reduce 

competition for resources and allocare among infants from multiple litters.  GLT females 

giving birth twice a year typically give birth to their first litter in late September or early 

October and to their second litter in mid-February.  Females giving birth to only a single 

litter annually typically give birth in November.  The two annual peaks in infant births, 

one from October through November and another in February (Dietz et al., 1994) may 

reflect the staggering of births among GLT females.  Given an approximate 125-day 

gestation period in GLTs (French et al., 2002), a subordinate female that conceives while 
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the dominant female is heavily pregnant with her first litter of the year will give birth 

approximately four months after the first litter of the dominant female and at a minimum 

of two weeks prior to the second litter of the dominant female (given dominant 

conception upon first ovulation 10-20 days post-partum (French et al., 2002)).  Infants of 

the subordinate female born at this time avoid competition for allocare for at least the 

first two to five weeks of life.  The previous litter by the dominant mother has already 

been weaned and as juveniles they are largely independent in terms of nutrition and 

locomotion (Baker, 1991; Ruiz-Miranda et al., 1999; Tardif et al., 2002; Siani, 2009).  

The subsequent litter by the dominant mother will not arrive for at least another two 

weeks and will be cared for almost entirely by their mother for the first three weeks of 

their life (Hoage, 1978; Baker, 1991; Santos et al., 1997; Tardif et al., 2002).  Infants of 

the subordinate female born prior to the dominant’s second annual litter will have 

exclusive access to maternal milk and allocaregivers until the arrival of the second litter 

(Digby, 1995a).  In the face of competition among litters, offspring of subordinate female 

banded mongooses that arrive following other litters have reduced survival rates (Hodge 

et al., 2010). 

 If dominant females allow subordinate reproduction, selection should favor 

dominants that control the timing of subordinate pregnancies such that competition for 

food and allocare is reduced.  During the post-partum ovulatory period of the dominant 

female, subordinate reproduction may be suppressed by the reduction in concentrations of 

hormones associated with ovulation and by increased aggressive behavior by the 

dominant toward the subordinate (Snowdon et al., 1993).  In this way, the dominant 

female may reduce the likelihood of subordinate conceptions during her own fertile 
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period, effectively staggering infant births.  Subordinate reproduction should succeed 

more often when interfemale interbirth intervals are longer, extending the period of 

reduced competition between litters for resources such as food and helpers (Digby, 

1995a; Goldizen et al., 1996; Clutton-Brock et al., 2008) (but see Gilchrist (2006a) and 

Hodge et al. (2010) for birth synchrony as a means of minimizing competitive asymmetry 

between pups born to different females).  In an effort to reduce reproductive competition 

in the communal nest, female greater ani cuckoo birds (Crotophaga major) eject each 

other’s eggs from the nest, with total egg loss being higher in large groups (Riehl, 2010).  

Pregnant subordinate banded mongoose females may be evicted from the group by the 

dominant, causing stress-induced abortions (Gilchrist, 2006a).  After aborting her litter, 

the evicted female may be allowed to reenter the group, suggesting that resources may be 

limited, and a reduction in communal litter size may be the selective pressure leading to 

the eviction (Gilchrist, 2006a).  In meerkats, simultaneous litters by dominant and 

subordinate females dilute helping investment and reduce food intake and growth of 

pups, variables closely associated with survival (Clutton-Brock et al., 2001b; Hodge, 

2009).  Infanticide in meerkats has been interpreted as a means to reduce competition for 

resources among litters (Young & Clutton-Brock, 2006).  Meerkat litters were more 

likely to survive their first four days of life if they were born when no other female in the 

group was pregnant; dominant females were more likely than subordinates to give birth 

when no other female was pregnant, thus reducing the likelihood of infanticide and 

increasing their reproductive success (Young & Clutton-Brock, 2006).  Subordinate 

common marmosets were successful in rearing young in polygynous groups only when 

the timing of births was such that they did not overlap with the dependency period of 
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infants born to the dominant female (Digby, 1995a).  Successful breeding by subordinate 

daughters in wild saddle-back tamarin groups occurred only if the subordinate female 

gave birth either three months prior to or three months following the litter of the 

dominant female so that infant carrying periods were staggered (Goldizen et al., 1996).    

Ecological constraints on subordinate reproduction 

 Under ICM subordinate reproduction is assumed to be unaffected by ecological 

constraints such as caloric availability or group size (Emlen, 1995; Clutton-Brock, 1998; 

Emlen et al., 1998; Reeve et al., 1998; Johnstone, 2000; Dietz, 2004).  Under OSM, 

reproductive sharing is expected to increase as ecological constraints to emigration 

decrease and the option of subordinate dispersal and successful reproduction outside the 

natal group becomes more profitable and likely to succeed (Emlen, 1995; Clutton-Brock, 

1998; Emlen et al., 1998; Reeve et al., 1998; Johnstone, 2000).  As ecological constraints 

diminish (e.g., high caloric availability outside the natal home range), dominant females 

occupying home ranges with relatively low food availability are expected to offer 

reproductive incentives to subordinate females as a means of enticing subordinates to 

remain within their natal group as helpers rather than look for opportunities on richer 

territories (Reeve & Nonacs, 1992; Reeve & Ratnieks, 1993).  In white-fronted bee-eaters 

(Merops bullockoides) and Galápagos mockingbirds (Nesomimus parvulus) the frequency 

of shared breeding was greatest during seasons when ecological constraints were relaxed 

(Emlen, 1982; Curry, 1988). 

 According to the model of optimal skew, dominant females in small groups with 

few potential allocaregivers should be more likely to allow subordinate females to breed 

(Dietz & Baker, 1993; Reeve & Emlen, 2000; Dietz, 2004; Clutton-Brock et al., 2008) as 
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a means of enticing them to remain within the group and provide care for the offspring of 

the dominant female.  Inherent in this prediction is the assumption that helpers augment 

the fitness of the dominant breeding female either by decreasing the workload of the 

dominant such that survivorship of the dominant increases, or by increasing the number 

of surviving offspring produced by the dominant (Dietz, 2004).  Several studies in 

species of cooperative breeders have presented evidence that cooperative care in the form 

of feeding, nursing, grooming, guarding, and/or transporting improves infant welfare and 

increases infant survival such that for most species providing cooperative care there is a 

positive correlation between the number of helpers and the number of offspring raised (in 

birds: (Brown, 1987); greater ani cuckoo: (Riehl, 2010); coyotes: (Bekoff & Wells, 

1982); lions: (Bygott et al., 1979); African wild dogs: (Malcolm & Marten, 1982); 

blackbacked jackals: (Moehlman, 1979); dwarf mongooses: (Rood, 1990); and badgers: 

(Kruuk, 1989)).  In Hadza foragers, an increase in foraging time by grandmothers (which 

allowed grandmothers to provide additional food for grandchildren) was correlated with a 

significant weight gain in provisioned grandchildren (Hawkes et al., 1997).  In 

callitrichids (as in other communally breeding species (Creel & Creel, 1991)), 

cooperative breeding has been hypothesized to have evolved as a means of meeting the 

high energetic demands of reproduction that would otherwise fall only on the breeding 

female (Leutenegger, 1980; Garber et al., 1984; Terborgh & Goldizen, 1985).  The 

majority of infant carrying and provisioning is done by alloparents in callitrichid groups 

(Tardif et al., 1993; Snowdon, 1996; Tardif et al., 2002).  In a review of the literature for 

both captive and wild callitrichids (including common marmosets: (Koenig, 1995); 

moustached tamarins: (Garber et al., 1984; Sussman & Garber, 1987); cotton-top 
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tamarins: (Price, 1992a; Savage et al., 1996b); and saddle-back tamarins: (Terborgh & 

Goldizen, 1985)), Dietz (2004) concluded that the presence of subordinate helpers 

increases the fitness of dominants in the group by increasing the amount of food and 

transport received by infants in captivity and increasing infant survival in the wild.  In 8 

years of observations of 19 GLT groups at PDA, a breeding female was never observed 

to rear offspring successfully without the help of at least one male (Dietz & Baker, 1993); 

two five-week old infants were able to survive the death of their mother by being 

provisioned and carried by other members of the group (Bales et al., 2001).  Infant GLTs 

in larger groups at PDA have also been shown to receive more food transfers than infants 

who are members of smaller groups (Siani, 2009).  In addition, the presence of 

allocaregivers may reduce the energetic burden of infant carrying on mothers such that 

more energy may be directed toward reproduction in the following season (Price, 1992a; 

Sánchez et al., 1999; Fite et al., 2005).   Supporting this idea for wild GLTs, Bales et al. 

(2001) found that the number of live births in second litters of the annual breeding season 

was positively correlated with the number of available helpers.     

 As group size increases, the marginal benefits accrued by the dominant female in 

allowing additional subordinate females to remain within the group and breed become 

smaller (Reeve & Emlen, 2000; Clutton-Brock et al., 2008). Therefore, optimal skew 

models predict that subordinate breeding in cooperatively breeding species should be 

allowed more frequently in small groups than in larger groups.  This prediction was 

supported in meerkats; dominant females were less likely to evict pregnant subordinate 

females from small groups than they were from large groups (Clutton-Brock et al., 2008).  

