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Abstract

Primates maintain a variety of social relationships and these can have fitness consequences. 

Research has established that different types of social relationships are unpinned by different or 

interacting hormonal systems, for example, the neuropeptide oxytocin influences social bonding, 

the steroid hormone testosterone influences dominance relationships, and paternal care is 

characterized by high oxytocin and low testosterone. Although the oxytocinergic system 

influences social bonding, it can support different types of social bonds in different species, 

whether pair bonds, parent-offspring bonds or friendships. It seems that selection processes shape 

social and mating systems and their interactions with neuroendocrine pathways. Within species, 

there are individual differences in the development of the neuroendocrine system: the social 

environment individuals are exposed to during ontogeny alters their neuroendocrine and socio-

cognitive development, and later, their social interactions as adults. Within individuals, 

neuroendocrine systems can also have short-term effects, impacting on social interactions, such as 

those during hunting, intergroup encounters or food sharing, or the likelihood of cooperating, 

winning or losing. To understand these highly dynamic processes, extending research beyond 

animals in laboratory settings to wild animals living within their natural social and ecological 

setting may bring insights that are otherwise unreachable. Field endocrinology with neuropeptides 

is still emerging. We review the current status of this research, informed by laboratory studies, and 

identify questions particularly suited to future field studies. We focus on primate social 

relationships, specifically social bonds (mother-offspring, father-offspring, cooperative breeders, 

pair bonds and adult platonic friendships), dominance, cooperation and in-group / out-group 

relationships, and examine evidence with respect to the ‘tend and defend’ hypothesis.
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Introduction

Social relationships are formed through repeated social interactions between the same 

individuals (Hinde, 1983, Cheney and Seyfarth, 1986). In mammals, social relationships are 
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underpinned by a number of neuroendocrinological systems (Broad et al., 2006; 

Maestripieri, 2010; van Anders et al., 2011; Goodson, 2013; Chang et al., 2013; Brent et al., 

2014; Rilling and Young, 2014; Crespi, 2015; Numan and Young 2016). Over the last couple 

of decades, laboratory research has led to increased understanding of the functions, effects, 

and interactions of different hormones in the body and brain, and their impact on emotions, 

social cognition, behavior and social interactions. How this complex interplay of hormones, 

brain activity and behavior contributes to the formation and maintenance of different types 

of social relationships is beginning to be understood (Broad et al., 2006; Maestripieri, 2010; 

van Anders et al., 2011; Goodson, 2013; Chang et al., 2013; Brent et al., 2014; Rilling and 

Young, 2014; Crespi, 2015; Numan and Young, 2016).

One prevalent type of social relationship is the social bond, in which an animal shows a 

preference or selectivity to affiliate with a particular individual. Social bonds can occur 

between kin: mothers or fathers and their offspring, family groups, or within cooperative 

breeding groups (Silk, 2009; Cheney and Seyfarth, 2008; Snowdon, 2015), between 

breeding pairs, and in platonic friendships between unrelated adults (Snowdon, 2015; 

Langergraber et al., 2007, 2009; Schulke et al., 2010). Another prevalent type of social 

relationship is based on shows of dominance and subordination resulting in dominance 

relationships (Bergman et al., 2003; Cheney and Seyfarth, 2008). Relationships between 

social groups also exist, and are defined by hostility in the case of territorial species, or 

neutral or affiliative interactions in less territorial species (Wrangham, 1980; Herbinger et 

al., 2001).

Broadly speaking, clarity is emerging in terms of which endocrine systems are principally 

involved in which types of relationships. Social bonds are influenced by neuropeptides, such 

as oxytocin, vasopressin and prolactin (Rilling and Young, 2014; Storey and Ziegler, 2016). 

Oxytocin, for example, fosters partner-specific preferences for affiliation, and is key in 

facilitating mother-offspring bonds (Rilling and Young, 2014). Testosterone mediates 

dominance relationships (Muller, 2017, this issue). However, less is known about how 

hormones interact, such as between oxytocin and testosterone, or each of these hormones 

with the HPA axis (van Anders et al., 2011; Carter, 2014; Crespi et al., 2015; Trumble et al., 

2015).

Not only social relationships but also certain contexts or behaviors can trigger the release of 

hormones, precipitating positive or negative feedback loops or cascade reactions that can 

down or up regulate other hormones. For example, in some contexts, oxytocin release may 

be subject to a positive feedback mechanism whereby oxytocin may promote affiliative 

behavior, which may in turn promote further oxytocin release. Oxytocin simultaneously 

down-regulates HPA axis activity (Bethlehem et al., 2014; Sanchez et al., 2015), such as 

occurs during social buffering. Here, during exposure to a stressor, affiliation or support 

from a bond partner that triggers oxytocin release, may result in reduced cortisol release 

(Heinrichs et al., 2003; Sanchez et al., 2015 Cavanaugh et al. 2016; Wittig et al., 2016). 

However, hormonal interactions are not yet fully understood. In some contexts, hormones 

seem to oppose each other, such as the low testosterone and high oxytocin levels observed 

during early fatherhood. In other contexts, the same hormones seem to facilitate each other 

(Trumble et al. 2015). Sexual activity, hunting and in-group / out-group contexts, for 
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example, involve simultaneously high oxytocin, testosterone and glucocorticoid 

concentrations (Sobolewski et al., 2012a,b; Trumble et al., 2015; Wittig et al., 2016; Samuni 

et al., 2017).The resulting social behavior from hormonal interactions priming or 

suppressing activation in specific brain areas (Donaldson and Young, 2008; Rilling and 

Young, 2014; Bosch et al., 2016), can facilitate or impede cooperation (Soares et al., 2010; 

Trumble et al., 2015), contest (Beehner et al., 2006), or responses to stressors (Hennessey et 

al., 2009; Young et al., 2014; Wittig et al., 2016), which likely facilitate or impede 

relationships such as social bonds (Cacioppo et al., 2015).

While the processes between neuroendocrine systems and behavior are highly conserved 

across mammals, from rodents to humans, functional shifts are apparent between species 

(Goodson, 2013). For example, in two closely related rodent species, prairie voles (Microtus 
ochrogaster) and meadow voles (Microtus pennsylvanicus), maternal care of offspring is 

facilitated by oxytocin circuitry. However, only prairie voles form pair bonds, and only in 

this species, does oxytocin circuitry facilitate partner-specific preferences in adult male-

female interactions (Numan and Young, 2016). Thus, an animal’s mating and social system 

has a considerable impact on the influence and functionality of neuropeptides, which in turn 

influence brain activity and behavior. Natural selection likely drives the dramatic shifts in 

the differing propensity to form and maintain certain relationships observed between 

species.

Within the primate order, the diversity of social and mating systems results in a broad array 

of social relationships, between and within species (Cheney and Seyfarth, 2008). Chacma 

baboons, for example, have enduring mother-daughter bonds, dominance relationships, 

short-term sexual consortships and male-female ‘friendships’ to protect offspring from 

potential infanticide. Playback studies have shown that these relationships are not only 

evident to humans but are also highly salient to the baboons, such that baboons monitor each 

of these relationships in other baboons (Bergman et al., 2003; Crockford et al., 2007; 

Cheney and Seyfarth, 2008). Strikingly, one individual can be party to all of these 

relationships simultaneously, and actively engage in each type of relationship within minutes 

of each other. An adult female can be simultaneously a mother, a daughter, hold a position 

within the dominance hierarchy and be on a sexual consortship. We will examine what is 

known about how hormones interact to facilitate or impede different social relationships and 

social interactions.

A key theory for explaining oxytocin involvement in different affiliative relationships is that 

neuroendocrine circuitry which facilitates the formation of mother-offspring bonds has been 

co-opted to support other relationships, such as pair bonds, adult platonic friendships and in-

group / out-group relationships (Broad et al., 2006; Crespi, 2015). Throughout this review, 

we examine the extent to which maternal behavior to ‘tend and defend’ is observed in other 

social relationships, social interactions and contexts and is supported by similar 

neuroendocrinological mechanisms.

Taken together, a highly malleable and complex picture of primate life emerges, where 

social context and social relationships are in constant flux and juxtaposition, played out 

within particular mating and social systems. Many shifts between social context and 
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relationship types involve neuroendocrine and hormonal interplay, that in and of itself is 

malleable and multifaceted. Hence, primates offer an excellent model system to examine the 

interchange and nuance between social life and supporting endocrine systems.

Here, we review the hormonal mechanisms mediating social relationships in wild and free-

ranging nonhuman primates. Understanding of neuroendocrine involvement in social events 

has predominantly come from laboratory studies on animals (Hennessy et al., 2009; Carter 

2014; Rilling and Young, 2014), including human and nonhuman primates (Chang et al., 

2013; Hostinar et al., 2014; Trumble et al., 2015). By extending research to primates in their 

natural habitats, where a natural range of mating, social dynamics, and social contexts are 

possible, we are likely to acquire a more complete understanding of how hormonal systems 

support and influence sociality between individuals and across species, and hence how 

hormonal systems may impact on selection and adaptation of primate sociality and social 

relationships.

The use of field endocrinology to study social relationships has been of interest to 

primatologists for many years. An expanding array of noninvasive methods now makes it 

possible to measure changes in neuropeptide and steroid hormone levels, without disrupting 

social behavior (Crockford et al., 2013; Wittig et al., 2014, 2015, 2016; Samuni et al., 2017). 

Furthermore, methods are not limited to correlational studies, where averaged hormone 

concentrations are correlated with rates of behavior across time (Engh et al., 2006; 

Crockford et al., 2008; Wittig et al., 2008; Young et al., 2014). Event-sampling is also 

possible, where single naturally-occurring social interactions can be targeted, enabling 

within-subject test-control type study designs in wild animals (Crockford et al., 2013; Wittig 

et al., 2014, 2015, 2016; Samuni et al., 2017). Sampling naturally-occurring social 

interactions avoids potential contextual confounds introduced by laboratory settings (Brown 

et al., 2016), and enables sampling of contexts difficult to replicate in captivity, such as 

intergroup encounters or hunting (Sobolewski et al., 2012a,b; Wittig et al., 2016; Samuni et 

al., 2017).

Hence, the focus of this review is to revisit current knowledge of neuropeptides and their 

influence on social relationships, and how this knowledge can inform future field studies. 

Within primates, we will provide evidence from wild and free-ranging apes, Old World and 

New World monkeys, and prosimians, showing endocrine involvement, in particular, during 

social interactions and relationships. Specifically, we will examine studies where oxytocin, 

opiates, prolactin, glucocorticoids and androgen levels were measured to determine their 

role in social relationships. Finally, we suggest questions that are ready to be answered in 

wild-living primates.

Social bonds

Mother-offspring bonds—A primate infant enters the world helpless and in need of 

forming a strong attachment to its mother to survive. In mammals, the mother-infant bond is 

a special form of attachment where an infant’s welfare depends upon maternal care 

throughout the period of lactation and in some species, beyond lactation (Bowlby, 1969; 

Ainsworth, 1982). Primates have highly dependent offspring that are slow to mature and 

require a heavy investment. Therefore, most primate births are single offspring with a long 
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adolescent period and a high cost of infant fatality (Hrdy, 2009). Hormonal and 

neurohormonal mechanisms have ensured that mothers are well primed to form strong social 

bonds with their infants, and therefore, increase their offsprings’ likelihood to survive 

(Rilling and Young, 2016). Likewise, infants are primed with attachment-seeking behavior, 

which facilitates the success of mothers’ nurturing behavior (Bowlby, 1969; Broad et al., 

2006).

The interplay between hormonal and sensory input between mother and infant is conserved 

across mammals. Attachment results from hormonal priming of the mother via pregnancy 

hormones, the interaction of the embryonic trophoblast cells of the placenta (where 

production of several hormones regulate maternal physiology, metabolism and behavior), 

and sensory input derived from the infant stimulus (Heap, 1994). Centrally released oxytocin 

coordinates the onset of maternal nurturing behavior at parturition in many rodents (Ross 

and Young, 2009; Numan and Young, 2016). Both an oxytocin antagonist, or oxytocin 

antiserum, infused into the brain block the onset of maternal behavior in rats after they have 

given birth (van Leengoed et al., 1987). In addition, oxytocin facilitates the formation of 

selective mother–infant bonds in other mammals such as sheep and probably most primates 

(Ross and Young, 2009; Numan and Young, 2016). Oxytocin activates the reward system in 

response to infant stimuli to regulate maternal appetitive behaviors (Atzil et al., 2017). 

Human maternal bonding has been associated with striatal dopamine function in the 

recruitment of the cortico-striatal-amygdala brain network supporting affiliation. 

Synchronous maternal behavior (where the mother responds to the infant stimuli) is 

associated with increased dopamine responses (Feldman, 2017). Thus, the integration of 

oxytocin and dopamine from striatal tissue supports the formation of maternal – infant bonds 

(Numan and Young, 2016).

Oxytocin, and the associated nanopeptide, arginine-vasopressin, have a number of 

neuromodulatory effects, which have been encoded into the genomes of animal species 

separated by 600 million years of evolution from invertebrates to mammals (Garrison et al., 

2012; Donaldson and Young, 2008). Behavioral effects of oxytocin evolved along with 

reproduction-relevant morphological traits (Lockard, et al., 2016). Behaviors related to 

reproduction, including mate selection (Insel et al., 1998), copulation (Garrison et al., 2012) 

and provisioning (Marlin et al., 2015), are implicated as being facilitated by oxytocin, 

through stimulation of central brain areas that regulate associated behavior. In invertebrates, 

Lockard et al. (2016) examined oxytocin’s role in reproductive behavior across a variety of 

species with diverse reproductive strategies to reveal how the system has been remodeled by 

relatively small genetic changes. This illustrates how slowly evolving genes can generate 

rapidly evolving behaviors. It is thus likely that in mammals, as sociality evolved from 

primarily a mother-infant bond to other types of social bonds (e.g. Numan and Yong 2016), 

such as pair bonds and platonic adult bonds, so has oxytocin likely influenced both 

physiology and behavior, differentially facilitating different social bonds.