As a result of lower rates of subordinate eviction and, in turn, reduced abortion rates 
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(Clutton-Brock et al., 2006; Young et al., 2006), successful breeding by subordinate 

female meerkats was more frequent in small groups when compared to large groups 

(Clutton-Brock et al., 2008).  Similarly, dominant Wied’s black tufted-ear marmosets are 

more likely to allow immigration of females into small groups and direct less aggression 

toward subordinates when occupying smaller groups (Schaffner & French, 1997).  

Hypotheses and predictions  

 Incomplete control  I tested the following predictions derived from the hypothesis 

that reproduction in subordinate adult female GLTs is limited by the ability of dominant 

females to interfere with subordinate reproduction, with dominants winning the majority, 

but not necessarily all battles with subordinate females over reproductive sovereignty: 

 Prediction 1:  Subordinate adult females will ovulate and conceive, indicative of 

the inability of dominant females to suppress hormonally and/or behaviorally 

reproduction in subordinates. 

 Prediction 2:  Pregnancies by dominant females will be more likely to succeed 

than pregnancies by subordinate females, indicative of dominant interference with 

subordinate pregnancies. 

 Prediction 3:  Relative to subordinate females whose pregnancies do not result in 

live births, subordinate females whose pregnancies result in live births will have higher 

cortisol concentrations just prior to conception and during the 1st trimester of pregnancy, 

indicating higher stress levels in subordinate females that struggle with the dominant 

female to reproduce successfully. 
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 Prediction 4:  Pregnancies by subordinate females will be more likely to succeed 

when the subordinate female is older, reducing the asymmetry in age and weight between 

dominant and subordinate females. 

 Prediction 5:  Pregnancies by subordinate females will be more likely to succeed 

when the dominant female is very old, reducing the physical ability of the dominant 

female to control subordinate reproduction. 

 Prediction 6:  Pregnancies by subordinate females will be more likely to succeed 

when the dominant female is heavily pregnant and is least likely to be able to suppress 

subordinate reproduction either hormonally or behaviorally.  Specifically, conceptions by 

subordinate females that occur just prior to the arrival of the dominant female’s first litter 

of the year are more likely to result in the birth of live offspring. 

 Optimal skew  I tested the following predictions derived from the hypothesis that 

reproduction in subordinate adult female GLTs is limited by dominant females exercising 

complete control over subordinate reproduction and allowing reproduction in 

subordinates only when the dominant obtains a benefit by doing so. 

 Prediction 1:  Ovulation and conception in subordinate adult females will be 

limited to subordinate females providing benefits to the dominant, indicative of hormonal 

and/or behavioral suppression of subordinate reproduction by the dominant female. 

 Prediction 2:  Pregnancies by dominant females will be more likely to succeed 

than pregnancies by subordinate females, indicative of dominant interference with 

subordinate pregnancies. 

 Prediction 3:  Relative to subordinate females whose pregnancies do not result in 

live births, subordinate females whose pregnancies result in live births will have lower 
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cortisol concentrations just prior to conception and during the 1st trimester of pregnancy, 

indicating lower stress levels in subordinate females that the dominant female allowed to 

reproduce. 

 Prediction 4:  Pregnancies by subordinate females will be more likely to succeed 

when the dominant female is very old.  By allowing her subordinate daughter to breed 

prior to her own death, an elderly dominant may increase her own inclusive fitness by 

securing the breeding position for one of her own offspring and providing allocare for her 

grandchildren.   

 Prediction 5:  Pregnancies by subordinate females will be more likely to succeed 

when the interfemale interbirth interval is longer, staggering pregnancies and the arrival 

of litters from multiple breeding females and reducing the length of time when the 

pregnant dominant and subordinate females and their infants must compete for resources 

and allocare. 

 Prediction 6:  Pregnancies by subordinate females will be more likely to succeed 

as caloric availability within the home range decreases and dominants offer reproduction 

as an incentive for subordinates to stay instead of looking for reproductive opportunities 

on richer territories. 

 Prediction 7:  Pregnancies by subordinate females will be more likely to succeed 

as group sizes decrease and dominants offer reproduction as an incentive for subordinates 

to stay and help. 
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METHODS 

Study site 

 Data were collected within the 6300 ha Poço das Antas Biological Reserve 

(PDA), Rio de Janeiro State, Brazil (22° 30' - 33' S, 42° 15' - 19' W) (Miller & Dietz, 

2006).  The reserve is predominantly secondary forest consisting of a patchwork of 

habitat types resulting from the various stages of secondary succession following human 

occupation (Dietz et al., 1997).  The areas of secondary forest used by GLTs include 

hillside, lowland transitional, and swamp.   

 PDA has a wet (October through April (Dietz et al., 1994; Hankerson, 2008)) and 

a dry season (June through August (Dietz & Baker, 1993; Hankerson, 2008)) each year.  

During the three years of this study, PDA received an average of 2135.6 ± 184.1 (mean ± 

standard error) mm of precipitation each year (unpublished data).  An average of 260.2 ± 

18.9 mm of rain fell during each wet month as compared to an average of 62.9 ± 7.4 mm 

of rain during each dry month (unpublished data).  Average maximum temperatures were 

27.6 ± 0.2 ° C during the wet season and 25.0 ± 0.2 ° C during the dry season 

(unpublished data).    

Study species 

 Golden lion tamarins once occupied much of the Atlantic Coastal Forest of Rio de 

Janeiro State, Brazil.  Today, primarily as a result of habitat loss, fragmentation, and 

forest degradation and with the exception of a few small coastal populations, GLTs are 

found only in small patches of remnant forest centered around the São João river basin 

(Rylands et al., 2002; Ruiz-Miranda et al., 2008).  GLTs were ranked as “critically 

endangered” from 1963 to 2002 due to low numbers, narrow distribution, and threat of 
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continued habitat loss (Hilton-Taylor, 2000; Rylands et al., 2002).  Due to successful 

local, national, and international conservation efforts, GLTs were reclassified as 

“endangered” in 2003 (IUCN, 2010).  Still, only an estimated 1500 GLTs remain in the 

wild (Ruiz-Miranda et al., 2008); PDA holds the largest remaining population (Rylands et 

al., 2002; Ruiz-Miranda et al., 2008).  Currently, an estimated 350 GLTs exist within the 

secondary forests protected by the reserve (Rylands et al., 2002; Ruiz-Miranda et al., 

2008).   

 The GLT diet includes fruits, seeds, flowers, nectar, gum, insects, and small 

vertebrate prey (Dietz et al., 1997; Miller, 2002; Procópio de Oliveira, 2002; Miller & 

Dietz, 2006; Procópio de Oliveira et al., 2008a). In this study, I focused only on the 

calories provided from fruit and nectar species occurring within GLT home ranges.  

Individual identification and weighing  

 The animals under study at PDA are native and unmanipulated except for bi-

annual live captures necessary for replacing radio collars to facilitate group location.  

During these routine captures, usually in May or early June and again in December or 

January, individuals are given identifiable markings (hair dye and tattoos), weighed, and 

evaluated for growth and body condition including notes regarding female nipple length 

(reflecting parity), lactation, and pregnancy (Dietz & Baker, 1993; Dietz et al., 1994).  

During the current study weights were also obtained weekly from August through 

December of each year using baited scales in the field (Bales, 2000; Bales et al., 2002; 

Siani, 2009). 
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Behavioral observations 

  I collected data on 7 groups of wild GLTs at PDA, each containing 2 to 13 

individuals and 1 to 3 adult females.  All individuals were habituated to the presence of 

human observers.  I collected data over three reproductive years:  2004-2005, 2005-2006, 

and 2006-2007.  A reproductive year was defined as the 1st of March through the 28th of 

February in order to encompass the mating period, pregnancy, and the first annual peak in 

infant births (October through November (Dietz et al., 1994)) as well as post-partum 

ovulation, mating, and pregnancy that lead to the second annual peak in infant births 

(February (Dietz et al., 1994)).  Six of these groups were observed from March 2004 

through February 2007.  Another group was added to the study in June of 2005, and was 

observed until the end of the study in February of 2007.  Group sizes fluctuated but losses 

typically were filled by colonizers.  Field assistants performed randomly alternated daily 

behavioral observations on these seven study groups.  Focal observations included 

observed reproductive behavior, fights, infant care, and food species consumed.  Group 

scans recorded position, habitat type, and activity every 20 minutes.  Group composition 

was recorded daily including all births, deaths, emigrations, and immigrations. 

 The ages of individuals born within study groups are known from long-term 

demographic data or estimated to year based upon weight, the eruption of permanent 

teeth, and degree of tooth wear and discoloration noted at semi-annual captures (Dietz et 

al., 1994; Bales et al., 2001; French et al., 2003).  Adults were defined as individuals 

older than 18 months of age (Dietz & Baker, 1993) corresponding to the average age of 

sexual maturation (French & Stribley, 1987; French et al., 1989; Dietz et al., 1994; 
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French et al., 2002).  The average life span for captive tamarins is nine years of age 

(Dyke et al., 1993).  

 Each group contained one adult female who was behaviorally dominant to other 

females in the group.  Dominance was assigned to the predominant aggressor based upon 

archwalks, mounts, and chases and winner of fights (Dietz & Baker, 1993; Bales et al., 

2005). 

Fecal sample collection 

  I collected 1176 fecal samples from individually identified female GLTs in 7 free-

ranging social groups from March 2004 through February 2007. Feces were collected 

from a total of 21 GLT females including 14 adults, 4 females that passed from subadult 

to adult, 1 from juvenile to adult, 1 from juvenile to subadult, and 1 from infant to 

subadult (Table 3.1).  I collected samples year-round during reproductive and non-

reproductive months of the year.  I collected fecal samples from each female once or 

twice per week as they left their sleeping locations or during subsequent observations.  I 

attempted to restrict fecal collection to the morning hours to reduce diurnal variation in 

concentrations of fecal progesterone metabolites (Sousa & Ziegler, 1998; French et al., 

2003).  As a result, 28% of samples were collected before 0900h, and 83% by 1200h.  No 

more than 10 hours passed between fecal sample collection and storage in a freezer.  

Samples remained frozen until analysis at the Callitrichid Research Center, University of 

Nebraska at Omaha.  

Pregnanediol-3-glucuronide (PdG) and cortisol extraction from feces  

  Pregnanediol-3-glucuronide (PdG) is a metabolite of the hormone progesterone 

excreted in the feces and has been validated as a reliable indicator of circulating 
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progesterone concentrations (Bales, 2000; French et al., 2003).  Cortisol is excreted 

directly into the feces.  PdG and cortisol were extracted simultaneously from fecal 

samples.  Fecal samples were thawed at room temperature, processed by removing large 

plant and insect fragments, and dried prior to weighing in a drying oven at 37 ° C.  

Extraction of both PdG and cortisol was performed by briefly vortexing and then shaking 

0.125 g of dried fecal matter in 2.5 ml of solubilizing extraction buffer (40% methanol 

(MeOH):60% phosphate buffered saline (PBS)) for 12-16 hours on a shaker rack.  

Samples were then briefly vortexed to remove residue along the tube walls and 

centrifuged for 15 min at 2000 rpm at 6 ° C.  The supernatant was decanted into a clean 

test tube and refrozen for storage until further diluted for assay.  

Enzyme immunoassay (EIA) for PdG 

 PdG was measured using an assay previously described (Chapter 1, this 

dissertation), validated against circulating hormone levels and tested for accuracy (Bales, 

2000; French et al., 2003).  Extracted fecal samples were diluted 1:5 in PBS prior to 

assay.  PdG standards ranged from 10,000 to 78 pg/well and were prepared using halving 

dilutions in 1:5 extraction buffer:PBS.  Controls were 1:5 extraction buffer:PBS.  Internal 

quality control pools consisted of female Geoffroy’s marmoset (Callithrix geoffroyi) 

urine.  They were run at high concentrations (1:80 in 1:5 extraction buffer:PBS) and low 

concentrations (1:640 in 1:5 extraction buffer:PBS).  PdG concentrations were 

determined through standardized enzyme immunoassay techniques (EIA) and 

calculations resulting from a four-parameter sigmoidal curve-fitting function.  The intra- 

and inter-assay coefficients of variation for high and low concentrations of a urine quality 



 

 144

control pool for the PdG assay were 9.1% and 19.9% (high), and 7.4% and 26.7% (low), 

respectively.   

Enzyme immunoassay (EIA) for cortisol  

 Fecal cortisol was measured using an assay previously described (Chapter 1, this 

dissertation), validated against circulating hormone levels and tested for accuracy (Bales, 

2000; Bales et al., 2005).  Extracted fecal samples were diluted 1:10 in PBS prior to 

assay.  Cortisol standards ranged from 1,000 to 7.8 pg/well and were prepared using 

halving dilutions in 1:10 extraction buffer:PBS.  Controls were 1:10 extraction 

buffer:PBS.  Internal quality control pools consisted of female Geoffroy’s marmoset 

urine.  They were run at high concentrations (1:2560 in 1:10 extraction buffer:PBS) and 

low concentrations (1:20,480 in 1:10 extraction buffer:PBS).  Cortisol concentrations 

were determined through standardized EIA techniques and calculations resulting from a 

four-parameter sigmoidal curve-fitting function.  The intra- and inter-assay coefficients 

of variation for high and low concentrations of a urine quality control pool for the cortisol 

assay were 3.9% and 11.4% (high), and 3.9% and 20.7% (low), respectively.   

Detection of ovulation, pregnancy, parturition, and abortion 

I plotted PdG and cortisol concentrations over time to help visualize reproductive 

patterns for individual GLT females.  Variation in progesterone levels corresponds to 

ovulation, the formation of the corpus luteum, and placental development (Ojeda, 1996; 

Nelson, 2005) and has been used to trace ovarian cycles and pregnancy in GLTs (French 

& Stribley, 1985; French & Stribley, 1987; Bales, 2000; French et al., 2002; French et al., 

2003).  I examined progesterone profiles of subordinate adult GLT females from 18 

months of age until conception of their first pregnancy.  Subordinate adult females were 
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considered ovulatory if non-pregnant progesterone profiles showed cyclical elevation in 

PdG concentrations averaging 20 days in periodicity (French et al., 2002).   

Pregnancy was diagnosed primarily by the prolonged elevation of PdG 

concentrations (Bales, 2000; French et al., 2002; French et al., 2003).  Cortisol, a 

glucocorticoid responsible for mobilizing fat and protein reserves for use by the body in 

times of food deprivation or stress (Nelson, 2005), also shows a significant increase in 

concentration during the 3rd trimester of GLT pregnancy (Bales, 2000; Bales et al., 2005), 

so can be used as a late pregnancy diagnostic.  In addition, pregnant GLT females 

demonstrate steady and considerable weight gain beginning in their 2nd trimester of 

pregnancy and continuing throughout gestation (Bales et al., 2001; Hankerson, 2008).  

Parturition was diagnosed by a sudden drop in PdG concentrations to baseline levels 

(Bales, 2000; French et al., 2002; French et al., 2003) accompanied by a rapid and large 

amount of weight loss (mean=112.7 g; range 73 to 142 g; n=12 full term pregnancies for 

which immediate pre- and post-partum weights were available (Siani, 2009)).  I defined 

successful pregnancies as those that were carried to full term and that resulted in 

observations of new infants carried and nursed during the first week after birth by the 

female I identified as the mother.  Birth dates were recorded within one or two days of 

parturition for most infants and within one week for all observed infants born during this 

study.   To establish a calendar for each successful pregnancy I divided the 125-day 

gestation period (French et al., 2002) into trimesters.  Trimesters were assigned by 

counting back from known parturition dates: 84-125 days (3rd trimester), 42-83 days 

(2nd), and 0-41 days (1st) (French & Stribley, 1985; French et al., 2002).  Because 

hormone profiles are highly individualized, for each reproductive female I calculated 
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average PdG concentrations during each trimester of pregnancy and during non-pregnant 

periods to provide “typical” values for successful pregnancies.  These trimester averages 

were used as a guide in diagnosing suspected pregnancies for which infants were not 

observed and to determine the probable trimester in which pregnancies were aborted. 

 Pregnancy diagnoses and assignment of trimesters when no infants were observed 

were made by consulting multiple sources of information on a case by case basis as 

described previously (Chapter 1, this dissertation).  First, I consulted average trimester 

PdG values for successful pregnancies.  Mean PdG concentrations of 1500 ng PdG/g 

feces, 3500 ng/g, 5000 ng/g, and 10,000 ng/g were indicative of an adult female that was 

either non-pregnant or in her 1st, 2nd , or 3rd trimester of pregnancy, respectively.  

Consistently high levels of PdG that suddenly dropped to titer levels indicated pregnancy 

loss or parturition depending on when concentrations returned to baseline values (Bales, 

2000; French et al., 2002; French et al., 2003).  Second, a large and consistent rise in 

cortisol reaching a mean of 15,000 ng cortisol/g feces was used to diagnose pregnancies 

that had proceeded into the middle to late 3rd trimester.  Third, I used patterns of weight 

gain in females in the current study to establish general guidelines for diagnosing 

pregnancy from the 2nd trimester onward.  Females gaining 5-10% or in excess of 10% of 

their non-pregnant average weight in a consistently rising pattern were diagnosed as 

being in their 2nd or 3rd trimester, respectively.  Females that gained approximately 20% 

of their body mass were considered to have reached full term, since neonatal weight for 

Leontopithecus is on average 20% of the mother’s body weight (Tardif et al., 1993).  

Average weight loss for 12 births during the current study for which immediate pre- and 

post-partum weights were available was 18.6% of the females’ post-partum weight 
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(Siani, 2009).  Rapid weight loss was considered indicative of parturition or the loss of a 

2nd or 3rd trimester pregnancy.  Fourth, bi-annual capture records including each female’s 

weight, nipple length, whether a female was lactating or not, and the results of uterus 

palpation for pregnancy and trimester diagnosis at the time of capture (Dietz & Baker, 

1993; Dietz et al., 1994) provided data points during early pregnancy in late May or June 

when field weights were not available and pregnancy diagnoses were not often possible 

given hormonal concentrations that remain low during this early stage.  Ad libitum field 

observations regarding female appearance and behavioral changes were consulted for 

additional confirmation, though were not considered diagnostic. 

PdG and cortisol averages by trimester 

 I divided pregnancies that did not result in the observation of live infants, thus did 

not have known dates of parturition, into trimesters using the guidelines established 

above and counting either forward or backward from an established trimester to obtain 

surrounding trimester cut off dates as well as probable conception and projected 

parturition dates.  I then calculated average PdG and cortisol concentrations for each 

trimester for all pregnancies, successful and non-successful, as well as for non-pregnant 

adult females.  