Mother-offspring relationships and cognition—The evolution of motherhood and 

maternal care of offspring is associated with cognition that likely aids the rearing and 

survival of offspring (Albin-Brooks et al., 2017). A fundamental component of any social 

relationship is social recognition, such that two individuals can recognize each other and 
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engage in repeated patterns of behavior, whether in dominance or bonded relationships 

(Gabor et al., 2012). The neuroendocrine control of social recognition involves oxytocin, 

vasopressin and their interaction with gonadal hormones, estrogen and testosterone. 

Oxytocin exerts stimulation of the medial amygdala that in both sexes is essential for social 

recognition. By regulating oxytocin production in the hypothalamus and its receptors in the 

medial amygdala, estrogens facilitate social recognition. Testosterone also influences social 

recognition in males of some species, primarily through the vasopressin V1a receptor. 

Therefore, there are sex differences in the neuroendocrine control of social cognition (Gabor 

et al., 2012).

Maternal responsiveness and parenting quality also require social and spatial memory, as 

well as flexibility in attention (Albin-Brroks et al., 2017). Hippocampal-dependent tasks 

assessing spatial learning and memory indicate that cognitive benefits occur in new mothers 

where spatial memory increases and is a long-term change (Lambert et al., 2005; Hoekzema 

et al., 2016). Oxytocin mediates the motherhood-induced enhancement in spatial memory 

(Tomizawa et al., 2003), affect learning and memory (Gur et al., 2014). Social recognition 

memory is mediated by the olfactory systems in rodents. Sensory neurons via the olfactory 

epithelium and vomeronasal organ project to the medial amygdala where information is 

transferred to the hippocampus via the lateral septum (Bielsky and Young, 2004). Primates 

likely use other sensory signals as well as olfactory for social recognition, such as sight and 

vocal sounds, and all of these stimuli are involved in social memory (Proverbio, 2017). In 

humans, oxytocin has been shown to facilitate memory for faces but may cause impairment 

of learning and memory outside of the social domain (Boccia et al., 2007; Guastella et al., 

2008).

In general, research suggests that similar sub-cortical brain areas to those used in mother-

offspring and pair-bond interactions in rodents, are also used in humans in mother-offspring 

relationships (Broad et al., 2006; Numan and Young, 2016). Importantly, humans 

additionally seem to have more generalized use of oxytocin neurocircuitry, expressing 

nurturing, empathetic or cooperative behavior outside of the mother-offspring relationship, 

in other affilative social relationships or social contexts (Rilling and Young 2014; Numan 

and Young, 2016). Greater cortical involvement in social cognition processes may explain 

why humans show some emancipation from neurohormonal control in terms of social 

interactions and relationships (Broad et al., 2006; Numan and Young, 2016). A fascinating 

question is the degree to which non-human primates might also show cortical involvement, 

and whether this varies across primates.

Hormonal mediation of individual differences in mothering styles—A nurturing 

mothering style seems essential for the development of a secure attachment from the infant 

to the mother (Rilling and Young, 2014). The attachment can impact on the infants’ 

neuroendocrine processes, which in turn alters neural development, and then impacts on 

stress regulation, emotional, cognitive and social engagement well into adulthood (Sanchez 

et al., 2015; Hammock, 2015; Gunnar and Hostinar, 2015). This can lead to changes in the 

offspring’s own mothering style when becoming a mother, and to their social skills in 

general (Rilling and Young, 2014). The mothering style, whether nurturing or neglecting, 

can also influence stress regulation as well as emotions and social behavior (Gunnar and 
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Hostinar, 2015). An early adverse relationship between the mother and infant can cause 

severe developmental psychopathology (Heim et al., 2000; Sanchez et al., 2005). In free-

ranging rhesus macaques, Macaca mulatta, mother-reared individuals had higher oxytocin 

levels in cerebrospinal fluid (CSF) than nursery-reared individuals. Those with lower levels 

of oxytocin expressed maladaptive social and self-regulatory behaviors (Winslow et al., 

2003). Oxytocin also promotes reward behavior, having a direct effect on dopamine release 

and is a component of the establishment and maintenance of social bonds (Shahrokh et al., 

2010) such that parturition and suckling provide a positive effect or reward to the mother 

(Franceschini et al., 1989). Given the implications of these findings for human relationships, 

this is an area of great interest where field data on mother – offspring behavior, 

accompanying changes in hormone levels, and offspring development, could provide 

important comparative data. Long-term field projects also have the opportunity to examine 

how mothering styles influence offspring’s behavior over time and even across generations, 

in animals living under natural environmental conditions.

Maternal behavior is also facilitated by estrogen (Fahrbach et al., 1985; McCarthy, 1994). 

Oxytocin’s influence on maternal behavior is regulated by the expression of the estradiol 

receptor alpha (ERα) in the medial preoptic area (MPOA) of the hypothalamus (Fahrbach et 

al., 1985; Numan and Sheehan, 1997). In rats, the expression ERα in the MPOA appears to 

precipitate individual differences in maternal behavior for mother-infant interactions as well 

as generational effects so that when female offspring become mothers, their own maternal 

style is similar to their mothers’ (Champagne et al., 2006). While MPOA involvement has 

been found in rats, it is not known it if is analogous in primates (Rilling & Young 2014).

As with oxytocin, prolactin is involved in both lactation and in maternal care (Freeman et al., 

2000; Bridges et al., 1990). It facilitates maternal responsiveness to pups in rats (Bridges and 

Ronsheim, 1990). Prolactin elevation during gestation coincides with rising estrogen and 

declining progesterone and the onset of maternal behavior (Carter, 1998). Estradiol is 

involved in the expression of both oxytocin and prolactin receptors in the vertebrate brain 

(Champagne et al., 2001). Oxytocin has receptors on the prolactin lactotrophs located in the 

anterior pituitary and oxytocin stimulates prolactin secretion (Kennett and McKee, 2012). 

Oxytocin and prolactin are both involved in maternal care, and work in concert in their roles 

in lactation and maternal care. Prolactin is a pleiotropic hormone with the widest range of 

physiological actions of any molecule in the body (Gratten, 2015), such as in reproductive, 

metabolic, osmoregulatory and immunoregulatory systems (Ben-Jonathan et al., 2006). 

Prolactin has not yet been examined in free-ranging primates in mother-infant contexts.

Neurotransmitters, such as opioids, oxytocin and the monoamines, have also been linked to 

variation in mothering styles (Maestripieri, 2010). At a neural level, the endogenous opioid 

peptides form a common substrate for different types of social attachment in primates 

(Schino and Troisi, 1992). Inhibiting opioid release with naloxone, increases social 

interactions among juvenile rhesus monkeys, and juveniles maintain higher proximity to 

their mothers. Juveniles increase their demand for social comfort from their mothers and 

other group companions (Schino and Troisi, 1992).
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Oxytocin acts through binding to the oxytocin receptor, a G protein-coupled receptor 

encoded by a single gene in mammals (Gimpl and Fahrenholz, 2001). Studies on the free-

ranging rhesus monkeys at Cayo Santiago, Puerto Rico, have shown that the mu-opioid 

receptor gene with the G allele variant correlated with prevalence of a cautious mothering 

style, where mothers restrain infants limiting their exploration and mother-infant separation 

(Higham et al., 2011; Mandalaywala et al., 2014). Thus, for both macaque infants and their 

mothers, behaviors associated with separation appear to be influenced by opioid gene 

variation. Additionally, nursing mothers with higher rather than lower oxytocin levels are 

also more likely to have the G allele. Even so, at least some of the variation in mothering 

style was found to be inheritable in the rhesus macaque (Maestripieri, 2003).

HPA axis activity in mothers also impacts on mothering styles. Some studies showed that 

higher levels of cortisol or glucocorticoids have negative impacts on maternal care. For 

example, in wild Assamese macaques, Macaca assemensis, prenatal fecal glucocorticoid 

levels were correlated with higher rejection rates of mothers towards offspring (Berghänel et 

al., 2016). Similarly, in baboons (Papio hamadryas sp.) in free-ranging corrals, mothers with 

higher postpartum fecal glucocorticoid levels displayed more stress-related behaviors and 

maintained less contact with their infants (Bardi et al., 2004). High circulating cortisol levels 

appear to enhance arousal and responsiveness to infant stimuli in young, relatively 

inexperienced female primates, but interfere with the expression of maternal behavior in 

older and more experienced mothers (Saltzman and Maestripieri, 2011). Of note, prolactin 

levels following birth are important for maternal motivation and depressed prolactin levels 

occur when glucocorticoids are high (Carini and Nephew, 2013). The regulation of 

hormones and hormonal systems requires a delicate balance, which can be altered by many 

environmental factors.

The impact of early adversity on offspring—Early adversity can impact on later 

social skills and mothering style. A possible precipitating factor is that adversity also acts as 

a profound stressor, which can result in dysregulation of the stress response through the 

hypothalamic-pituitary-adrenal axis (HPA). A detailed description of HPA axis functioning 

can be found in Sanchez et al., (2015). In brief, stressor-specific pathways activate the 

hypothalamic paraventricular nucleus (PVN) to secrete corticotropin-releasing hormone 

(CRH). CRH stimulates the release of adrenocorticotropic hormone (ACTH) from the 

anterior pituitary into the circulation. ACTH stimulates the synthesis and release of the 

glucocorticoids, mainly cortisol in primates, from the adrenal gland, which produces a 

catabolic effect (metabolic breakdown of larger molecules to smaller ones, releasing 

energy). The limbic regions of the brain, amygdala and hippocampus, and the ventromedial 

prefrontal cortex (vmPFC) regulate the negative feedback system to down regulate HPA 

activity (Sanchez et al., 2015).

Early adversity can leave individuals particularly vulnerable to HPA axis dysregulation, 

which can have knock-on effects on immune-response systems and gene expression, 

resulting in long-term deleterious health effects (Slavich and Cole, 2013). Infant rhesus 

monkeys that rate high on early life adversity have been found to have a dysregulation of the 

stress response as juveniles (Petrullo et al., 2016). The dysregulation was exhibited by 

attenuated cortisol reactivity along with an elevated salivary alpha amylase response as 
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opposed to juveniles with lower ratings of early adversity showed the symmetry of the stress 

biomarkers. Thus, in primates, well-regulated glucocorticoid release, particularly during 

brain development, facilitates usual maturation of the brain and appropriate feedback within 

the HPA axis. Normal development of these systems is in part dependent upon the quality of 

parental care. For example, rhesus macaque mothers function as an external regulator of 

infant HPA axis activity by preventing stress-induced activation from potential threats 

(Levine et al., 1985; Sanchez et al., 2015; Gunnar and Hostinar, 2015). In the squirrel 

monkey, infants display adverse vocal and behavioral anxiety, when separated from a 

mother’s care, but are buffered from separation anxiety by the group if the infant remains 

with them (Coe et al., 1978). Thus, the psychosocial development of a primate infant is 

dependent upon the nurturing care not only of mothers, but also of other caregivers. These 

examples indicate that there are two potential mechanisms here: one is that mothers can 

reduce their offspring’s exposure to stressors, and two, that mothers may reduce the 

perceived threat of the stressor.

Other studies show potential long-term effects of mothers’ HPA axis activity, both before 

and after birth, on offspring’s HPA axis activity, years later across mammals (Love et al., 

2005). In primates, investigations in wild living Amboseli baboons (Papio cynocephalus) 

revealed that the dominance rank mothers had at the son’s conception differentially 

influenced fecal glucocorticoid levels of pubescent sons. Sons of lower-ranked mothers had 

higher fecal glucocorticoid levels than those of higher-ranked mothers (Onyango et al., 

2008). Studies of wild chimpanzees (Pan troglodytes) at Gombe, showed that mothers’ 

prenatal dominance rank and fecal glucocorticoid levels impacted especially on sons’ fecal 

glucocorticoid levels in the first decade of development (pre-pubescent). Those with low-

ranking, rather than high-ranking, mothers showed greater fecal glucocorticoid decreases 

with age (Murray et al., 2016). Persistence of maternal influences derived from the perinatal 

period may signal organizational effects of mothers on their son’s HPA axis. Persistent, 

long-term elevations of glucocorticoid levels could lead offspring to have adverse effects on 

their lifetime fitness (Slavich and Cole, 2013). Continued investigation of primates living 

under natural ecological and social conditions, will provide insights into the physiological 

mechanisms influencing social relationships and their impact on life-history variability in 

natural primate populations.

Paternal care and allo-parenting—The mother-infant bond remains important in 

biparental and cooperative breeding monkeys, but with others to care for the infant, the bond 

may be strongest with the individual that provides the most care. In the bi-parental species of 

primates, such as in the titi monkey (Callicebus moloch) (Mason and Mendoza, 1998) and in 

the common marmoset (Callithrix Jacchus) (Ziegler and Sosa, 2016), paternal care may also 

influence infant survival. Extensive research in captivity has shown that a paternal-infant 

bond in common marmosets exists and the father’s involvement plays an important part in 

the health and well-being of his offspring (Ziegler and Sosa, 2016). Titi monkey males are 

the primary carrier of infants, with the exception that the mother primarily cares for them 

during lactation (Mason 1966; Mendoza and Mason 1986b). Interestingly, while titi monkey 

fathers care for infants, studies have shown they lack a selective bond towards their offspring 

(Hoffman et al. 1995; Mendoza and Mason 1986). Titi fathers show no behavioral or 
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physiological separation distress in response to separation from their infants. In contrast, the 

infant shows increased vocalizations and plasma cortisol levels. This effect is seen even 

when the mother is present (Hoffman et al. 1995; Mendoza and Mason 1986). As with the 

titi monkey, father owl monkeys (Aotus azarai) contribute extensively to infant care and by 

the second week postpartum the infant is almost exclusively transported by the male. Males 

also play with the infant and encourage weaning by food sharing (Huck et al., 2014). It is 

possible that the father-infant bond is stronger than the mother-infant bond in certain 

species.