Interfemale interbirth interval 

 I defined interfemale interbirth interval (IFIBI) as the number of days between 

consecutive known or calculated parturition dates by different females within the same 

group that were pregnant at the same time during the same reproductive year whether 

both pregnancies were carried through to parturition or not. 
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Home range and habitat type quantification   

 I defined a home range as the area within which a group of GLTs could be found 

95% of the time (Kernohan et al., 2001), using ArcView 3.2 with fixed kernel density to 

map ranges based on GLT group locations collected at 20 min intervals during daily 

follows.  Home ranges were calculated separately for each reproductive year.  Once I had 

mapped the home ranges for each reproductive year I categorized the habitats contained 

within each home range as either hillside, lowland transitional, or swamp forest (refer to 

definitions of hilltop/hillside forest, corridor, and swamp forest/gingers in Dietz et al. 

(1997)).  I distinguished these habitat types based upon their topography, vegetation 

structure and composition, degree of moisture, and soil properties (James & Shugart Jr., 

1970; Peres, 1994; Dietz et al., 1997; Brugiere et al., 2002; Procópio de Oliveira, 2002; 

Raboy et al., 2004; Procópio de Oliveira et al., 2008b).  By layering the habitat map on 

top of annual home ranges in ArcView 3.2, I was able to quantify the area of each GLT 

home range occupied by hill, lowland transitional, and swamp habitat for each 

reproductive year as previously described (Chapter 1, this dissertation).       

Caloric availability 

 To quantify monthly caloric availability from fruit and nectar within GLT home 

ranges, I established in each of six ranges three transects (one of each habitat type), each 

195 m in length and 10 m wide.  At monthly intervals I evaluated all individuals of plant 

species that were identified as being eaten by GLTs occurring within these transects for 

the presence of edible fruit and nectar-producing flowers.  I ranked the quantities of 

flowers, unripe fruit, and ripe fruit present in each monitored tree on a scale from 0 

(absence) to 4 (100%) based on the percentage of the tree crown covered in flowers, 
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unripe fruit, and/or ripe fruit (Peres, 1994).  I then counted the number of edible unripe 

fruits, ripe fruits, and nectar-producing flowers per m3 present in GLT food trees and 

extrapolated over fruit-bearing tree crown volume to estimate total fruits available in the 

tree as previously described (NRC, 1981; Chapman et al., 1992; Miller & Dietz, 2004) 

(Chapter 1, this dissertation).  

 I quantified the number of edible fruits and nectar-producing flowers of each 

species present within sampled transects each month using the fruit counts performed on 

individual trees and extrapolations from standard curves for those trees that were given 

rankings but fruits were not counted as previously described (Chapter 1, this dissertation).  

Briefly, I produced nine standard curves by plotting ordinal rankings (0-4) on the x axis 

and their corresponding fruit and flower counts on the y axis for all individuals within the 

same group of species.  Species were grouped according to similarities in life form, fruit 

size, and fruiting arrangement such that all members of a given group with a similar 

ordinal fruit and flower ranking also had similar quantities of fruit or flowers present in 

their crowns.  I used nonlinear regression to fit a power curve to the data.   I estimated the 

number of edible fruits and nectar-producing flowers present within trees that were given 

only rankings by extrapolating from the appropriate standard curve.    

 I then converted estimates of edible fruits and nectar-producing flowers into 

estimates of edible calories.  For edible fruits I multiplied the number of fruits of each 

species present during each phenological sample by the dry weight of a single fruit of that 

species (obtained from Miller & Dietz (2004) and Miller (unpublished data)).  I 

multiplied that product by the number of calories per gram of dry matter of that species 

(obtained from Miller (2002), Miller & Dietz (2006), and Miller (unpublished data)).  
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 I estimated calories available from Symphonia globulifera nectar, the only species 

of nectar that I saw GLTs consume, by multiplying the calories from nectar present in 

each flower by the quantity of S. globulifera flowers present in each sampled transect.  I 

used methods reported by Kearns & Inouye (1993) and Dafni et al. (2005) to estimate 

cal/flower based upon the following information.  Gill Jr et al. (1998) reported that each 

flower contained a median amount of 66.5 μl of nectar with a mean total sugar 

concentration of 10%.  Dafni et al. (2005) reported an energetic value of 4 cal/mg of 

sugar (sucrose) in nectar. 

 For those species within transects that produced edible fruit during the course of 

this study, but for which dry weights or caloric values were not available (n=11 species), 

I substituted values of those fruits most similar to the unknown in terms of size, 

consistency, taste, portion eaten, and typically within the same genera.  Where 

commonalities with a fruit species of known dry weight and caloric content did not exist 

(n=2 species), I substituted the average dry weight and caloric content for all members of 

the species group to which the unknown was previously assigned.  These calculations 

provided an estimate of the average number of calories from fruit and nectar per hectare 

available within each habitat type during each month of the reproductive year for 2004-

2005, 2005-2006, and 2006-2007.  I extrapolated to estimate the available calories from 

fruit and nectar each month in each home range during the three reproductive years.  

STATISTICAL ANALYSES  

Stress in subordinate females 

 I used logistic regression analyses to test for a statistical relationship between 

circulating maternal cortisol concentrations (during the non-pregnant period just prior to 
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pregnancy, the 1st trimester of pregnancy, the 2nd trimester of pregnancy, and/or the 3rd 

trimester of pregnancy) and the likelihood that the pregnancy would result in live infants 

(SAS 9.2, SAS Institute, Cary, North Carolina).  Using cortisol concentrations at each of 

the four stages of reproduction as potential predictor variables, I performed backward 

selection eliminating the least significant potential predictor variable (the variable with 

the largest p-value>0.05) one at a time.  The full dataset of 37 pregnancies was reduced to 

25 detected pregnancies (20 successful and 5 non-successful) for which hormonal 

averages were available for all four states of pregnancy.  To control for multiple 

pregnancies by some females I included individual female identity (FEMID) as a 

covariate in the model.  The backward selection process resulted in a model containing 

only non-significant predictor variables and which neither met the assumptions required 

of a logistic regression model nor provided a good fit to the data.  Therefore, I used the 

Score Chi-Square prior to analysis to select a reduced number of hormonal explanatory 

variables that were more likely to predict a successful pregnancy.  I chose the model with 

the smallest number of variables explaining the largest amount of variation between 

successful and non-successful pregnancies.  To predict successful pregnancies based 

upon cortisol, I chose a model including the 1st, 2nd, and 3rd trimester cortisol averages as 

explanatory variables and FEMID as a covariate.  Thirty pregnancies (23 successful and 7 

non-successful) for which cortisol averages for all three trimesters were available were 

considered in the analyses.  I performed the logistic regression procedure again using the 

reduced model including only the explanatory variables selected above to determine 

whether a successful pregnancy could be predicted based upon 1st, 2nd, and 3rd trimester 

cortisol levels. Using this alternate method all assumptions were met for the model. 
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 To determine whether cortisol profiles differed for successful vs. non-successful 

pregnancies I performed a series of linear mixed model analyses of variance (ANOVA), 

one for each stage of pregnancy (non-pregnant, 1st, 2nd, and 3rd trimester), using Proc 

GLIMMIX in SAS 9.2.  I included 32 pregnancies (23 successful and 9 non-successful) 

for which hormonal data were collected just prior to the pregnancy in question, 36 

pregnancies (26 successful and 10 non-successful) for which hormonal data were 

collected during the 1st trimester, 35 pregnancies (25 successful and 10 non-successful) 

for which hormonal data were collected during the 2nd trimester, and 31 pregnancies (23 

successful and 8 non-successful) for which hormonal data were collected during the 3rd 

trimester.  GLIMMIX allows for the assignment of both random and repeated effects, 

such as individual female identity, thus addressing the problem of pseudoreplication that 

occurs when multiple observations are drawn from a single female or from multiple 

females occupying a single home range by accounting for correlations within the data 

(Diggle et al., 1999; Bales et al., 2001; Bales et al., 2002).  FEMID was included as the 

subject within the random home range effect (HR) as a covariate in the model.  

HR(FEMID) was removed as a covariate if the covariance parameter associated with it 

was 0 thereby treating each reproductive attempt for a given female within a given home 

range as independent (Bales et al., 2001; Bales et al., 2002).  I controlled for individual 

non-pregnant baseline differences in cortisol among females in this analysis by including 

baseline cortisol concentrations (AVG_NP_CORT) in the model when testing for 

differences between successful and non-successful pregnancies during the three 

trimesters of pregnancy, but not during non-pregnant periods.  I defined the baseline 

cortisol concentration for each adult female as the average cortisol concentration of all 
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samples collected from that female while she was non-pregnant.  Where necessary I used 

a log transformation to meet normality requirements prior to analysis.   

Effect of dominance, maternal age, and group size on reproduction 

 I used logistic regression analyses to test for a statistical relationship between the 

demographic variables associated with each pregnancy and the likelihood that the 

pregnancy would result in live infants.  Explanatory variables included whether the 

pregnant female was dominant or subordinate, her age in years, and the average number 

of individuals in her group at the time of the pregnancy.  Non-significant variables were 

removed by backward selection as described above.  The full dataset of 37 pregnancies 

conceived by 14 dominant and subordinate adult females (26 successful to 10 females 

and 11 non-successful to 7 females) was used in this analysis.  FEMID was included as a 

covariate in the model.  The final model was accepted when every variable remaining in 

the model was significant, the model as a whole was significant, and all assumptions for 

the model were met.       

Effect of age of dominant female, timing of subordinate reproduction, and group 

size on reproduction 

 To identify variables useful in predicting a successful pregnancy to a subordinate 

female pregnant at the same time as the dominant female in her group I used the logistic 

regression procedure with removal of non-significant effects one at a time through 

backward selection as described above.  Explanatory variables included the age of the 

dominant female, whether the subordinate female conceived while the dominant female 

was heavily pregnant with her first litter of the year and prior to conception of the second 

litter by the dominant female, interfemale interbirth interval (IFIBI), and group size.  The 
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dataset consisted of 11 cases of simultaneous pregnancies in 2 females within the same 

group (4 cases where both the dominant and subordinate females were successful and 7 

cases in which only the dominant female was successful).  FEMID was again included in 

the model, but removed from the model when the effect was non-significant such that 

each reproductive attempt by the same female was treated as an independent observation 

(Bales et al., 2001; Bales et al., 2002).  All assumptions were met for this model.   

Effect of caloric availability on reproduction 

 I used logistic regression analyses to test for a statistical relationship between 

average number of calories per month of pregnancy in the home range and the likelihood 

that the pregnancy would result in live infants.  All 37 pregnancies detected during the 

study were included in this analysis.  FEMID was included as a covariate in the model.  

All assumptions were met for this model.  

RESULTS 

Hormonal and behavioral control of subordinate reproduction 

 Subordinate females between 18 months of age and the conception of their first 

pregnancy showed cyclical elevation in PdG concentrations from less than 500 ng PdG/g 

feces to an average of 1000 ng PdG/g feces with 15-30 day periodicity consistent with 

ovulatory patterns observed in adult GLTs (Chapter 2, this dissertation).  Age of first 

conception ranged from 2.5 to 3.9 (mean=3.1 ± 0.2 standard error) years for 8 GLT 

females conceiving for the first time during this study (Table 3.1).  All females over 3.9 

years of age became pregnant.  Of the 21 GLT females sampled, only 5 adult females did 

not conceive.  Four of the five were younger than three years of age but did show cyclical 

elevations in PdG concentrations.  The fifth female was of unknown age and remained 
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within a habituated study group for just three months during which time she did not 

become pregnant.   

 Dominant females conceived 26 pregnancies, 22 successful and 4 non-successful 

(Table 3.1).  Subordinate females conceived 11 pregnancies, 4 successful and 7 non-

successful.  Pregnancy polygyny occurred in five GLT groups.  Three of these five 

polygynous groups were mother-daughter reproductive pairs, whereas the other two were 

sisters transferring together to neighboring groups.  Four pregnancies by two subordinate 

adult females in two groups resulted in the birth of live young.  Seven pregnancies by 

five subordinate adults in five groups failed to produce live young.  Both successful 

subordinates were daughters reproducing alongside their dominant mothers while 

remaining within their natal group.  One of these females reproduced successfully three 

times while remaining subordinate to her mother.  The other reproduced successfully 

once while subordinate to her mother and twice after she became dominant to her mother. 

Stress in subordinate females 

 A logistic regression model including average cortisol levels during all three 

trimesters of pregnancy and controlling for FEMID was marginally significant 

(Likelihood Ratio Chi-Square=8.73, df=4, p=0.0681) (Table 3.2).  By knowing the 

average 1st, 2nd and 3rd trimester cortisol concentrations of a pregnant female, I could 

correctly predict a successful pregnancy 81.4% of the time.  My analyses indicated that 

lower cortisol levels during the 1st trimester of pregnancy and higher cortisol levels 

during the 2nd and 3rd trimesters were loosely associated with successful pregnancies.  

Though cortisol levels during a single trimester alone were each non-significant 

predictors of successful pregnancies (1st trimester Wald Chi-Square=0.47, df=1, 
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p=0.4914; 2nd trimester Wald Chi-Square=0.63, df=1, p=0.4274), higher cortisol levels 

during the 3rd trimester alone were the most useful in predicting pregnancy success when 

data for all three trimesters were not available (Wald Chi-Square=2.31, df=1, p=0.1284).   

 In concordance with results from my logistic regression analyses, the linear mixed 

model ANOVA indicated a non-significant trend toward higher levels of cortisol for 

successful pregnancies when compared to non-successful pregnancies during both the 2nd 

(successful mean=3310.31 ± 616.89 vs. non-successful mean=1429.67 ± 977.01 ng 

cortisol/g feces; F-value=2.68, ddf=32, p=0.1113) and 3rd trimester of pregnancy 

(successful mean=18688.00 ± 5121.92 vs. non-successful mean=9652.59 ± 5923.39 ng 

cortisol/g feces; F-value=2.59, ddf=16, p=0.1269) (Figure 3.1).  Cortisol levels during the 

2nd and 3rd trimesters of successful pregnancies were approximately double those of non-

successful pregnancies. 

Effect of dominance, maternal age and group size on reproduction 

 Both dominance status of the pregnant female (Wald Chi-Square=7.69, df=1, 

p=0.0055) and the number of individuals in her group (Wald Chi-Square=4.52, df=1, 

p=0.0335) were significant predictors of a successful pregnancy according to a significant 

logistic regression model that also controlled for FEMID (Likelihood Ratio Chi-

Square=15.37, df=3, p=0.0015) (Table 3.2).  A pregnant female holding dominant status 

in her group during her pregnancy was 40.4 (95% confidence limits=3.0-552.1) times as 

likely to give birth to live young as a pregnant female holding a subordinate ranking.  

Pregnant females residing in larger groups also had a greater likelihood of having 

successful pregnancies.  For every additional group member, pregnant females increased 

their chances of success by 1.7 (95% confidence limits=1.0–2.9) times.  Given 
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information on the dominance status of the pregnant female and the number of 

individuals residing within her group, I was able to classify a pregnancy correctly as 

successful 88.5% of the time.  The effect of maternal age was not significant (Wald Chi-

Square=2.12, df=1, p=0.1452) (Table 3.2). 

Effect of age of dominant female, timing of subordinate reproduction, and group 

size on reproduction 

 A logistic regression model including both the age of the dominant female (Wald 

Chi-Square=1.32, df=1, p=0.2499) and whether the subordinate female conceived while 

the dominant female was heavily pregnant with her first litter of the year and prior to 

conception of the second litter by the dominant female (Wald Chi-Square=2.23, df=1, 

p=0.1353) as predictors of reproductive success to a subordinate female whose pregnancy 

overlapped with that of a dominant female was marginally significant (Likelihood Ratio 

Chi-Square=4.98, df = 2, p=0.0829) (Table 3.2).  Though neither of these pieces of 

information was a significant predictor of subordinate success, knowing both of these 

pieces of information provided an 85.7% likelihood of correctly predicting a successful 

pregnancy to a subordinate female.  As the age in years of the dominant female increased, 

the likelihood of success by a subordinate female increased.   Under this model, for every 

year of age of the dominant female, a pregnancy by the subordinate female was 2.0 times 

as likely to be successful (95% confidence interval was 0.6-6.6).  The mean age of the 

dominant female during a non-successful pregnancy by a subordinate was 6.4 years 

compared to 10.9 years during a successful pregnancy by a subordinate.  All four 

successful pregnancies by subordinate females occurred when the dominant female in 

each of the two groups was 10 years old or older.  In comparison, pregnancies by 
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subordinates were only 0.06 times as likely to be successful (95% confidence interval 

was 0.001-2.4) if the subordinate female was pregnant before the dominant female 

became pregnant with her second litter of the year.  All four successful pregnancies by 

subordinate females were conceived prior to overlapping pregnancies of the dominant 

female (Figures 3.2 and 3.3).  Three successful subordinate pregnancies were conceived 

while the dominant female was heavily pregnant with her first litter of the year and prior 

to the conception of the second annual litter by the dominant female.  One successful 

subordinate pregnancy was conceived just three days prior to the conception of the 

dominant female’s first litter of the year.  Seven of eight pregnancies conceived by 

subordinate females while the dominant female was either non-pregnant or in her 1st 

trimester of pregnancy failed.  Interfemale interbirth interval (Wald Chi-Square=0.24, 

df=1, p=0.6275) (Table 3.2) and group size (Wald Chi-Square=0.79, df= 1, p=0.3755) 

were removed from the model as non-significant predictor variables in the order stated.  

Continuing past this point with backward selection of non-significant terms resulted in a 

non-significant model (Likelihood Ratio Chi-Square=2.28, df=1, p=0.1307) without any 

statistically significant predictor variables. 