During marmoset parenting and with other allocaregivers, prolactin is elevated during 

physical contact with infants (Dixson, 1982; Mota et al., 2000). In hypothalamic explants, 

experienced fathers’ oxytocin and prolactin levels are significantly higher than levels found 

in non-fathers (Woller et al., 2012). Oxytocin stimulates the release of prolactin in the 

pituitary during reproductive events and there are oxytocin receptors on the lactotrophes that 

produce prolactin (Grattan, 2015). Increases in prolactin and oxytocin may promote 

parenting behavior by interacting with reward centers, and also other social interactions 

outside of parenting appear to be promoted through similar processes (Snowdon and Ziegler, 

2015). In males, prolactin has important interactions with both estradiol and testosterone, 

particularly in the contexts of reproductive functioning and parental behavior (Ziegler et al., 

2009; van Anders et al, 2012). Prolactin and testosterone levels have a negative correlation 

in many animals, including birds, such that prolactin levels decrease and testosterone levels 

rise during the breeding season, and the reverse occurs during the birthing season (Logan 

and Wingfield 1995; Gubernick and Nelson, 1989). Prolactin’s inverse relationship with 

testosterone levels during parenting has been demonstrated in captive marmosets and 

humans (Ziegler et al., 2009; van Anders et al, 2012). When bi-parental males show 

maternal-like behaviors to their offspring, this coincides with decreased testosterone levels, 

such as in common marmosets, cotton-top tamarins Saguinus oedipus, and humans 

(Saltzman & Ziegler, 2014). It is suggested that changes in testosterone levels regulate the 

secretion of prolactin through a feedback mechanism that is conserved from rats to humans 

(Gill-Sharma, 2009). Estradiol enhances prolactin release from the pituitary and increased 

prolactin lowers testosterone. Dopamine is the main inhibitor of prolactin and is produced in 

the arcuate nucleus of the hypothalamus (Freeman et al., 2000). Estradiol has a direct effect 

on decreasing hypothalamic dopamine and thereby stimulates the release of prolactin, as was 

demonstrated in a study of marmoset hypothalamic explants from experienced fathers 

(Woller et al., 2012).

Since prolactin is involved in the regulation of weight in bi-parental male marmosets and 

tamarins, this hormone could be the link between affiliation and improved metabolism. 

Elevated prolactin postpartum, when males are actively caring for infants, may work to 

prevent excessive weight loss in males during their added energetic demands (Ziegler et al., 

2009). Metabolic regulation tissue such as the liver, pancreas, adipose tissue and brain all 

contain prolactin receptors and are regulated by prolactin (Luque et al., 2016). In pregnant 

females and during lactation, prolactin promotes fat deposition or mobilization to ensure 

optimal nutrition for the offspring (Grattan, 2015). Father marmosets have increased 

prolactin during body contact with their offspring. This may promote improved regulation of 

metabolic function during the energetically demanding period of carrying large and heavy 
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infants. Further data is needed on prolactin’s role in contact affiliation under different social 

conditions and between species that express different social patterns and relationships. 

Prolactin levels may be difficult to monitor under field conditions and acute changes are 

unlikely to be detectable using collection methods available in the wild. However, changes in 

fecal testosterone levels may reflect behavioral changes in fathers, such as the amount of 

time spent with their offspring (van Anders et al, 2012).

Cooperative breeders, such as the common marmoset, show group care-taking behaviors 

towards infants and increased levels of urinary oxytocin during the early postpartum period 

when all group members are carrying infants (Finkenwirth et al., 2016). Additionally, infant 

licking and proactive food sharing are positively linked to increased urinary oxytocin levels 

across group members (Finkenwirth et al., 2016). Administration of oxytocin within the 

brain facilitates paternal food sharing in marmosets (Saito and Kakamura, 2011). Also, when 

the group shares infant caretaking, urinary oxytocin levels are elevated in all group members 

(Finkenwirth et al., 2016). Thus, diverse patterns of paternal care are apparent across 

species, with variation in relative parental effort between mother and father, and in 

cooperative breeders, between other group members.

To our knowledge, no study on father’s hormones and paternal behaviors for any bi-parental 

species in the wild has been published to date. Much of this is due to the difficulty in 

collecting hormone samples from wild living bi-parental species, most of which are small 

New World monkeys that are mainly arboreal and can be obscured by brush and branches. 

However, fecal collection is feasible in some monkeys, such as the common marmoset 

where pregnancy and social influences on fertility have been documented (Albuquerque et 

al., 2001). Therefore, studies examining glucocorticoid and testosterone excretion during 

reproductive events are likely feasible in callitrichid mothers, fathers and offspring with 

noninvasive sample collection.

Though less well defined and examined, males living in multi-male multi-female social 

systems sometimes exhibit certain aspects of parental care. In chacma baboons (Papio 
ursinus), for example, where infanticide occurs at high rates following alpha male takeovers, 

potential fathers take on a protective role for infants. Although they rarely engage in infant 

carrying or grooming, ex-alpha males spend more time in close proximity to infants than 

other males and risk incurring costs whilst defending infants under attack from dominant 

males (Palombit et al., 1997). Additionally, adult male chimpanzees who do not usually 

engage in paternal care, are known to adopt orphans, including daily carrying, grooming, 

food sharing and nest sharing (Boesch et al., 2008). Monitoring the extent of androgen level 

decline and potential increases in oxytocin levels with infant births and infant care in males 

across species could identify endocrinological mechanisms that support shifting strategies 

from competition for dominance to infant care and protection (Storey and Ziegler, 2016; 

Trumble et al., 2015).

Pair bonds

New World Monkeys—A pair bond is defined as a specific, mutual and enduring 

preference between an adult male and a female, potentially leading to reproduction. The pair 

bond ensures males continue to remain during the female’s pregnancy and participate in 
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parental care of the offspring (Mason and Mendoza, 1998). Most of what we know of pair 

bonding in nonhuman primates is the result of neuroendocrine and genetic work in captive 

New World monkey species, specifically titi monkeys, cotton-top tamarins and two species 

of marmosets, the common marmoset and the Wied’s black tufted-eared marmoset, 

Callithrix kuhlii.

Testing the strength of the pair bond by measuring changes in circulating cortisol levels, 

locomotion and movement as a response to separation anxiety has illustrated the strong bond 

between titi monkey mates (Mason and Mendoza, 1998). When paired titi monkeys are 

separated, both the male and the female respond with increased circulating cortisol 

concentrations. However, titi monkey parents do not show a similar heightened cortisol 

response to separation from their offspring (Mason and Mendoza, 1998).

Oxytocin can influence social behavior within a pair bond. Male marmosets (Callithrix 
penicillata) initiated huddling with their pair bond partner more after treatment with 

intranasal oxytocin, and they reduced proximity and huddling from their pair bond partner 

after treatment with an oxytocin receptor antagonist (Smith et al., 2010). Intranasal oxytocin 

also increased the amount of grooming females received from their long-term mates, 

indicating a neuromodulatory role of central oxytocin activity on social behavior (Smith et 

al., 2010). When measuring endogenous urinary oxytocin in cotton-top tamarin pairs, mates 

showed similar levels to each other, and variation in oxytocin levels positively correlated 

with rates of affiliative and sexual behavior between the pairs (Snowdon et al., 2010). 

Similar results were found for the common marmoset, where strongly bonded marmoset 

pairs within a family (primarily the breeding male and female) showed synchronized 

longitudinal fluctuations of urinary oxytocin levels (Finkenwirth et al., 2015). Pair bonds 

maintain stability within the group, with the mated pair establishing a bond that lasts through 

pregnancy and rearing of offspring. These studies suggest that oxytocin levels can serve as 

an addition to behavioral observation in the assessment of pair bond strength between two 

individuals.

Oxytocin and prolactin both appear to be involved in the bonding process between mates. 

Prolactin and oxytocin are both involved in contact affiliation and pair bonding in the cotton-

top tamarin (Snowdon et al., 2010; Snowdon and Ziegler, 2015). While studies of pair 

bonding in mammals have focused mainly on oxytocin’s role, both oxytocin and prolactin 

trigger release of the other in reproductive functions. Prolactin exhibits a sustained surge 

with copulation and orgasm in males and females and is likely associated with social reward, 

which facilitates the bonding process (Gratten et al., 2015; Egli et al., 2010). Thus, oxytocin 

and prolactin may both be important in pair bonding.

Social buffering—Pair-bonded species have been key in assessing neuroendocrine 

involvement in social buffering, whereby social support from bond partners can 

downregulate HPA axis activity during exposure to a stressor (Heinrichs et a., 2004; Tops et 

al., 2007; Hennessey et al., 2009; Seltzer et al., 2010; Gunnar and Hostinar, 2015; Wittig et 

al., 2016). When experiencing a stressor with rather than without a pair-bond partner, voles 

showed oxytocin released in the brain is concurrent with a reduction in corticosterone and 

anxiety-related behaviors (Smith and Wang, 2014; Burkett et al., 2016). In marmoset pairs, 
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an oxytocin antagonist resulted in higher urinary cortisol levels during the stressor, 

suggesting that the oxytocin system may inhibit the stress-induced rise in cortisol levels. 

Under certain social contexts, oxytocin operates in the hypothalamus by inhibiting CRH and 

hence down regulation of HPA axis activity (Bosch et al., 2016). Corticotrophin releasing 

factor receptors (CRFR2) are located on oxytocinergic neurons and axon terminals 

regulating the release of oxytocin, with a potential feedback loop between the hypothalamic 

oxytocin system and the forebrain CRF system, impacting affective and social behaviors in 

times of stress (Dabrowska et al., 2011).

Non-invasive studies in human and non-human primates concur that when social support is 

available from a bond partner after experiencing a stressor, oxytocin levels increase and 

cortisol levels decrease more quickly than in control conditions with no bond partner present 

following a stressor (Tops et al., 2007; Seltzer et al., 2010; Wittig et al., 2016). For species 

where urine collection is difficult, glucocorticoids could potentially act as an indicator of 

social buffering effects. .

Old World monkeys—Unlike New World monkeys, few Old World monkeys and apes are 

considered to be pair-bonded or cooperative breeders. However, there are several gibbon 

species that are socially monogamous and exhibit pair-bonds (Reichard, 1995). Several 

lemur species show bi-parental care, and even cooperative breeding. For example, the red-

bellied lemur (Eulemur rubriventer) exhibits pair living within stable family groups (Tecot et 

al., 2015). This species might be especially interesting, as females often give birth to twins, 

and older offspring participate in infant care (Tecot et al., 2015). Further studies on bi-

parental gibbon and lemur species should provide important evolutionary data about how 

pair bonding and mating systems are associated.

Although many primate species do not have enduring pair bond relationships, other types of 

male-female reproductive relationships exist, such as harems or multi-male multi-female 

groups, where males sometimes engage females in either short term sexual consortships as a 

mate-guarding strategy, or in longer-term relationships where bonds extend outside of the 

mating period (Palombit et al., 1997). There has been limited examination of the hormonal 

involvement of these relationships. Moscovice and Ziegler (2012), however, measured 

urinary oxytocin levels in cycling female chacma baboons (Papio ursinus) including during 

consortships, possibly conducting the first non-invasive study of oxytocin in wild primates. 

They found that estrous females, especially those in consortship with a male, had 

significantly higher urinary oxytocin levels than pre- or post-estrous females. Also there was 

a positive correlation between females’ urinary oxytocin levels and greater proximity 

maintained by consortship pairs (Moscovice and Ziegler, 2012). They concluded that 

behavioral and physiological changes associated with the maintenance of short-term inter-

sexual relationships corresponded with changes in peripheral urinary oxytocin levels in this 

baboon (Moscovice and Ziegler, 2012).

Only one field study to date has examined prolactin in relation to different social styles of 

male behavior towards females (Phillips-Conroy et al., 2013). This study examined three 

species of wild baboons, hamadryas (Papio hamadryas), anubis and kinda (Papio kindae), 

throughout development. Prolactin was measured from blood, which was collected from the 
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baboons during anesthesia in the field. Prolactin levels reflected the different social styles of 

the baboon species: young hamadryas baboon males showed prolactin elevations coinciding 

with their abduction of young females. These males showed extensive grooming and even 

carrying of their young females, and females sometimes then remained as part of the male’s 

harem until after sexual maturity. In a baboon species comparison, the kinda baboons had 

elevated prolactin levels compared with hamadryas baboons, presumably related to their 

uniquely high levels of grooming behavior towards females and immature baboons. In 

contrast, the anubis baboon males showed consistently lower levels of prolactin throughout 

development. These results indicate a broader role played by prolactin in sociality in that 

prolactin may facilitate social contact or the formation of affiliative relationships, as is the 

case in mother – infant bonds.

Social bonds in adult platonic relationships

A highly significant finding in ethology in the last 20 years is that maintaining adult social 

bonds increases reproductive success and longevity in primates (House et al., 1988; Silk et 

al., 2003; Silk et al., 2010; Schülke et al., 2010; Archie et al., 2014). Most studies have 

focused on kin relationships, such as mother-daughter and sister relationship in matrilineal 

Old World primates, such as baboons (Silk et al., 2003, 2009, 2010). Patrilineal species such 

as muriquis (Brachyteles hypoxanthus arachnoides) (Strier, 2011) and chimpanzees 

(Langergraber et al., 2007) show similar patterns. There is some evidence that enduring non-

kin, socially bonded, platonic, relationships, or ‘friendships’ (Seyfarth and Cheney, 2012) 

also accrue reproductive benefits. For example, Schulke et al. (2010) found that maternally 

unrelated adult Assamese macaque males, which maintain close social bonds with other 

males, father more offspring in the following mating season. Assamese macaque males with 

close social bonds are also more likely to form coalitions against competitor males and rise 

in dominance rank, resulting in increased paternity success. Male chimpanzees that share 

close social bonds with non-kin males, and form coalitions against dominant males, also 

gain higher rates of copulations with potentially fertile females (Duffy et al., 2007). Thus, 

close social bonds may form, even with non-kin, when the result is a predictable cooperation 

partner with whom cooperating increases an individuals’ reproductive success.

Sociality may have evolved as an environmental coping strategy. Affiliative and aggressive 

tendencies in rhesus macaques have been found to have genetic variation in the serotonin 

loci involved in serotonergic signaling (Brent et al., 2013). Therefore, temperaments would 

have a genetic basis in nonhuman primates as they do in humans. There is an adaptive 

significance to having genetic variations of the serotonin transporter linked polymorphic 

region. Low-expressing alleles are linked to hypervigilant tendencies that could be adaptive 

during periods of elevated competition while high-expressing alleles are linked with calmer 

temperaments and benefit from normal levels of competition (Dobson and Brent, 2013). 

Both types of temperaments would be adaptive under different social conditions and 

therefore these variants could be conserved. How friendships are formed and maintained 

between adults, however, remains unclear and will be addressed below.

Adult social bonds are likely co-opted from mother-offspring bonds—Hormonal 

mechanisms are likely to have been co-opted from mother-infant bonding into more flexible 
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bond structures, like pair bonds, adult platonic bonds and even in-group support in the face 

out-group threat (e. g., Broad et al., 2006; Rilling and Young, 2014; Crespi, 2015; Numan 

and Young, 2016). One way to further examine this hypothesis is to determine if the 

hormonal responses involved in social interactions between mothers and offspring are also 

involved in other close social relationships. Bonded individuals show a common set of 

behaviors, broadly grouped as tending to the bond partner through grooming or food 

sharing, and coming to their defense when under threat by offering agonistic support. De 

Dreu et al. (2012) used the term ‘tend-and-defend’ for behavior elicited during laboratory-

induced in-group / out-group contexts. We suggest this term is equally intrinsic to maternal 

nurturing behavior. Maternal tend-and-defend behaviors are supported by the oxytocin 

system (Rilling and Young, 2014). We examine whether tend-and-defend behaviors 

occurring in other close social relationships are supported by the oxytocin system. We also 

examine whether engaging in the same behaviors outside of close social relationships 

involves the oxytocin system, such as when grooming, food sharing, pup-guarding, 

consolation contexts, or during in-group / out-group contexts. We also discuss whether co-

opting of neuroendocrine circuitry that supports tend-and-defend behaviors is also likely to 

facilitate cooperative exchanges in general, when there are benefits to be gained from 

cooperation.

In some primate species, particularly some apes (Langergraber et al., 2007; Surbeck et al., 

2011), maternal nurturing endures years after lactation ends and likely increases offspring 

survival. In chimpanzees, for example, lactation ends at 4–5 years of age, but offspring 

orphaned aged between 1–5 years typically do not survive (Goodall, 1986; Boesch et al., 

2010; Thompson et al., 2012). Indeed reliance on mothers continues for several years 

beyond lactation and those orphaned in the first years after weaning can show considerable 

retardation in physical development (Goodall, 1986), a phenomenon less likely to occur, if 

orphans are adopted by other adults (Boesch et al., 2010).

In some primate species, offspring of the non-dispersing sex, which remain and reproduce in 

their natal group, continue to share mother-offspring bonds throughout life, such as mother-

daughter relationships in chacma baboons (Silk, 2009), and mother-son relationships in 

bonobos (Surbeck et al., 2011) and chimpanzees (Goodall, 1986). To ensure on-going 

nurturing, bonded relationships between offspring of both sexes and their mothers (Curley & 

Keverne, 2005), mechanisms for oxytocin release have likely evolved beyond current known 

triggers of oxytocin release, such as parturition and suckling. Offspring may co-opt into their 

platonic adult relationships, the requisite hormonal and socio-cognitive systems, which 

supported their bonding behavior to their mothers when they were young (Rilling and 

Young, 2014; Burkett et al., 2016). This may explain why not only adult females, with 

neuroendocrine systems adapted for infant care, but also adult males are able to maintain 

stable, platonic social bonds. Male chimpanzees (Langergraber et al., 2007) and Assamese 

macaques (Schulke et al., 2010; Kalbitz et al., 2015) both form and maintain close social 

bonds with non-kin over years. Chimpanzee females also maintain same sex non-kin 

platonic bonds over years (Langergraber et al., 2007; Langergraber et al., 2009, Crockford et 

al., 2013, Wittig et al., 2014).
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In wild chimpanzees, grooming between adult kin and non-kin bond partners, but not 

between non-bond partners has been shown to be associated with higher urinary oxytocin 

levels than resting controls, suggesting that the grooming per se is not associated with 

elevated oxytocin levels, but that the bond itself is influential (Crockford et al., 2013). This 

result corresponds with recent human studies showing that affiliative touch alone was not 

sufficient for stimulating oxytocin release (Uvnas-Moberg et al., 1993; Seltzer et al., 2010; 

2012). The results support the hypothesis that adult platonic social bonds in primates, 

whether between kin or non-kin, are associated with, and may be mediated by oxytocin. The 

next crucial step would be to repeat this result in other species.

Food sharing has been shown to be associated with significantly higher oxytocin levels than 

grooming with friends in wild chimpanzees (Wittig et al., 2014). However, unlike grooming, 

oxytocin levels were not significantly different depending on the friendship status of the 

sharing partners, although the sample size of non-friends was small. For both, grooming and 

food sharing, giving or receiving the service did not impact significantly on urinary oxytocin 

levels. Since oxytocin release is critical for bond formation in rodents (Insel et al., 1995), 

one possible explanation for these results is that while moderate release of oxytocin can 

maintain existing bonds, large releases of oxytocin may be necessary for establishing new 

bonds (Wittig et al., 2014). This hypothesis, however, remains to be tested.

Another social behavior that seems integrally linked with both oxytocin levels and 

underlying social bonds, is consolation – or affilation, offered to one experiencing a stressor 

such as a conflict. Bystanders are more likely to offer consolation when it is their close bond 

partner is experiencing a stressor rather than another individual (Clay et al. 2013). Pair-

bonded prairie voles, whose partner had received a stressor during separation, were more 

likely to have increased plasma corticosterone levels and to groom partners when they 

returned, than those who had been separated without receiving a stressor (Burkett et al., 

2016). Consolation behavior and raised corticosterone levels were not observed in a non-pair 

bonded vole species, the meadow vole (Burkett et al., 2016) under the same conditions. In 

the pair-bonded voles, exposure to a stressed cage mate was associated with activity in the 

anterior cingulate cortex. An oxytocin receptor antagonist infused in this brain area 

abolished the partner-directed response. Furthermore, immunocytochemistry and use of an 

oxytocin agonist showed the consolation display was oxytocin-mediated, principally 

activating brain receptors in the anterior cingulate cortex, the part of the brain where human 

emotional empathy is also active (Dvash & Shamay-Tsoory, 2014). The role and function of 

consoling, and the defining of consoling on a behavioral level, are relatively controversial, 

particularly in primate studies in the context of post-conflict management (Wittig and 

Boesch, 2010; de Waal and van Roosmalen, 1979; Schino, 2004). Non-invasive 

simultaneous assessment of cortisol and oxytocin concentrations is likely to provide insight 

into the underlying mechanisms of consolation and other post-conflict affiliative behavior as 

well as how these behaviors function within relationships. It seems likely that consolation 

also constitutes a ‘tend-and defend’ nurturing behavior co-opted from mother-offspring 

neuroendocrine circuitry.

In-group / out-group effects—In-group / out-group effects are ubiquitous in humans and 

are described as affiliation and trust being increased in the in-group and distrust and 

Ziegler and Crockford Page 16

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



aggression being simultaneously increased towards the out-group (Choi and Bowles, 2007; 

De Dreu, 2012). In-group / out-group effects can also be construed as being co-opted from 

mother-infant mechanisms, as while mothers must be nurturing to offspring they must 

simultaneously defend offspring against outside threats (Hahn-Holbrook et al., 2011; Crespi 

2015). Humans are apparently prone to behaving with more affiliation, generosity and trust 

towards in-group than out-group members, whether they are of the same nationality, tribe, 

school or sport team (De Dreu, 2012). The strong human tendency to form an in-group / out-

group dichotomy, even from young ages (Buttelmann et al., 2013; Engelmann et al., 2013, 

Over, 2016), can rapidly and dramatically impact on our behavior. This is the case whether 

the dichotomy is real, such as the devastating and rapid turning of one people against 

another in the Rwandan genocide, or is experimentally fabricated (Zimbardo, 1973; 

Buttelmann et al., 2013; Engelmann et al., 2013; Over, 2016).

Administered oxytocin has been shown to be a powerful mediator of the in-group / out-

group response (De Dreu, 2012; Stallen et al., 2012). However, few if any, human studies 

have measured naturally released oxytocin in in-group / out-group contexts. Although 

evolutionary causes have been speculated about (De Dreu, 2012), little empirical data on 

either administered or naturally released oxytocin in in-group / out-group contexts exists 

outside of humans (Trumble et al., 2015; Samuni et al., 2017).

One type of behavior associated with group defense is territorial behavior. Primate species 

show varying degrees of territorial behavior. Even closely related species, like within Pan, 
can show considerable variation in tolerance towards out-groups, ranging from invariably 

hostile in chimpanzees (Mitani et al., 2010) to considerable tolerance in bonobos (Itani, 

1990; Surbeck et al. 2017). The variation in this behavior likely depends on socio-ecological 

factors such as the availability of food or sexual partners and the extent of competition that 

there is over these key resources (Wrangham, 1980). This variation makes nonhuman 

primates a good model for examining the evolutionary pressures, constraints and 

mechanisms of in-group / out-group effects.

In terms of mechanisms, a recent study in wild chimpanzees showed that immediately before 

and during intergroup conflict, both males and females had significantly higher urinary 

oxytocin levels compared to controls. Also, elevated hormone levels were positively 

correlated with greater cohesion during intergroup conflicts, and not with the level of 

potential threat posed by rival groups, nor with intragroup affiliative social interactions 

(polyadic grooming). Coordinated (hunting) behavior also showed raised urinary oxytocin 

levels compared to polyadic grooming, but intergroup conflict contexts were significantly 

higher than hunting contexts. Thus, oxytocinergic system involvement when experiencing 

out-group threat is not uniquely human and potentially engenders cohesion and cooperation 

(Samuni et al., 2017). Studies during intergroup encounters on other primate species are 

likely to be highly informative in determining whether oxytocin-mediated in-group / out-

group effects occur in other territorial species.

In sum, nurturing tend-and-defend behaviors observed in social bond relationships outside of 

the mother-offspring bond involve oxytocin activity. This includes grooming between bond 

partners, cooperative behavior such as food sharing and pup-guarding, as well as in in-
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group / out-group contexts. These findings support the theory that tend-and-defend 

behaviors outside of maternal care are underpinned by similar neuroendocrinologocal 

circuitry, likely co-opted from that already in place to facilitate maternal care and mother-

offspring bonds.

Cooperation and tolerance—Another framework in which neurohormones have been 

frequently discussed is within the remit of cooperation (Soares et al., 2010). For example, 

oxytocin levels have been shown to enhance trust and generosity in humans (Kosfeld, 2005; 

Declerk, 2010; MacDonald and MacDonald, 2010; De Dreu, 2012; Arueti et al; 2013; 

Rilling and Young, 2014; Crespi, 2015; Feng et al., 2015a & b; but see also Christensen et 

al., 2014 where trust did not relate to oxytocin levels). Furthermore, cooperation is an 

inherent part of mother-offspring interactions, starting with the primary form of food 

sharing, lactation, and other maternal nurturing, protective and supportive behaviors, such as 

grooming, consoling and offspring defense. Studies on cooperation in kin and pair bonds 

indicate oxytocin involvement. In free-ranging, cooperative breeding meerkats, 

administering oxytocin increased the rate of a broad range of cooperative offspring care 

behaviors (such as pup-feeding and pup-guarding), even in non-parents (Madden et al., 

2010). Also, the cooperatively breeding common marmoset had high urinary oxytocin levels 

during cooperative behaviors towards infants including food sharing and infant licking 

(Finkenwirth et al., 2016). Few studies, however, have examined oxytocin in contexts of 

cooperation between non-kin, platonic contexts outside of humans (Soares et al., 2010). 

Recently, Samuni et al. (2017) showed high levels of urinary oxytocin during hunting and 

territorial patrolling, two contexts in which chimpanzees seem to share a common goal and 

coordinate their behavior at a group level, irrespective of kinship.

The building blocks of cooperation have been suggested as tolerance towards conspecifics, 

social recognition, assessment of the social environment, social memory and learning, 

temporal discounting, partner choice and social bonding (Soares et al., 2010). It is 

uncontroversial that primate social life routinely utilizes a similar skill set, even outside of 

mother-offspring or pair-bonded relationships. Most of these features are underpinned by 

oxytocin. Thus, oxytocin system is arguably a key facilitator of cooperation. In species in 

which the oxytocin system can be flexibly co-opted to support adult platonic close social 

relationships, as demonstrated in chimpanzees and humans, it is conceivable that 

cooperation is facilitated, even in the absence of a social bond. Such a mechanism may 

explain the emergence of group-level cooperation in chimpanzees, and more extensively in 

humans, although this idea requires further testing.

Tolerance, cooperation and the emergence of social bonds show considerable variation 

across primate species, such as in terms of when and with whom social bonds are likely to 

form (pair bonds, paternal bonds, friendships and so on). Humans alone express 

considerable within-species variance in tolerance and cooperation (Henrich, 2004; Henrich 

et al., 2004). Tolerance, for example, across relationships or across societies ranges from 

open and inclusive to highly exclusive and hostile. Cooperation levels can be context 

specific, individual or societal, ranging from highly cooperative to highly obstructive. This 

indicates that while neuroendocrinological systems are conserved, the social contexts which 

stimulate these systems seem relatively plastic across species, and also between individuals 
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within a species (Goodson, 2013). Primates living in their natural social and ecological 

environment provide a model in which cross-species comparisons of behavioral and 

hormonal interactions could reveal important insights into evolutionary pressures and 

constraints into cooperation, as well as the underlying neuroendocrine processes that 

facilitate cooperation.