Effect of caloric availability on reproduction 

 Average monthly caloric availability (Wald Chi-Square=1.14, df=1, p=0.2866) 

(Table 3.2) was a non-significant predictor of a successful pregnancy, and the logistic 

regression model containing caloric availability as an explanatory variable was non-

significant (Likelihood Ratio Chi-Square=0.11, df=1, p=0.7446). 
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DISCUSSION 

Hormonal control of subordinate reproduction 

 As predicted by the hypothesis of incomplete control, reproduction in subordinate 

adult female GLTs was not limited by hormonal suppression.  Whereas subordinate 

females younger than 2.5 years of age ovulated but did not become pregnant, all GLT 

females older than 3.9 years of age became pregnant.  Saltzman et al. (1996, 1997a) 

suggested that older subordinate females may be released from hormonal suppression.  If 

so, progesterone concentrations should increase with age.  Progesterone controls cyclical 

follicular development leading to ovulation and maintains the uterine lining for 

implantation after conception (Ojeda, 1996).  In pregnant females, placental progesterone 

maintains pregnancy by inhibiting uterine contractions, inhibiting prostaglandin (thereby 

inhibiting parturition), and blocking the cellular immune response that would otherwise 

attack the fetus residing within the uterus as a foreign body (Carr, 1996).  Thus, an 

increase in circulating progesterone concentrations in older subordinate females may 

increase the likelihood of conception and successful pregnancy.  To test the relationship 

statistically between age and progesterone concentrations while non-pregnant and during 

each of the three trimesters of pregnancy, I performed a post hoc linear mixed model 

ANOVA (GLIMMIX procedure) in SAS 9.2.  I included dominance status, maternal age, 

age of the dominant female in the group, and group size as explanatory variables.  I 

removed non-significant variables one at a time by backward selection.  The dataset 

consisted of monthly average PdG concentrations while non-pregnant (n=179 PdG 

averages, from 18 females), during the 1st (n=65, 14), 2nd (n=65, 14), and 3rd (n=58, 14) 

trimester of pregnancy.  FEMID was included as the subject within the random home 
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range effect (HR(FEMID)) as a covariate in the model, but removed if the covariance 

parameter associated with it was 0.  I also controlled for the possible correlation between 

data points from the same pregnancy by including the identity of each pregnancy by an 

individual female as a covariate in the model (PREGID(FEMID)).  I controlled for 

individual non-pregnant baseline differences in PdG among females in this analysis by 

including baseline PdG concentrations (AVG_NP_PDG) in the model when testing for 

effects during the three trimesters of pregnancy, but not during non-pregnant periods.  A 

log transformation was performed as necessary to meet normality requirements prior to 

analysis.  Maternal age did not significantly affect either non-pregnant or pregnant 

progesterone concentrations in adult GLT females. 

 The switch from non-reproductive to reproductive status in subordinate GLT 

females around three years of age was not due to an age-related release from hormonal 

suppression.  Since subordinate GLT females experience normal ovulatory cycles typical 

of reproductive females beginning at approximately 18 months of age (French, 1987; 

French & Stribley, 1987; French et al., 1989; Inglett, 1993; Monfort et al., 1996; French 

et al., 2002) (Chapter 2, this dissertation) and progesterone levels did not increase with 

age, subordinate females were apparently physiologically capable of reproducing well 

before three years of age.  These results combined with the non-significant effect of 

maternal age on the likelihood of a pregnancy resulting in the birth of infants suggest that 

once normal ovulatory cycles have been established in GLT females, hormonal 

competence to conceive and maintain a pregnancy does not change with age.  

Subordinate adult females from 1.5-3 years of age do not reproduce though they appear 

to have the endocrine basis to do so.  In chapter two of this dissertation I present evidence 
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supporting the idea that young subordinate GLT females restrain their own reproduction 

in response to the threat of eviction posed by a young dominant female and to avoid 

inbreeding.  

Behavioral control of subordinate reproduction 

 As predicted by the hypothesis of incomplete dominant control and consistent 

with the findings of French et al. (2003), older subordinate GLT daughters conceive 

within their natal groups and some reproduce successfully.  All subordinate daughters 

over 3.9 years of age mated and became pregnant regardless of the age of the dominant 

female or the presence of a non-related male in the group (Dietz & Baker, 1993; Baker et 

al., 2002).  Four pregnancies by two subordinate adult females in two groups resulted in 

the birth of live young.  Pregnancy loss among older subordinate females ultimately 

limited the production of live offspring to a single dominant female in the majority of 

GLT groups.  Unable to prevent ovulation and conception by older subordinate 

daughters, dominant females may interfere in some subordinate pregnancies.  In 

polygynous groups, only subordinate females lost pregnancies.  A pregnancy by a 

dominant female was 40 times more likely to result in the birth of live infants than a 

pregnancy by a subordinate female, and 7 of 11 pregnancies by subordinate females 

failed to produce live young.  Higher reproductive success in dominant individuals has 

been repeatedly documented in cooperatively breeding birds (Koenig & Dickinson, 2004) 

and mammals (Digby, 1995a; Solomon & French, 1997a; Hodge et al., 2008; Saltzman et 

al., 2008; Saltzman et al., 2009), but the mechanisms responsible for maintaining high 

reproductive skew vary. 
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Stress in subordinate females  

 Chronic stress as the result of aggression by the dominant female directed toward 

the subordinate does not appear to be the cause of abortions in either captive or wild 

callitrichids (Smith & French, 1997b; Saltzman et al., 1998; Bales et al., 2005; Saltzman 

et al., 2009).  In contrast with the ICM prediction that subordinates must win a struggle 

with the dominant female in order to reproduce successfully, subordinate female GLTs 

did not appear to be under high levels of social stress as measured by non-pregnant and 

1st trimester cortisol concentrations.  Instead, subordinates that succeeded in reproducing 

may have been allowed to do so by dominant females without a fight as predicted under 

the hypothesis of optimal skew.  Lower cortisol concentrations during the 1st trimester (an 

indicator of reduced stress (Smith & French, 1997a)) combined with higher cortisol 

concentrations during both the 2nd and 3rd trimesters (characteristic of normal fetal 

development (Bales et al., 2005; Tardif et al., 2005; Power et al., 2006)) were loosely 

predictive of a successful pregnancy.  Failed pregnancies did not differ significantly from 

successful pregnancies in their starting non-pregnant cortisol levels, nor in cortisol 

concentrations during the 1st trimester (Figure 3.1).  Data from my study provide no 

evidence in support of the hypothesis that dominant aggression culminated in pregnancy 

loss in subordinate GLT females. 

 To test for a statistical relationship between dominance status and circulating 

cortisol concentrations, I performed another post hoc linear mixed model ANOVA.  The 

analysis was identical to the GLIMMIX procedure with backward selection described 

above for PdG, but the dataset consisted of monthly average cortisol concentrations while 

non-pregnant (n=176 cortisol averages, from 18 females), during the 1st (n=65, 14), 2nd 
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(n=65,14 ), and 3rd (n=58, 14) trimester of pregnancy.  In contrast to predictions derived 

from ICM where subordinate females should be under high levels of social stress (Abbott 

et al., 2003), I found that monthly average cortisol concentrations in subordinate females 

were not significantly different than cortisol concentrations in dominant females while 

non-pregnant or during any trimester of pregnancy.  Though some species intensify the 

aggression directed toward subordinates upon attempts to reproduce (Wasser & Starling, 

1988; Margulis et al., 1995; Scheibler et al., 2006; Young et al., 2006), this does not 

appear to be true for wild GLTs.  My results are consistent with previous reports whose 

authors concluded that subordinate females attempting to breed alongside a dominant 

were not subject to chronic stress due to receipt of aggression from the dominant (GLTs: 

(Bales et al., 2005); saddle-back tamarins: (Goldizen et al., 1996); common marmosets: 

(Saltzman et al., 1997c; Abbott et al., 2003; Saltzman et al., 2004; Alencar et al., 2006; 

Saltzman et al., 2008; Saltzman et al., 2009); mandrills: (Setchell et al., 2008); and 

meerkats: (Young et al., 2008)).   

 An increasing number of studies of cooperative breeders have revealed that 

glucocorticoid concentrations in subordinates are either similar to or lower than that of 

dominant individuals (cotton-top tamarins: (Ziegler et al., 1995); common marmosets: 

(Saltzman et al., 1998); Wied’s black tufted-ear marmosets: (Smith & French, 1997b); 

dwarf mongooses: (Creel et al., 1992; Creel et al., 1996); meerkats: (Carlson et al., 2004); 

African wild dogs: (Creel et al., 1996; Creel et al., 1997); gray wolves: (Sands & Creel, 

2004); Harris’ hawks: (Mays et al., 1991); and Florida scrub jays: (Schoech et al., 1991)).  

Many of the species that do not show elevated hypothalamo-pituitary-adrenal (HPA) 

activity in the form of elevated glucocorticoid concentrations in subordinates are 
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cooperative breeders that exhibit high reproductive skew (Solomon & French, 1997b).  

Where constraints upon subordinates are expected to be high, reduced HPA sensitivity 

may be an adaptation (Solomon & French, 1997b; Saltzman et al., 1998) that allows non-

reproductive helpers to avoid the costs and potentially harmful consequences associated 

with mounting a chronic stress response (Munck et al., 1984; Sapolsky, 1992; Wingfield, 

1994; Sapolsky, 2000; Sapolsky, 2002; Nelson, 2005).  An alternative explanation 

worthy of consideration is that dominant females may also experience high levels of 

stress as a consequence of imposing reproductive restrictions upon subordinates (Creel, 

2005).  If asserting dominance is as stressful as being dominated, then cortisol 

concentrations between dominants and subordinates would not differ.   

Age of the dominant female affects subordinate reproduction 

 In support of hypotheses of incomplete control and optimal skew, successful 

reproduction by subordinate female GLTs occurred only in groups where the dominant 

female was at least 10 years old.  The likelihood of a pregnancy by a subordinate female 

resulting in the birth of live young doubled with each year of age of the dominant female.  

The mean age of the dominant female during a non-successful pregnancy by a 

subordinate was 6.4 years as compared to 10.9 years during a successful pregnancy by a 

subordinate.  One assumption of incomplete control models is that elderly dominant 

females are either behaviorally or hormonally unable to prevent subordinate reproduction 

(Barrett et al., 1990; Abbott et al., 1993; Barrett et al., 1993; Smith & Abbott, 1995; 

Abbott et al., 1997; Abbott et al., 1998; Clutton-Brock et al., 2001a; French et al., 2003; 

Clutton-Brock et al., 2008; Hodge et al., 2008; Tardif et al., 2008).  Based upon a 

reduction in GLT body mass with age (Dietz et al., 1994; Bales et al., 2002) and 
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increased incidences of subordinate reproduction in groups with an elderly dominant 

female, French et al. (2003) suggested that an elderly dominant female may be physically 

unable to control subordinate reproduction either through eviction or aggressive 

harassment.  However, results from my study as well as those from Bales et al. (2005) 

indicate that stress and inter-group aggression are low among wild GLT groups, and 

fighting between dominant and subordinate females does not appear to limit subordinate 

reproduction.  In the post hoc linear mixed model ANOVA testing for demographic 

effects on maternal cortisol described above, I found that the age of the dominant female 

in the group had a significant effect on cortisol concentrations of non-pregnant females in 

the same group (F-value=6.35, ddf=15.68, p=0.0230).  As the dominant female in the 

group aged, her non-pregnant cortisol concentrations as well as those of other adult 

females in the group decreased significantly.  These results suggest that conditions are 

less stressful among females when the dominant female is old, perhaps because elderly 

dominants lose the ability to evict their daughters from the natal group. 

 The ability of elderly dominant females to exert hormonal control over the 

outcome of subordinate pregnancies already in progress may also be reduced.  Significant 

reductions in progesterone during late pregnancy can lead to pre-term abortion (Carr, 

1996), as demonstrated by the fact that failed GLT pregnancies had significantly lower 

concentrations of PdG during the 3rd trimester than did pregnancies that resulted in the 

birth of live young (Chapter 1, this dissertation).  According to the post hoc linear mixed 

model ANOVA designed to examine demographic effects on maternal PdG 

concentrations, age of the dominant female in a group had a marginally significant effect 

on PdG concentrations during the 3rd trimester of pregnancies within the group (F-value= 
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3.19, ddf= 21.32, p=0.0883).   Pregnant subordinate GLT females occupying groups with 

older dominant females tended to have higher 3rd trimester PdG concentrations.  This 

relationship may result from the reduced ability of elderly dominants to interfere with 

subordinate pregnancy via this hormonal pathway.   

 In contrast with OSM predictions, my data suggest that elderly dominant females 

that allow subordinate reproduction to secure a breeding position for their daughter and 

that provide allocare for their grandoffspring do not increase their inclusive fitness.  In 

those species where reproductive senescence renders females of advanced age incapable 

of reproducing, providing care for offspring as well as grandoffspring may be their only 

means of further increasing their inclusive fitness (Hawkes et al., 1997).  However, in the 

current study and that of Bales et al. (2001) elderly GLT females showed no signs of 

reproductive senescence (but see Caro et al. (1995) for evidence of decreased fertility in 

older captive GLTs).  Neither progesterone concentrations nor the likelihood of having a 

successful pregnancy decreased with age.  The two eldest females in the study 

(GLT720=12.3 and GLT539=13.3 years old at the end of the study) conceived and 

carried their pregnancies to full term throughout the study (Figures 3.2 and 3.3).  

However, after a single reproductive season during which both the subordinate daughter 

and the dominant mother successfully reproduced, the 13.3 year old female was replaced 

as the dominant reproductive female by her daughter (Figure 3.3).  Though the elderly 

female carried two more endocrinologically healthy pregnancies to full-term, both 

pregnancies were lost near the projected parturition date.  Following the loss of her own 

infants, the elderly female carried and nursed her daughter’s infants.  This elderly female 

capable of reproduction should have received a larger fitness benefit by reproducing 
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rather than by foregoing her own reproduction and assisting in her daughter’s 

reproductive efforts (Emlen, 1995).   

Timing of subordinate reproduction 

 Successfully reproducing subordinate daughters staggered the arrival of their 

single annual litter between the two annual litters of their dominant mother by conceiving 

while their mother was heavily pregnant with her first litter of the year (Figures 3.2 and 

3.3).  Subordinate females were not more likely to conceive while the dominant female 

was heavily pregnant as predicted if subordinate females were temporarily released from 

hormonal suppression when the dominant female was in late pregnancy (Puffer et al., 

2004) or if heavily pregnant dominant females were physically unable (Evans & Poole, 

1984; Price, 1992b; Miller et al., 2006) to interfere with conceptions at this time.  

However, if a subordinate conceived while the dominant female was heavily pregnant 

with her first litter of the year and prior to conception of the second litter by the dominant 

female, her pregnancy was more likely to result in the birth of live young.   Though 

subordinates conceived eight pregnancies while the dominant female was either non-

pregnant or in her 1st trimester of pregnancy, only one of these pregnancies resulted in the 

birth of live infants.  In contrast, all three subordinate pregnancies conceived while the 

dominant female was heavily pregnant (in her 3rd trimester) produced live young.   

 Pregnancies by subordinate females conceived while the dominant female was 

heavily pregnant with her first litter of the year and prior to conception of her second 

litter of the year may have succeeded because they were protected from dominant 

aggression during the most vulnerable stages.  Two successful pregnancies by one 

subordinate female were conceived 9 days prior to the birth of the dominant female’s first 
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litter of the year, and 17 days prior to the conception of the second pregnancy of the year 

by the dominant female (Figure 3.2).  In another group, a subordinate daughter conceived 

her pregnancy 26 days prior to the birth of the dominant female’s first litter of the year, 

and 35 days prior to the conception of the second pregnancy of the year by the dominant 

female (Figure 3.3).  Thus, the infants of these subordinate females were born 17, 17, and 

35 days (IFIBIs) prior to the infants of the second litter of the dominant female.  Timed as 

such the embryonic and early fetal phases of subordinate pregnancies, when the risk of 

prenatal mortality is highest in callitrichids (Windle et al., 1999), overlapped with late 

pregnancy in the dominant female.  Perhaps more important in ensuring that a 

subordinate pregnancy resulted in the birth of live young was that the dominant female 

was also heavily pregnant during late pregnancy and parturition by the subordinate 

female.  At this late stage when the subordinate female may have been less able to defend 

herself or her newborn offspring, the dominant female was also carrying a heavy 

energetic burden and suffers increased risks of injury or pregnancy loss upon fighting 

(Leutenegger, 1973; Lunn, 1983; Evans & Poole, 1984; Kirkwood & Underwood, 1984; 

Price, 1992b; Miller et al., 2006).  

 Alternatively, subordinate pregnancies staggered between those of the dominant 

female may succeed because they present little competition for resources and allocare for 

the dominant’s litter (Digby, 1995a; Goldizen et al., 1996; Clutton-Brock et al., 2008).  

Upon the birth of appropriately timed subordinate litters, the dominant’s first litter of the 

year has already been weaned and is largely independent in terms of nutrition and 

locomotion (Baker, 1991; Ruiz-Miranda et al., 1999; Tardif et al., 2002; Siani, 2009).  

The second litter by the dominant will be cared for almost entirely by their mother for the 
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first three weeks of life (Hoage, 1978; Baker, 1991; Santos et al., 1997; Tardif et al., 

2002).  By the time the second litter by the dominant relies heavily upon allocaregivers, 

the subordinate female’s litter will be five to eight weeks old.  At eight weeks of age 

infants are capable of independent movement and the amount of time allocaregivers 

spend in transporting infants drops by at least half (Hoage, 1978; Baker, 1991; Santos et 

al., 1997; Tardif et al., 2002).   Timed as such, allocaregivers are not overburdened with 

the transport of four completely dependent infants at the same time (Goldizen et al., 

1996).   

 Subordinate pregnancies fail when they are not timed appropriately.  Seven of the 

eleven pregnancies detected in subordinate females failed to produce live infants.  In 

three cases, births to subordinates would have occurred less than two weeks prior to 

births by dominant females (within one day for two failed pregnancies, and within eight 

days for one failed pregnancy).  Additionally, two subordinate pregnancies were lost that 

would have resulted in the birth of infants during the post-partum estrus of the dominant 

female.  The litter of the subordinate female would have arrived just as the dominant 

mother relinquished her leading role in infant care to other group members.  Competition 

for allocare would have been extremely high if these five subordinate pregnancies had 

succeeded.  A single subordinate pregnancy was lost that would have resulted in infant 

birth in July when cold temperatures increase the energetic demands of pregnancy and 

thermoregulation (Thompson et al., 1994).     

Ecological constraints on subordinate reproduction 

 Group size limits the number of females that successfully reproduce in a 

reproductive season.  Group size was a significant predictor of a successful pregnancy, 
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but not in the direction predicted by OSM.  Rather than dominant females offering 

reproduction to subordinates more often when there were fewer potential allocaregivers 

and the relative contribution made by each additional member to dominant fitness was 

higher (Dietz & Baker, 1993; Reeve & Emlen, 2000; Dietz, 2004; Clutton-Brock et al., 

2008), polygyny was more common in large GLT groups.  With the addition of each 

group member, the likelihood of a successful pregnancy increased 1.7 times.  Female 

breeding success in cooperatively breeding meerkats also increases with group size, as 

group size is positively related to fecundity and pup survival (Hodge et al., 2008).  The 

only subordinate female to reproduce successfully within her natal group for more than a 

single reproductive season resided within the largest GLT group studied (mean of 9.3 

individuals compared to a mean of 4.3 individuals for all other groups).  Both the 

dominant mother and her subordinate daughter reproduced successfully throughout the 

study (Figure 3.2).  Multiple breeding females lead to larger groups, but larger groups 

also provide the support necessary to care for four infants that arrive during the same 

reproductive season.  Subordinate females in groups with fewer individuals fail to 

reproduce.  The elderly female replaced by her daughter as the reproductive dominant 

(Figure 3.3) was not ejected from the group; her reproductive attempts were non-

successful as she remained in the group as one of only two potential allocaregivers for 

her daughter’s infants. 