Putting neuroendocrinological findings into a socio-ecological context—Social 

experience can alter brains, in part through hormonal activation patterns influencing receptor 

distributions and changing the size of different cortical and subcortical brain areas (Sallet et 

al., 2011; Rilling and Young, 2014). These changes in the brain seem related to changes in 

social behavior, resulting in individuals who are more or less nurturing (Rilling and Young, 

2014 ), more or less social or dominant (Sallet et al., 2011), and potentially also more or less 

aggressive or cooperative (Soares et al., 2010; De Dreu, 2012; Kalcher-Sommersguter et al., 

2015). Thus, to fully understand the extent that social experience can alter the brain and 

neuroendocrinological processes, comparing animals that have had exposure to limited 

social experience to those with extensive social experience seems of paramount importance. 

To consider an extreme example, take a rhesus macaque or chimpanzee who from birth has 

lived in isolation or in paired housing with one other individual. How would its brain look 

compared with the brain of a wild-living conspecific, nurtured and supported by its mother 

in the first years of life and living within the milieu of complex social relationships that 

constitute daily life for group-living primates?

Group-living requires that primates like macaques and chimpanzees learn who is likely to be 

affiliative and who aggressive to them, their place in the dominance hierarchy and how to 

rise in dominance rank. Individuals need to navigate social competition at food to ensure 

access to food, how to gain access to the best sexual partners, to avoid predators, to maintain 

close social bonds to aid own reproductive success and survival, and to nurture offspring so 

that they survive (Cheney and Seyfarth, 2008). The ecological environment most likely 

influences the social environment (Wrangham, 1980; Sterck et al., 1997). Food and mate 

competition experienced in wild groups may be crucial for providing the context for 

cooperative relationships to emerge. If food and mate competition are altered or removed in 

captivity, through food provisioning, contraception or small group sizes, cooperative 

relationships and social bonds may not occur as frequently or intensely (Kalcher-

Sommersguter et al., 2015). For example, for multi-male multi-female species living in one-

male groups in captivity, there is not the possibility to experience male-male competition, 

nor to form cooperative relationships with other males to over-power dominate individuals. 

To experience the full range of possible ecological challenges and resulting social 

relationships, both positive and negative, requires studying wild animals that live in their 

natural social and ecological environment.

Practical considerations for non-invasive field endocrinology—Non-invasive 

methods of sample collection enable the measurement of the endogenous production of 

some hormones. Glucocorticoids, androgens, estrogens and more recently, oxytocin and 

prolactin, can be measured from urine, and steroids can also be measured in feces, hair and 

saliva (Behringer and Deschner, 2017; Koran et al., 2002; Kapoor et al. 2014; see Horvat-
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Gordon (2005) for potential issues with salivary oxytocin). Behringer and Deschner (2017), 

this issue, provide an excellent review of appropriate sampling protocols for different 

hormones and substrates. Some substrates are easier to access in certain species than others, 

for example, most pair-bonded primates are small and arboreal, living in high canopies. 

Here, urine will be problematic, given the limited visibility at canopy level, and the small 

volume of urine. Also, the clearance time window from secretion of the hormone to 

excretion into the substrate in question must be taken into account when determining which 

substrate is most appropriate for a particular research question or feasible within the 

constraints of the species and their environment.

Some questions require examining broad correlations of hormone levels over extended 

periods, such as breeding periods, or social upheaval versus stability. Here, researchers 

might measure hormones in substrates that incorporate hormone concentrations over longer 

time periods, such as steroids in feces in Old World primates with an excretion window of 

upwards of 24 hours (Bahr et al., 2000; Engh et al.; 2006; Crockford et al., 2008; Wittig et 

al., 2008; Young et al., 2014; Behringer and Deschner, 2017). Questions that require single 

event sampling to capture the impact of a single social interaction, require substrates with a 

short excretion window, over minutes or hours, such as in saliva or urine (Amico et al., 1987; 

Sobolewski et al., 2012a,b; Crockford et al., 2013; Wittig et al., 2014; Wittig et al., 2016), or 

feces in some new world primates, where gut passage time can be up to 7 hours (Wheeler et 

al., 2013).

The nature of the hormone and of hormone release must also be considered, particularly in 

studies on wild populations where immediate storage may not be possible. Oxytocin, for 

example, is a nine amino acid peptide, which is secreted in pulses and has a short half-life in 

blood due to the enzymatic activity (Leng and Sabatier, 2016). Thus, a substrate with too 

short an excretion window may create problems in terms of capturing the pulsed secretion 

(Leng and Sabatier, 2016; Behringer and Deschner, 2016). Urine, however, accumulates 

hormone concentrations between urinations, due to clearance of oxytocin from the blood by 

the kidneys and little enzymatic breakdown once in the urine (Leng and Sabatier, 2016). 

Thus, using repeated sampling of urine may provide a relatively robust medium for 

capturing within-individual changes in hormonal activity across different social contexts. 

Oxytocin is stable at pH of 5 (Reyes et al., 2014). The pH of urine varies across and within 

species. In western chimpanzees, for example, 37% of urine samples are pH < 7 (pH of 5 or 

6). Urine acidity can change with diet such that after meat eating, 60% of chimpanzee urine 

samples were acidic (Leendertz et al., 2010). Oxytocin can be stabilized in urine by either 

freezing samples directly after collection or adding acid to the urine.

The central versus peripheral oxytocin debate—The uses of peripheral 

measurements of oxytocin have been critically discussed (Leng and Sabatier, 2016). It is 

central oxytocin released in the brain that promotes behavioral change. However, central 

oxytocin can only be measured invasively. Peripheral oxytocin concentrations are expected 

to reflect central oxytocin concentrations when secreted simultaneously. However, when 

coordinated release occurs is not yet clear. Neuroanatomy supports the possibility of 

coordinated release. Oxytocin is synthesized in the paraventricular nucleus and supraoptic 

nucleus within the hypothalamus. Both oxytocin and vasopressin are stored in the neural 

Ziegler and Crockford Page 20

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lobe of the pituitary for peripheral release into the blood. Additionally, oxytocin is also 

released via axons into various parts of the brain (Donaldson and Young, 2008; Knobloch et 

al., 2012). Of the few studies conducted, some show simultaneous release of central and 

peripheral oxytocin and others do not (MacDonald & Feifel 2013; Crockford et al., 2014). 

Torner et al. (2017) have shown that during exposure to a stressor, oxytocin is released both 

centrally and peripherally but via different pathways. Although more studies are required, 

discrepancies across studies may indicate that different release patterns are dependent on 

social context.

Furthermore, a number of studies have demonstrated predicted behavioral responses 

associated with elevated levels of peripheral oxytocin (reviewed in Crockford et al. 2014), 

and more recently, central release of oxytocin has been reflected in both plasma and urine 

(Francis et al., 2016). However, studies linking endogenous peripheral oxytocin to certain 

social behaviors or contexts have also produced conflicting results. It is likely that a 

substantial proportion of this confusion is due to poor or missing hormone extraction and 

validation procedures, crucial steps to ensuring reliable measurements of peripheral oxytocin 

(Leng and Sabatier, 2016). The accumulated evidence suggests that urinary oxytocin 

measures, that have been subjected to extraction and validation procedures, do reflect central 

oxytocin release, providing a noninvasive method to examine neuroendocrine underpinnings 

of social relationships in free ranging nonhuman primates. However, further studies 

examining coordinated release are required.

Future questions and directions

Environmental influences impact endocrine and neural systems and their development even 

before birth. These environmental events can also influence development and adult sociality, 

affecting fitness, health, reproduction and longevity. Environmental influences, such as 

mothering style or trauma may change an individuals’ disposition to be more or less social, 

more or less nurturing, or more or less cooperative (Rilling and Young, 2014). While the 

hardware – the neuroendocrine systems and neural pathways – seems relatively conserved 

across animals, the software – the emergent social behavior and relationships – seems 

relatively malleable, flexibly adjusting to the social environment to which an animal is 

exposed during its lifetime. The particular types of social relationships which 

neuroendocrine systems support also seem flexibly altered by natural and sexual selection 

processes, as evidenced by the social and mating system changes in closely related species 

that are supported by these conserved neuroendocrine systems.

Laboratory studies have been crucial, and will remain crucial, for understanding these 

processes. However, given the extensive environmental influences on social development, to 

fully understand how neuroendocrine systems operate on neural and physical development 

and thus impact on social behavior, examining these systems in wild animals living in their 

natural social and ecological environment is also of paramount importance. This is 

especially likely to be the case for species that live in large social groups, where captive 

housing can extensively alter their social group structure, as well as food and mate 

competition dynamics. Below, we pose several questions suitable for addressing in wild 

primate settings.
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1. What causes social bonding neuroendocrinological circuitry to support 
different types of social relationship in different species?—Laboratory and wild 

studies suggest that irrespective of the bond type the underlying neuroendocrinological 

circuitry involved is similar. Probably the most consistent and conserved across mammals is 

the mother-offspring bond, where marked preferences for own mothers and own offspring 

are apparent in many mammal species (e. g., Rilling and Young, 2014; Fleming et al., 1999). 

However, this is not the case in rodents (Numan and Young, 2016). While oxytocin 

facilitates maternal care in rodents as in other mammals, rodents rarely show a preference 

for their own offspring compared to another’s offspring (see house mice: Weidt et al., 2008; 

rats: Numan and Young, 2016). Thus, while rodent mothers show nurturing behavior, they 

do not form selective bonds with their offspring. It is possible that selective mother-offspring 

bonds for animals that produce offspring in nests or burrows, like many rodents, or in kin 

groups, like cooperative breeders, bring fewer benefits, compared to animals that produce 

offspring in large social groups with low relatedness, like sheep and Old World primates. 

While at least parts of the neuroendocrine system are conserved across mammals, primates 

seem to have greater higher order processing in cortical regions of the brain, like areas 

involved in the perception of the social bond. . Mirror neurons are one likely component of 

the higher order processing and it is hypothesized they are involved in the transmission of 

attachment (Botbol, 2010).

Whether a specific type of social bond emerges in a given species seems highly dependent 

on the social system and is likely contingent on whether benefits accrue from selective bond 

maintenance. Social bonds between adults likely arise when benefits are gained from 

sustained, predictable cooperation, such as when bi-parental care increases offspring 

survival, or when predictable rather than opportunistic coalition formation increases 

reproductive success. It seems likely that neuroendocrinological circuitry can be flexibly co-

opted to support social bonds where they provide fitness benefits through cooperation. How 

this emerges requires investigation. Further studies are called for to determine if social 

bonded relationships across species, especially among adults, are always underpinned by the 

oxytocinergic system.

2. Do hormonal systems influencing pair bonds differ from those influencing 
other types of male and female sexual relationships, such as in one-male 
units?—The hormonal systems influencing pair bonds have been extensively examined, but 

little is known about endocrinological involvement in male and female relationships within 

other mating systems. What happens for example in one-male units, or in promiscuous 

mating systems? Examining the neuroendocrinological involvement in these systems in 

different primate species could inform us about the variability seen in human mating 

patterns.

3. How fast and flexible is the synchrony between neuroendocrine systems, 
social relationships and ever-changing social contexts?—Neuroendocrine 

systems moderate long-term mating strategies that may operate over months or years, such 

as pair bonds or dominance-driven promiscuous mating systems. Male reproductive success 

in pair-bonded species is likely, in part, to depend on the synchrony and cooperation 
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expressed within the pair bond and in paternal care, supported by high prolactin and 

oxytocin and low testosterone levels (Storey and Ziegler, 2016; Trumble et al., 2015). In 

contrast, male reproductive success in dominance-driven promiscuous mating systems is 

likely dependent on testosterone-supported fighting prowess (Muller, 2017, this issue). A 

shift in mating strategy, or in associated social relationships, may precipitate hormonal 

shifts. In wild chacma baboons, for example, males rising in dominance rank maintained 

higher fecal testosterone levels than males falling in rank, but only during periods when 

dominance ranks were being contested (Beehner et al., 2006). When an alpha male falls in 

rank, his behavior can shift dramatically, showing a drop in aggression rates and a rise in 

proximity to offspring likely to be their own. In new fatherhood, testosterone concentrations 

drop, and oxytocin and prolactin levels increase, corresponding to a shift from dominance 

displays to infant nurturing behavior (van Anders, 2011; Crespi, 2015; Trumble et al., 2015). 

Thus, do reproduction strategies and maintenance of associated social relationships, which 

can persist over months or years, require relatively stable hormone profiles over time or only 

during periods of change?

While mating strategies and social relationships are ongoing, neuroendocrine systems 

simultaneously moderate short-term social contexts and social interactions that can be ever-

changing throughout the day. In hunting and intergroup contest, urinary testosterone, cortisol 

and oxytocin concentrations are simultaneously high, in both humans and chimpanzees 

(Sobolewski et al., 2012a,b; Trumble et al., 2015, Wittig et al., 2016; Samuni et al., 2017). 

Within party aggression increases urinary glucocorticoid levels (Wittig et al., 2015), and 

grooming with bond partners in chimpanzees co-occurs with high urinary oxytocin and low 

urinary glucocorticoid concentrations (Crockford et al., 2013; Wittig et al., 2016). Thus, 

studies have started to show highly dynamic and intricately coordinated interplay between 

neuroendocrine systems and behavior, which can simultaneously support long-term 

reproduction strategies and social relationships, and ever-changing social contexts and social 

interactions. How does this flexible synchrony take place, with hormones simultaneously 

supporting long-term mating strategies and social relationships as well as short-term social 

interactions?