 When caloric availability is sufficient to support not only reproduction by two 

breeding females but also the group members necessary to provide allocare for two 

litters, subordinate females do not abide by a social contract that would limit their 

reproduction (Chapter 1, this dissertation).  Low caloric availability within the home 
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range was not associated with higher reproductive success in subordinates in contrast 

with the OSM prediction (Reeve & Nonacs, 1992; Reeve & Ratnieks, 1993).  Caloric 

availability did not significantly affect the likelihood of a successful pregnancy in GLTs 

perhaps because caloric availability in all home ranges was more than adequate to 

support GLT reproduction during all months of each of the three reproductive years 

studied (Chapter 1, this dissertation).  Under conditions of high caloric availability both 

within and outside the GLT ranges studied, dominant females were neither more nor less 

likely to offer reproduction to subordinates.  Instead, older subordinates competed with 

dominant females for reproduction and succeeded in producing live young if the 

dominant female was at least 10 years old, if subordinates conceived while the dominant 

was heavily pregnant resulting in staggered births, and if groups contained more 

individuals over which to distribute infant care.  
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TABLES 

Table 3.1.  Summary of reproductive and demographic data for 21 GLT females from 7 

free-ranging GLT groups sampled from March of 2004 through February of 2007. 

Group 

Poly-
gynous 
group 

Female 
ID 

Dominance 
status 

Relation 
in group 

Age 
(years) 
during 
sample 

collection  

Age (years) 
at first 

conception if 
during study 

Successful and failed 
pregnancies 

 
Fecal 

samples 

3M5 N 782 Dominant Only 
female 4.5-6.7  0 1 32 

AL Y 539 
Dominant 

then 
subordinate 

Mother 10.6-13.3  2 2 97 

AL Y 846 
Subordinate 

then 
dominant 

Daughter 2.8-5.3 2.9 3 0 78 

AL Y 1267 Subordinate Daughter 0.2-1.3 Did not 
conceive 0 0 21 

BO2 Y 720 Dominant Mother 9.4-12.3  6 0 125 

BO2 Y 848 Subordinate Daughter 2.4-5.3 2.5 3 2 136 
BO2/ 
POR Y/N 880 Subordinate/ 

dominant 
Daughter/ 

sister 1.4-4.1 2.8 3 0 88 

BO2/ 
POR Y/N 899 Subordinate Daughter/ 

sister 1.1-2.4 Did not 
conceive 0 0 39 

BO2/ 
POR Y/N 1227 Subordinate Daughter/ 

sister 0.7-2.9 Did not 
conceive 0 0 68 

BO2/ 
POR Y/N 1241 Subordinate Daughter/ 

sister 0.8-2.0 Did not 
conceive 0 0 52 

GF Y 766 Dominant Mother 5.6-6.9  2 0 35 

GF Y 889 Subordinate Daughter 1.6-3.0 2.5 0 1 18 

GF N 1266 Dominant Only 
female 2.9-4.0 3.4 1 0 32 

PA Y 869 Dominant Sister 4.7-7.3  4 0 98 

PA Y 884 Subordinate Sister 1.7-3.3 2.7 0 1 60 

PA Y 1271 Subordinate Daughter 0.4-1.4 Did not 
conceive 0 0 32 

PP3 N 750 Dominant Mother 8.7-10.5  1 3 77 

PP3 N 1238 Subordinate Daughter 0.3-1.9 Did not 
conceive 0 0 56 

PP3 Y 1264 Dominant Sister 4.0-4.3 3.9 1 0 12 

PP3 Y 1265 Subordinate Sister 3.3-4.2 3.9 0 1 10 

PP3 N T0PP3 Dominant Unknown Unknown 
(adult) 

Did not 
conceive 0 0 10 

      x̄ =3.1 ± 0.2 Σ= 26 Σ= 11 Σ=1176 
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Table 3.2.  Summary of the predictions generated by reproductive skew models and 

empirical findings in golden lion tamarins. (Bold italics indicate predictions consistent 

with findings in golden lion tamarins.  See text for explanations and additional details.) 

Predictions Incomplete 
control 

Optimal 
skew Findings in golden lion tamarins 

Subordinate adult females 
ovulate. yes few yes, all ovulate beginning at approximately 18 

months of age 

Subordinates adult females 
conceive. yes few yes, all conceive by 3.9 years of age (mean age 

at first conception=3.1 ± 0.2 years) 
Pregnancies by dominant 
females are more likely to 
succeed than pregnancies 
by subordinates. 

yes yes 
yes, dominants are 40.4x as likely to have 
successful pregnancies  (Wald Chi-
Square=7.69, df=1, p=0.0055) 

Pregnancies with lower 
cortisol levels just prior to 
conception and during the 
1st trimester are more likely 
to succeed. 

no, higher yes 

yes, lower 1st trimester cortisol combined with 
higher 2nd and 3rd trimester cortisol were 
marginally significant predictors of success 
(Likelihood Ratio Chi-Square=8.73, df=4, 
p=0.0681) 

Pregnancies by older 
subordinate females are 
more likely to succeed. 

yes no 
prediction 

no, conceptions are more common after 3.1 
years of age, but once pregnant the age of the 
female does not affect the likelihood of her 
giving birth to live young (Wald Chi-
Square=2.12, df=1, p=0.1452) 

Pregnancies in groups 
containing an older 
dominant female are more 
likely to succeed. 

yes yes 

yes, likelihood of subordinate success doubles 
with each year of age of the dominant female 
(Likelihood Ratio Chi-Square=4.98, df=2, 
p=0.0829 when model also includes a heavily 
pregnant dominant female) 

Pregnancies conceived 
while the dominant female 
is heavily pregnant with 
her first litter of the year 
are more likely to succeed. 

yes no 
prediction 

yes (Likelihood Ratio Chi-Square=4.98, df=2, 
p=0.0829 when model also includes an elderly 
dominant female ) 

Pregnancies with longer 
interfemale interbirth 
intervals are more likely to 
succeed. 

no 
prediction yes no (Wald Chi-Square=0.24, df=1, p=0.6275 ) 

Pregnancies under lower 
caloric availability are 
more likely to succeed. 

no 
prediction yes no  (Wald Chi-Square=1.14, df=1, p=0.2866) 

Pregnancies in smaller 
groups are more likely to 
succeed. 

no 
prediction yes 

no, larger groups are more successful; 
for each additional group member the 
likelihood of a successful pregnancy by a 
dominant or a subordinate female increases 1.7 
times (Wald Chi-Square=4.52, df=1, p=0.0335) 
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FIGURE LEGENDS 

Figure 3.1.  Mean (± standard error) cortisol concentrations for successful vs. non-

successful pregnancies just prior to conception (NP, n=32 pregnancies, 23 successful, 9 

non-successful), during the 1st trimester (I, n=36, 26, 10), during the 2nd trimester (II, 

n=35, 25, 10), and during the 3rd trimester of pregnancy (III, n=31, 23, 8).  Differences in 

means were not statistically significant according to linear mixed model analysis of 

variance. 

Figure 3.2.  Progesterone (PdG) profiles for a dominant mother (GLT720) and her 

subordinate daughter (GLT848) demonstrating that conceptions by the subordinate while 

the dominant female was heavily pregnant with her first litter of the year and prior to 

conception of the second litter by the dominant female were more likely to result in the 

birth of live infants.  Green arrows indicate dates of conceptions resulting in the birth of 

live young (subsequent red arrow).  Blue arrows indicate conceptions that resulted in 

pregnancy loss.  Red arrows indicate successful parturition dates.  Note that the first two 

successful infant births by GLT848 (red arrows) occur between the birth of the first (red 

arrow in September) and second (red arrow in January or February) annual litters by 

GLT720, resulting in the staggering of successful births to the subordinate daughter 

between births to the dominant mother.  

Figure 3.3.  Progesterone (PdG) profiles for the oldest female in the study (GLT539) and 

her eldest daughter (GLT846). GLT539 was dominant until after the birth of her second 

litter in February of 2005 when GLT846 became dominant.  While subordinate to her 

mother, GLT846 conceived a successful litter while her mother was heavily pregnant 

with her first litter of the year.  Pregnancies by GLT539 that were conceived at the same 
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time as those of her dominant daughter were lost at full term.  Green arrows indicate 

dates of conceptions resulting in the birth of live young.  Blue arrows indicate 

conceptions that resulted in pregnancy loss.  Red arrows indicate successful parturition 

dates.  Note that successful reproduction (red arrows) by two females during the same 

reproductive year occurred only when pregnancies were staggered. 
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FIGURES   

Cortisol Profile for Successful vs. Non-successful Pregnancies
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Figure 3.1. 
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Figure 3.2. 
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Figure 3.3.   
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