4. What causes individual variation in how hormonal and neurohormonal 
systems interact with emotions, social cognition and social behavior?—Genes, 

maternal environment, and the wider environment, during development have all been 

demonstrated to impact on hormonal systems, and on subsequent neurocognitive 

development, as well as on gene expression (Slavich and Cole, 2013). The subsequent 

impact on adult social behavior is a current key topic in human health research, likely 

requiring intense inter-disciplinary research to unravel. How much can genetics account for 

variation across individuals? How different can mothering styles be and how profound are 

the effects on offspring? Is variation more or less extreme in humans than non-human 

mammals? If genes, the mothers’ prenatal environment, and mothering style, all impact on 

offspring’s sociality, how much can later social and environmental experience compensate? 

In parallel with laboratory studies, examining these patterns in animals that live in the social 

and ecological environment in which they have evolved and are adapted to live in, enabling 

animals to grow up in and experience a society that encompasses a full range of social 
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relationships, with all their complexity, will be critical for reaching a full understanding of 

this complex picture.

Conclusions

In summary, the use of non-invasive hormone sampling during the daily life of wild animals 

can determine neuroendocrine influence on social behavior, and the influence of social 

behavior on neuroendocrine systems. This expanding approach promises to provide further 

information on hormonal mechanisms that support different social strategies used by 

primates living in different social systems, the resulting social relationships that they form 

and maintain, as well as on the ever-changing social interactions in which they engage. 

Examining context-specific effects of neuropeptides and other interacting hormones across 

different primate social systems will likely give insights into selection pressures on variation 

in social bonds, including mothering-styles and attachment, cooperation and in-group/out-

group effects. Studies to date suggest that ‘tend-and-defend’ behavior supported by the 

oxytocin system in mammalian mothers, is also supported by the oxytocin system in other 

close social bond relationships, as well as during cooperative and territorial behavior outside 

of close social relationships. Whether flexibility in the oxytocin system has facilitated the 

evolution of group-level collective action, as seen in chimpanzees in hunting and territorial 

contexts, and in humans in these and many additional contexts, remains to be determined.

We have discussed a number of important research questions that could be addressed in a 

variety of primate species. With currently available methods and the continued development 

of new methods to measure hormones and neurochemicals non-invasively, we hope that 

many of these questions will be explored in a multitude of primate species in the future, and 

thereby provide a rich resource for understanding the processes impacting the evolution of 

sociality and variability in social relationships.

Acknowledgements

The authors would like to thank Verena Behringer, two anonymous reviewers and Special Issue editor, James 
Higham for helpful comments on the manuscript. Funding was provided by an European Union Research Council 
starting grant No. 679787, and the Max Plank Institute of Evolutionary Anthropology, Leipzig, Germany for 
Catherine Crockford, and the Wisconsin National Primate Research Center, University of Wisconsin for Toni E. 
Ziegler grant NIH P51OD011106.

References

Ainsworth M, 1982 The place of atachment: Retrospect and prospect, Basic Books, New York.

Albin-Brooks C, Nealer C, Sabihi S, Haim A, Leuner B, 2017 The influence of offspring, parity, and 
oxytocin on cognitive flexibility during the postpartum period. Horm. Behav. 89, 130–136. 
[PubMed: 28062230] 

Albuquerque AC, Sousa MBC, Santos HM and Ziegler TE, 2001 Behavioral and hormonal analysis of 
social relationship between oldest females in a wild monogamous group of common marmoset, 
Callithrix jacchus. Internat. J. Primatol. 22, 631–345.

Amico JA, Ulbrecht JS, Robinson AG, 1987 Clearance studies of oxytocin in humans using 
radioimmunoassay measurements of the hormone in plasma and urine. J Clin. Endocrinol. Metab. 
64, 340–345. [PubMed: 3793853] 

Archie EA, Tung J, Clark M, Altmann J, Alberts SC, 2014 Social affiliation matters: both same-sex 
and opposite-sex relationships predict survival in wild female baboons. Proc. Biol. Sci. 281, doi: 
10.1098/rspb.2014.

Ziegler and Crockford Page 24

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Arueti M, Perach-Barzilay N, Tsoory MM, Berger B, Getter N, & Shamay-Tsoory SG 2013 When two 
become one: the role of oxytocin in interpersonal coordination and cooperation. J. Cog. Neurosci. 
25, 1418–1427.

Atzil S, Touroutoglou A, Rudy T, Salcedo S, Feldman R, Hooker JM, Dickerson BC, Catana C, Barret 
LF, 2017 Dopamine in the medial amygdala network mediates human bonding. PNAS DOI:
10.1073/pnas.1612233114.

Bahr NI, Palme N.l., Mohle U, Hodges JK, Heistermann M, 2000 Comparative aspects of the 
metabolism and excretion of cortisol in three individual nonhuman primates. Gen. Comp. 
Endocrinol, 117, 427–438. [PubMed: 10764553] 

Bardi M, French JA, Ramirez SM, Brent L, 2004 The role of the endocrine system in baboon maternal 
behavior. Biol. Psych. 55, 724–732.

Beehner JC, Bergman TJ, Cheney DL, Seyfarth RM, Whitten PL, 2006 Testosterone predicts future 
dominance rank and mating activity among male chacma baboons. Behav. Ecol. and Sociobiol. 59, 
469–479.

Behringer & Deschner 2017 Non-invasive monitoring of physiological markers in primates. Horm. 
Behav. this issue.

Ben-Jonathan N, Hugo ER, Brandebourg TD, LaPensee CR, 2006 Focus on prolactin as a metabolic 
hormone. Trends Endocrinol. Metab. 17, 110–116. [PubMed: 16517173] 

Berghänel A, Heistermann M, Schülke O, & Ostner J, 2016 Prenatal stress effects in a wild, long-lived 
primate: predictive adaptive responses in an unpredictable environment. Proc. R. Soc. B. 283, 
20161304.

Bergman TJ, Beehner JC, Cheney DL, & Seyfarth RM, 2003 Hierarchical classification by rank and 
kinship in baboons. Science, 302, 1234–1236. [PubMed: 14615544] 

Bethlehem RA, Baron-Cohen S, van Honk J, Auyeung B, Bos PA, 2014 The oxytocin paradox. Front. 
Behav. Neurosci. DOI; 10.3389/fnbeh.2014.00048

Bielsky IF, Young LJ, 2004 Oxytocin, vasopressin, and social recognition in mammals. Peptides 25, 
1565–1574. [PubMed: 15374658] 

Boccia ML, Goursaud AP, Bachevalier J, Anderson KD, Pederson CA, 2007 Peripherally administered 
nonpeptide oxytocin antagonist, L368, 899, accumulates in the limbic brain areas: A new 
pharmacological tool for the study of social motivation in non-human primates. Horm. Behav. 52, 
344–351. [PubMed: 17583705] 

Boesch C, Crockford C, Herbinger Ilka, Wittig R, Moebius Y, Normand E, 2008 Intergroup conflicts 
among chimpanzees in Tai National Park: lethal violence and the female perspective. Am. J 
Primatol. 70, 519–532. [PubMed: 18214941] 

Boesch C, Bole C, Eckhardt N, Boesch H, 2010 Altruism in forest chimpanzees: the case of adoption. 
PLoS One, 5:e8901. [PubMed: 20111704] 

Botbol M, 2010 Towards an integrative neuroscientific and psychodynamic approach to the 
transmission of attachment. J. Physiol. Paris. 104, 263–271. [PubMed: 20816770] 

Bosch OJ, Dabrowska J, Modi ME, Johnson ZV, Keebaugh AC, Barrett CE, et al., 2016 Oxytocin in 
the nucleus accumbens shell reverses CRFR2-evoked passive stress-coping after partner loss in 
monogamous male prairie voles. Psychoneuroendo. 64, 66–78.

Bowlby J 1969 Attachment and Loss: Attachment. V. Basic Books.

Brent LJN, Heilbronner SR, Horvath JE, Gonzalez-Martinez J, Ruiz-Lambides A, Robinson AG, Pate 
Skene JH, Platt ML, 2013 Genetic origins of social networks in rhesus macaques. Sci. Rep. 3, 
1042 DOI: 10.1038/srep01042. [PubMed: 23304433] 

Brent LJ, Chang SW, Gariépy JF, & Platt ML, 2014 The neuroethology of friendship. Annals of the 
New York Academy of Sciences, 1316: 1–17. [PubMed: 24329760] 

Bridges RS, Ronsheim PM, 1990 Prolactin regulation of maternal behavior in rats: bromocriptine 
treatment delays and PRL promotes the rapid onset of behavior. Endocrinol. 126, 837–848.

Broad K, Curley J, Keverne E, 2006 Mother–infant bonding and the evolution of mammalian social 
relationships, Phil. Trans. R. Soc. Lond. B. Biol Sci, 361, 2199–2214. [PubMed: 17118933] 

Brown CA, Cardoso C, Ellenbogen MA, 2016 A meta-analytic review of the correlation between 
peripheral oxytocin and cortisol concentrations. Front Neuroendocrinol. 43, 19–27. [PubMed: 
27836673] 

Ziegler and Crockford Page 25

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Burkett JP, Andari E, Johnson ZV, Curry DC, de Waal FB, Young LJ, 2016 Oxytocin-dependent 
consolation behavior in rodents. Science 351, 375–378. [PubMed: 26798013] 

Buttelmann D, Zmyj N, Daum M, Carpenter M, 2013 Selective imitation of in‐group over out‐group 
members in 14‐month‐old infants. Child Development, 84, 422–428. [PubMed: 23006251] 

Broad KD, Curley JP, Keverne EB, 2006 Mother–infant bonding and the evolution of mammalian 
social relationships. Phil. Trans. R. Soc. Lond. B. Biol Sci. 361, 2199–2214. [PubMed: 17118933] 

Cacioppo JT, Cacioppo S, Capitanio JP, Cole SW, 2015 The neuroendocrinology of social isolation. 
Ann. Rev. Psychol. 66, 733–767. [PubMed: 25148851] 

Carter CS, 1998 Neuroendocrine perspectives on social attachment and love.Psychoneuroendocrin 23, 
779–818.

Carini LM, Nephew BC, 2013 Effects of early life social stress on endocrinology, maternal behavior, 
and lactation in rats. Horm. Behav 64, 634–641. [PubMed: 24005186] 

Carter CS, 2014 Oxytocin pathways and the evolution of human behavior. Ann. Rev. Psych. 65, 17–39.

Cavanaugh J, Huffman MC, Harnisch A<., French JA, 2016 Marmosets treated with oxytocin are more 
socially attractive to their long-term mate. Front. Behav. Neurosci. 9, 251, DOI: 10.3389/fnbeh.
2015.00251.

Champagne F, Diorio J, Sharma S, Meaney MJ, 2001 Naturally occurring variations in maternal 
behavior in the rat are associated with differences in estrogen-inducible central oxytocin receptors. 
PNAS 98, 12736–12741. [PubMed: 11606726] 

Champagne FA, Weaver IC, Diorio J, Dymov S, Szyf M, Meaney MJ, 2006 Maternal care associated 
with methylation of the estrogen receptor-alpha1b promoter and estrogen receptor-alpha 
expression in the medial preoptic area of female offspring. Endocrinol. 147, 2909–2915.

Chang SW, Brent LJ, Adams GK, Klein JT, Pearson JM, Watson KK, Platt ML, 2013 Neuroethology 
of primate social behavior. Proc. Nat. Acad. Sci. 110, 10387–10394. [PubMed: 23754410] 

Cheney DL, Seyfarth RM, 1986 Social relationships and social cognition in nonhuman primates. 
Science 234, 1361–1366. [PubMed: 3538419] 

Cheney DL, Seyfarth RM, 2008 Baboon metaphysics: the evolution of a social mind. Chicago, 
University of Chicago Press.

Christensen JC, Shaiyanov PA, Estepp JR, Schlager JJ, 2014 Lack of association between human 
plasma oxytocin and interpersonal trust in a prisoner’s dilemma paradigm. PLOS one. Doi.org/
10.1371/journal.pone.0116172.

Choi JK, Bowles S, 2007 The coevolution of parochial altruism and war. Science 318, 636–640. 
[PubMed: 17962562] 

Clay Z, de Waal FBM, 2013 Bonobos respond to distress in others: Consolation across the age 
spectrum. PLOS one. Doi.org/10.1371/journal.pone.0055206.

Coe CL, Mendoza SP, Smotherman WP, Levine S, 1978 Mother-infant attachment in the squirrel 
monkey: Adrenal response to separation. Behav. Biol. 22, 256–263. [PubMed: 415729] 

Crespi BJ, 2015 Oxytocin, testosterone, and human social cognition. Biol. Reviews, http://
doi.wiley.com/10.1111/brv.12175.

Crockford C, Wittig RM, Seyfarth RM, & Cheney DL, 2007 Baboons eavesdrop to deduce mating 
opportunities. Anim. Behav. 73, 885–890.

Crockford C, Wittig RM Whitten PL, Seyfarth RM, Cheney DL, 2008 Social stressors and coping 
mechanisms in wild female baboons (Papio hamadryas ursinus). Horm. Behav. 53, 254–265. 
[PubMed: 18076884] 

Crockford C, Wittig RM, Langergraber K, Ziegler TE, Zuberbuhler K, Deschner T, 2013 Urinary 
oxytocin and social bonding in related and unrelated wild chimpanzees. Proc. Biol. Sci. 280, 
20122765. [PubMed: 23345575] 

Crockford C, Deschner T, Ziegler TE, & Wittig RM, 2014 Endogenous peripheral oxytocin measures 
can give insight into the dynamics of social relationships: a review. DOI: 10.3389/fnbeh.
2014.00068.

Curley JP, Keverne EB, 2005 Genes, brains and mammalian social bonds. Trends Ecol. Evol. 20, 561–
567. [PubMed: 16701435] 

Ziegler and Crockford Page 26

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://Doi.org/10.1371/journal.pone.0116172
http://Doi.org/10.1371/journal.pone.0116172
http://Doi.org/10.1371/journal.pone.0055206
http://doi.wiley.com/10.1111/brv.12175
http://doi.wiley.com/10.1111/brv.12175


Dabrowska J, Hazra R, Ahern TH, Guo JD, McDonald AJ, Mascagni F, Muller JF, Young LJ, Rainnie 
DG, 2011 Neuroanatomical evidence for reciprocal regulation of the corticotrophin-releasing 
factor and oxytocin systems in the hypothalamus and the bed nucleus for the stria terminalis of the 
rat: Implications for balancing stress and affect. Psychoneuroendocrin. 36, 1312–13126.

De Dreu CKW, 2012, Oxytocin modulates cooperation within and competition between groups: An 
integrative review and research agenda. Horm. Behav. 61, 419–428. [PubMed: 22227278] 

Declerck CH, Boone C, & Kiyonari T, 2010 Oxytocin and cooperation under conditions of 
uncertainty: the modulating role of incentives and social information. Horm. Behav. 57, 368–374. 
[PubMed: 20080100] 

De Waal FB, van Roosmalen A, 1979 Reconciliation and consolation among chimpanzees. Behav. 
Ecol. Sociobiol. 5, 55–66.

Dixson AF, George L, 1982 Prolactin and parental behavior in a male new world primate. Nature 299, 
551–553. [PubMed: 6811949] 

Dobson SD, Brent LJN, 2013 On the evolution of the serotonin transporter linked polymorphic region 
(5-HTTLPR) in primates. Front. Hum. Neurosci. DOI.org/10.3389/fnhum.2013.00588.

Donaldson ZR, Young LJ, 2008 Oxytocin, vasopressin and the neurogenetics of sociality. Science 322, 
900–904. [PubMed: 18988842] 

Duffy KG, Wrangham RW, Silk JB, 2007 Male chimpanzees exchange political support for mating 
opportunities. Curr. Biol. 17, R586–R587. [PubMed: 17686425] 

Dvash J Shamay-Tsoory SG, 2014 Theory of Mind and Empathy as Multidimensional Constructs. 
Neurolog.l Found. 34, 282–295.

Egli M, Leeners B, Kruger THC, 2010 Prolactin secretion patterns: basic mechanisms and clinical 
implications for reproduction. Reprod. 140, 634–654.

Engh AL, Beehner JC, Bergman TJ, Whitten PL, Hoffmeier RR, Seyfarth RM, Cheney DL, 2006 
Behavioural and hormonal responses to predation in female chacma baboons (Papio hamadryas 
ursinus). Proc. Biol. Sci. Roy. Soc. 273, 707–712.

Engelmann JM, Over H, Herrmann E, Tomasello M, 2013 Young children care more about their 
reputation with ingroup members and potential reciprocators. Dev. Sci. 16, 952–958. [PubMed: 
24118719] 

Fahrbach SE, Morrell JL, Pfaff DW, 1985 Possible role for endogenous oxytocin in estrogen-facilitated 
maternal behavior in rats. Neuroendocrinol. 40, 526–532.

Feldman R, 2017 The neurobiology of human attachments. Trends Cogn. Sci. 21, 80–99. [PubMed: 
28041836] 

Feng C, Hackett PD, DeMarco AC, Chen X, Stair S, Haroon E, Ditzen B, Rilling JK, 2015a Oxytocin 
and vasopressin effects on the neural response to social cooperation are modulated by sex in 
humans. Brain Imaging Behav. 9, 754–764. [PubMed: 25416642] 

Feng C, Lori A, Waldman ID, Binder EB, Haroon E, Rilling JK 2015b A common oxytocin receptor 
gene (OXTR) polymorphism modulates intranasal oxytocin effects on the neural response to social 
cooperation in humans. Genes, Brain Behav. 14, 516–525. [PubMed: 26178189] 

Finkenwirth C, van Schaik C, Ziegler TE, Burkart JM, 2015 Strongly bonded family members in 
common marmosets show synchronized fluctuations in oxytocin. Physiol. Behav. 151, 246–251. 
[PubMed: 26232089] 

Finkenwirth C, Martins E, Deschner T, Burkart JM, 2016 Oxytocin is associated with infant-care 
behavior and motivation in cooperatively breeding marmoset monkeys. Horm Behav 80:10–18. 
[PubMed: 26836769] 

Fleming AS, O’Day DH, Kraemer GW, 1999 Neurobiology of mother–infant interactions: experience 
and central nervous system plasticity across development and generations. Neurosci. Biobehav. 
Rev. 23, 673–685. [PubMed: 10392659] 

Franceschini R, Venturini PL, Cataldi A, Barreca T, Ragni N, Rolandi E, 1989 Plasma beta-endorphin 
concentrations during suckling in lactating women. Br. J. Obstet. Gynaecol. 96, 711–713. 
[PubMed: 2529899] 

Francis SM, Kirkpatrick MG, de Witt H, Jacob S, 2016 Urinary and plasma oxytocin changes in 
response to MDMA or intranasal oxytocin administration. Psychoneuroendocrin. 74, 92–100.

Ziegler and Crockford Page 27

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://DOI.org/10.3389/fnhum.2013.00588


Freeman ME, Kanyicska B, Lerant A, Nagy G 2000 Prolactin: structure, function, and regulation of 
secretion. Physiol. Rev. 80, 1523–1631. [PubMed: 11015620] 

Freeman SM, Young LJ, 2016 Comparative perspectives on oxytocin and vasopressin receptor research 
in rodents and primates: Translational implications. J Neuroendocrinol. DOI:10.1111/jne.12382.

Gabor CS, Phan A, Clipperton-Allen AE, Kavaliers M, Choleris E, 2012 Interplay of oxytocin, 
vasopressin, and sex hormones in the regulation of social recognition. Behav. Neurosci. 126, 97–
109. [PubMed: 22141469] 

Garrison JL/, Macosko EZ, Bernstein S, Pokala N, Albrecht DR, Bargmann CI, 2012 Oxytocin/
vasopressin-related peptides have an ancient role in reproductive behavior. Science 338,540–543. 
[PubMed: 23112335] 

Gill-Sharma MK, 2009 Prolactin and male fertility: the long and short feedback regulation. Int. J 
Endocrinol. doi: 10.1155/2009/687259.

Gimpl G, Fahrenholz F, 2001 The oxytocin receptor system: Structure, function and regulation. 
Physiol Rev, 81, 629–683. [PubMed: 11274341] 

Goodall J, 1986 The chimpanzees of Gombe: Patterns of behavior, eBook.

Goodson JL, 2013 Deconstructing sociality, social evolution and relevant nonapeptide functions. 
Psychoneuroendo. 38, 465–478. 10.1016/j.psyneuen.2012.12.005.

Guastella AJ, Mitchell PB, Mathews F, 2008 Oxytocin enhances the encoding of positive social 
memories in humans. Biol. Psychiatry 64, 256–258. [PubMed: 18343353] 

Gur R, Tendler A, Wagner S, 2014 Long-term social recognition memory is mediated by oxytocin-
dependent synaptic plasticity in the medial amygdala. Biol. Psychiatry. 76, 377.86.

Grattan DR 2015 60 years of neuroendocrinology: The hypothalamo-prolactin axis. J. Endocrinol. 226, 
T101–122. [PubMed: 26101377] 

Gubernick DJ, Nelson RJ, 1989 Prolactin and paternal behavior in the biparental California mouse, 
Peromyscus californicus. Horm Behav. 23, 203–210. [PubMed: 2744739] 

Gunnar MR, & Hostinar CE (2015). The social buffering of the hypothalamic–pituitary–adrenocortical 
axis in humans: developmental and experiential determinants. Social neurosci. 10, 479–488.

Hahn-Holbrook J, Holt-Lunstad J, Holbrook C, Coyne SM, Lawson ET, 2011 Maternal 
Defense:,Breast feeding increases aggression by reducing stress. Psycholog. Sci, 22, 1288–1295.

Hammock EAD, 2015 Developmental perspectives on oxytocin and vasopressin. Neuropsychopharm. 
40, 24–42.

Heap RB, 1994 Paracrine and autocrine functions of the placenta: a key to the success of viviparity? 
Exp. Clin. Endocrinol. 102, 262–268. [PubMed: 7995348] 

Heim C, Ehlert U, Hellhammer DH, 2000 The potential role of hypocortisolism in the pathophysiology 
of stress-related bodily disorders. Psychoneuroendocrinol. 25, 1–35.

Heinrichs M Baumgartner T, Kirschbaum C, Ehlert U, 2003 Social support and oxytocin interact to 
suppress cortisol and subjective responses to psychosocial stress. Bio. Psych, 54, 1389–1398.

Hennessy MB, Kaiser S & Sachser N, 2009 Social buffering of the stress response: Diversity, 
mechanisms, and functions. Front. Neuroendocrin, 30, 470–482.

Henrich J, 2004 Cultural group selection, coevolutionary processes and large-scale cooperation. J. 
Econom. Behav. Organ, 53, 3–35.

Henrich J, Boyd R, Bowles S, Camerer C, Fehr E, & Gintis H, 2004 Foundations of Human Sociality-
Economic Experiments and Ethnographic: Evidence From Fifteen Small-Scale Societies. Oxford 
University Press, UK.

Herbinger I, Boesch C, Rothe H, 2001 Territory characteristics among three neighboring chimpanzee 
communities in the Taï National Park, Côte d’Ivoire. Inter. J. Primatol. 22, 143–167.

Higham JP, Barr CS, Hoffman CL, Mandalaywala TM, Parker KJ, Maestripieri D, 2011 Mu-opioid 
receptor (OPRM1) variation, oxytocin levels and maternal attachment in free-ranging rhesus 
macaques Macaca mulatta. Behav Neurosci 125, 131–136. [PubMed: 21463018] 

Hinde RA 1983 Primate social relationships. Sinauer, Sunderland, MA.

Hoekzema E, Barba-Müller E, Pozzobon C, Picado M, Lucco F, García-García D, Ballesteros A, 2016 
Nature Neurosci. 20, 287–296. [PubMed: 27991897] 

Ziegler and Crockford Page 28

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hoffman KA, Mendoza SP, Hennessy MB, Mason WA, 1995 Responses of infant titi monkeys, 
Callicebus moloch, to removal of one or both parents: evidence for paternal attachment. Devel. 
Psychobio. 28, 399–407.

House JS, Landis KR, Umberson D, 1988 Social relationships and health. Science 241, 540–545. 
[PubMed: 3399889] 

Horvat-Gordon M, Granger DA, Schwartz EB, Nelson VJ, Kivlighan KT, 2005 Oxytocin is not a valid 
biomarker when measured in saliva by immunoassay. Phys. Behav. 84, 445–448.

Hostinar CE, McQuillan MT, Mirous HJ, Grant KE, Adam EK, 2014 Cortisol responses to a group 
public speaking task for adolescents: variations by age, gender, and race. Psychoneuroendocrinol. 
50, 155–166.

Hrdy SB, 2009 Mothers and Others: The Evolutionary Orginis of Mutual Understanding. The Belknap 
Press of Harvard University Press, Cambridge, Massachusetts, London, England.

Huck M Fernandez-Duque E, Babb P, Schurr T, 2014 Correlates of genetic monogamy in socially 
monogamous mammals: insights from Azara’s owl monkeys. Proc. Royal Soc. B. Biol. Sci. 281, 
20140195.

Insel TR, Winslow JT, Wang ZX, Young L, Hulihan TJ, 1995 Oxytocin and the molecular basis of 
monogamy. Adv Exp Med Biol 295:227–234.

Insel TR, Winslow JT, Wang Z, Young LJ, 1989 Oxytocin, vasopressin, and the neuroendocrine basis 
of pair bond formation. Adv. Exp., Med. Biol. 449, 215–224.

Itani G, 1990 Relations between unit-groups of bonobos at Wamba, Zaire: encounters and temporary 
fusions. African Study Monographs, 11, 153–186.

Kalbitz J, Ostner J, Schülke O, 2015 Strong, equitable and long-term social bonds in the dispersing sex 
in Assamese macaques. Anim.Behav. 113, 13–22.

Kalcher-Sommersguter E, Preuschoft S, Franz-Schaider C, Hemelrijk CK, Crailsheim K, Massen JJ, 
2015 Early maternal loss affects social integration of chimpanzees throughout their lifetime. 
Scientific Reports 5, 16439. [PubMed: 26552576] 

Kapoor A, Lubach G, Hedman C, Ziegler TE, Coe CL, 2014 Hormones in infant hair at birth provide a 
window into the fetal environment. Ped. Res. 75, 476–481.

Kennett JE, McKee DT, 2012 Oxytocin: an emerging regulator of prolacrtin secretion in the female rat. 
J. Neuroendocrinol. 24:403–412. [PubMed: 22129099] 

Knobloch HS, Charlet A, Hoffmann LC, Eliava M, Khrulev S, Cetin AH, Grinevich V, 2012 Evoked 
axonal oxytocin release in the central amygdala attenuates fear response. Neuron 73, 553–566. 
[PubMed: 22325206] 

Koren L, Mokady O, Karaskov T, Klein J, Koren G, Geffen I, 2002 A novel method using hair for 
determining hormonal levels in wildlife. Anim. Behav. 63, 403–406.

Kosfeld M, Heinrichs M, Zak PJ, Fischbacher U, & Fehr E, 2005 Oxytocin increases trust in humans. 
Nature 435, 673–676. [PubMed: 15931222] 

Lambert KG, Berry AE, Griffins G, Amory-Meyers E, Modonia-Lomas L, Love G, Kinsley CH, 2005 
Pup exposure differentially enhances foraging ability in primiparous and nulliparous rats. 
Physiol. Behav. 85, 799–806.

Langergraber KE, Mitani JC & Vigilant L, 2007 The limited impact of kinship on cooperation in wild 
chimpanzees. Proc. Nat. Acad. Sci. 104, 7786–7790. [PubMed: 17456600] 

Langergraber K, Mitani J, Vigilant L, 2009 Kinship and social bonds in female chimpanzees (Pan 
troglodytes). Am. J. Primatol, 71, 840–851. [PubMed: 19475543] 

Leendertz SAJ, Metzger S, Skjerve E, Deschner T, Boesch C, Riedel J, Leenderta FH, 2010 A 
longitudinal study of urinary dipstickparameters in wild chimpanzees (Pan troglodytes verus) in 
Cote d’Ivorie. Am. J. Primatol. 72, 689–698. [PubMed: 20333735] 

Leng G, Sabatier N, 2016 Measuring oxytocin and vasopressin: bioassays, immunoassays and random 
numbers. J. Neuroendocrinol. 28, 2–13.

Levine S, Johnson DF, Gonzalez CA, 1985 Behavioral and hormonal responses to separation in infant 
rhesus monkeys and mothers. Behav. Neurosci. 99, 399–410. [PubMed: 3843717] 

Lockard MA, Ebert MS, Bargmann CI, 2016 Oxytocin mediated behavior in invertebrates: An 
evolutionary perspective. Devel. Neurobiol. DOI 10.1002/dneu.22466

Ziegler and Crockford Page 29

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Logan CA, Wingfield JC, 1995 Hormonal correlates of breeding status, nest construction, and parental 
care in multiple-brooded northern mocking birds, Mimus polyglottos. Horm. Behav. 29, 12–30. 
[PubMed: 7782060] 

Love OP, Chin EH, Wynne-Edwards KE, Williams TD, 2005 Stress hormones: a link between 
maternal condition and sex-biased reproductive investment. Am. Nat. 166, 751–766. [PubMed: 
16475090] 

Luque RM, Cordoba-Chacon J, Pozo-Salas AI, Porteiro B, de Lecea L, Nogueiras R, Gahete MD, 
Castano JP, 2016 Obesity and gender dependent role of endogenous somatostatin and cortistatin 
in the regulation of endocrine and metabolic momeostatsis in mice. Sci. Rep. 6, 37992. [PubMed: 
27901064] 

MacDonald K, Feifel D, 2013 Helping oxytocin deliver: considerations in the development of 
oxytocin-based therapeutics for brain disorders. Front. Neurosci. 7, 42–44. [PubMed: 23565072] 

MacDonald K, & MacDonald TM, 2010 The peptide that binds: a systematic review of oxytocin and 
its prosocial effects in humans. Harvard Rev. Psych. 18, 1–21.

Marlin BJ, Mitre M, D’Amour JA, Chao MV, Froemke RC, 2015 Oxytocin enables maternal behavior 
by balancing cortical inhibition. Nature 520, 499–504. [PubMed: 25874674] 

Madden JR, & Clutton-Brock TH, 2010 Experimental peripheral administration of oxytocin elevates a 
suite of cooperative behaviours in a wild social mammal. Proc. Royal Soc. B. Biol. Sci, 
rspb20101675.

Mandalaywala TM, Higham JP, Heistermann M, Parker KJ, Maestripieri D 2014 Physiological and 
behavioural responses to weaning conflict in free-ranging primate infants. Anim. Behav. 97, 241–
247. [PubMed: 25431499] 

Maestripieri D, 2003 Similarities in affiliation and aggression between cross-fostered rhesus macaque 
females and their biological mothers. Dev. Psychobiol. 43, 321–327. [PubMed: 15027415] 

Maestripieri D, 2010 Neurobiology of social behavior In: Platt M, Ghazanfar A(Eds.), Primate 
Neuroethology. Oxford University Press, Oxford, pp. 359–384.

Mason WA 1966 Social organization of the south american monkey, Callicebus Moloch: A preliminary 
report. Tulane Studies in Zool.13, 23–28.

Mason WA, Mendoza SP, 1998 Generic aspects of primate attachments: parents, offspring and mates. 
Psychoneuroendo, 23, 765–778.

Macdonald K, & Feifel D, 2015 Helping oxytocin deliver: considerations in the development of 
oxytocin-based therapeutics for brain disorders. Social Hormones and Human Behavior: What 
Do We Know and Where Do We Go from Here, 6, 42–44.

McCarthy MM, 1994 Estrogen modulation of oxytocin and its relation to behavior. Adv Exp. Med. 
Biol. 395, 235–245.

Mendoza SP, Mason WA, 1986 Parental division of labor and differentiation of attachments in a 
monogamous primate (Callicebus moloch) An. Behav. 35, 1336–1347.

Mitani JC, 2008 Chimpanzee behavior: there’s no place like home. Curr. Biol. 18, R166–167. 
[PubMed: 18302919] 

Mitani JC, Watts DP & Amsler SJ, 2010 Lethal intergroup aggression leads to territorial expansion in 
wild chimpanzees. Curr. Biol. 20, 507–508.

Moscovice LR, Ziegler TE, 2012 Peripheral oxytocin in female baboons relates to estrous state and 
maintenance of sexual consortships. Horm. Behav. 62, 592–597. [PubMed: 22986337] 

Mota MT, Sousa MBC, 2000 Prolactin levels of fathers and helpers related to alloparental care in 
common marmosets, Callithrix jacchus. Folia Primatol. 71, 22–26. [PubMed: 10686484] 

Muller MN, 2017 Testosterone and reproductive effort in male primates. Horm. Behav. DOI: 1016/
j.yhbeh.2016.09.01.

Murray CM, Stanton MA, Wellens KR, Santymire RM, Heintz MR, Lonsdorf EV, 2016 Maternal 
effects on offspring stress physiology in wild chimpanzees. Am. J. Primatol. DOI: 10.1002/ajp.
22525.

Numan M, Sheehan TP, 1997 Neuroanatomical circuitry for mammalian maternal behavior. Ann NY 
Acad Sci 807, 101–125. [PubMed: 9071346] 

Ziegler and Crockford Page 30

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Numan M, Young LJ, 2016 Neural mechanisms of mother–infant bonding and pair bonding: 
Similarities, differences, and broader implications. Horm. Behav. 77, 98–112. [PubMed: 
26062432] 

Onyango PO, Gesquiere LR, Wango EO, Alberts SC, Altmann J, 2008 Persistence of maternal effects 
in baboons: Mother’s dominance rank at son’s conception predicts stress hormone levels in 
subadult males. Horm. Behav. 54, 319–324. [PubMed: 18448106] 

Over H, 2016 The origins of belonging: social motivation in infants and young children. Phil. Trans. R. 
Soc. B, 371, 20150072. [PubMed: 26644591] 

Palombit RA, Seyfarth RM, Cheney DL, 1997 The adaptive value of ‘friendships’ to female baboons: 
experimental and observational evidence. Anim. Behav. 54, 599–614. [PubMed: 9299045] 

Petrullo LA, Mandalaywala TM, Parker KJ, Maestripieri D, Higham JP, 2016 Effects of early life 
adversity on cortisol/salivary alpha-amylase symmetry in free-ranging juvenile rhesus macaques. 
Horm. Behav. 86, 78–84. [PubMed: 27170429] 

Phillips-Conroy J, Jolly C, Rogers J, Ziegler TE, 2013 Serum prolactin and social behavior of kindas 
and other baboons. Amer. J. Phys. Anthro. 150, 221,

Proverbio AM, 2017 Sex differences in social cognition: The case of face processing. J. Neurosci. Res. 
95, 222–234. [PubMed: 27870403] 

Pryce CR, Dobeli M, Martin RD, 1993 Effects of sex steroids on maternal motivation in the common 
marmoset (Callithrix jacchus): development and application of an operant system with maternal 
reinforcement. J. Comp. Psychol. 107, 99–115. [PubMed: 8444024] 

Reichard U, 1995 Extra-pair copulations in a monogamous gibbon (Hylobates lar). Ethology, 100, 99–
112.

Reyes TL, Galinsky AM, Hoffman JN, You< HM, Ziegler TE, McClintock MK, 2014 Urinay oxytocin 
and vasopressin in a home field studyof older adults at risk for dehydration. J Gerontol. D. 
Psychol. Sci. Soc. Sci. 69, S229–S237.

Rilling JK Young LJ, 2014 The biology of mammalian parenting and its effect on offspring social 
development. Science 345, 771–776. [PubMed: 25124431] 

Ross HE, Young LJ, 2009 Oxytocin and the neural mechanisms regulating social cognition and 
affiliative behavior. Fron. Neuroendocrinol. 30, 534–547.

Saito A, Nakamura K, 2011 Oxytocin changes primate paternal tolerance to offspring in food transfer. 
J Comp. Physiol. A. 197, 329–337.

Saltzman W, Maestripieri D, 2011 The neuroendocrinology of primate maternal behavior. Prog. 
Neuropsychopharmacol. Biol. Psych. 35, 1192–1204.

Saltzman W, Ziegler TE, 2014 Functional significance of hormonal changes in mammalian fathers. J. 
Neuroendocrin, 26, 685–696.

Sallet J, Mars RB, Noonan MP, Andersson JL, O’reilly JX, Jbabdi S, Rushworth MFS, 2011 Social 
network size affects neural circuits in macaques. Science, 334, 697–700. [PubMed: 22053054] 

Samuni L, Preis A, Mundry Deschner T., Crockford C, & Wittig RM 2017 Oxytocin reactivity during 
intergroup conflict in wild chimpanzees. Proc Nat. Acad. Sci. 114, 268–273. [PubMed: 
28028227] 

Sanchez MM, Noble PM, Lyon CK, Plotsky PM, Davis M, Nemeroff CB, Winslow JT, 2005 
Alterations in diurnal cortisol rhythm and acoustic startle response in nonhuman primates with 
adverse rearing. Biol Psych. 57, 373–381.

Sanchez MM, McCormack KM, Howell BR, 2015 Social buffering of stress responses in nonhuman 
primates: Maternal regulation of the development of emotional regulatory brain circuits. Soc. 
Neurosci. 10, 512–526. [PubMed: 26324227] 

Schülke O, Bhagavatula J, Vigilant L, Ostner J, 2010 Social bonds enhance reproductive success in 
male macaques. Curr. Biol, 20, 2207–2210. [PubMed: 21093261] 

Schino G, Troisi A, 1992 Opiate receptor blocade in juvenile macaques: effect on affiliative 
interactions with their mothers and group companions. Brain Res, 576, 125–130. [PubMed: 
1325233] 

Schino G, Geminiani S, Rosati L, & Aureli F, 2004 Behavioral and emotional response of Japanese 
macaque (Macaca fuscata) mothers after their offspring receive an aggression. J. Comp. Psych. 
118, 340.

Ziegler and Crockford Page 31

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Seltzer LJ, Ziegler TE, Pollak SD, 2010 Social vocalizations can release oxytocin in humans. Proc. 
Biol. Sci. 277, 2661–2666. [PubMed: 20462908] 

Seltzer LJ, Prososki AR, Ziegler TE, Pollak SD, 2012 Instant messages vs. speech: hormones and why 
we still need to hear each other. Evol. Hum. Behav. 33, 42–45. [PubMed: 22337755] 

Seyfarth RM, Cheney DL, 1984 Grooming, alliances and reciprocal altruism in vervet monkeys. 
Nature 308, 541–543. [PubMed: 6709060] 

Seyfarth RM, & Cheney DL (2012). The evolutionary origins of friendship. Ann. Rev Psych. 63, 153–
177.

Shahrokh DK, Zhang TY, Meaney MJ,. 2010 Oxytocin-dopamine intereactions mediate variation in 
maternal behavior in the rat. Endocrinol. 15, 2276–2286.

Silk JB, Alberts SC & Altmann J, 2003 Social bonds of female baboons enhance infant survival. 
Science, 30, 1231–1234.

Silk JB, Beehner JC, Bergman TJ, Crockford C, Engh AL, Moscovice LR, Wittig RM, Seyfarth RM, 
Cheney DL, 2009 The benefits of social capital: close social bonds among female baboons 
enhance offspring survival. Proc. Biol. Sci. 276, 3099–3104. [PubMed: 19515668] 

Silk JB, Beehner JC, Bergman TJ, Crockford C, Engh AL, Moscovice LR, Wittig RM, Seyfarth RM, 
Cheney DL, 2010 Strong and consistent social bonds enhance the longevity of female baboons. 
Curr. Biol. 20, 1359–1361. [PubMed: 20598541] 

Slavich GM, & Cole SW, 2013 The emerging field of human social genomics. Clin. Psych. Sci. 
2167702613478594.

Smith AS, Agmo A, Birnie AK, French JA, 2010 Manipulation of the oxytocin system alters social 
behavior and attraction in pair-bonding primates, Callithrix penicillata. Horm. Behav. 57,255–
262. [PubMed: 20025881] 

Smith AS, Wang Z, 2014 Hypothalamic oxytocin mediates social buffering of the stress response. Biol. 
Psychiatry 76, 281–288. [PubMed: 24183103] 

Snowdon CT, Pieper BA, Boe CY, Cronin KA, Kurian AV, Ziegler TE, 2010 Variation in oxytocin is 
related to variation in affiliative behavior in monogamous, pairbonded tamarins. Horm. Behav. 
58, 614–618. [PubMed: 20600045] 

Snowdon CT, 2015 Nonhuman Primate Models of Family Systems. The Family Emotional System: An 
Integrative Concept for Theory, Science, and Practice, 103.

Snowdon CT, Ziegler TE, 2015 Variation in prolactin is related to variation in sexual behavior and 
contact affiliation. Plos One: 10:e0120650. [PubMed: 25799436] 

Soares MC, Bshary R, Fusani L, Goymann W, Hau M, Hirschenhauser K, Oliveira RF, 2010 Hormonal 
mechanisms of cooperative behaviour. Phil. Trans. R. Soc. Lond. B Biol. Sci, 365, 2737–2750. 
[PubMed: 20679116] 

Sobolewski ME, Brown JL, & Mitani JC, 2012a Territoriality, tolerance and testosterone in wild 
chimpanzees. Anim. Behav. 84, 1469–1474.

Sobolewski M, 2012b The Hormonal Correlates of Male Chimpanzee Social Behavior. Available at: 
http://deepblue.lib.umich.edu/handle/2027.42/96063.

Stallen M, De Dreu CK, Shalvi S, Smidts A, & Sanfey AG, 2012 The herding hormone oxytocin 
stimulates in-group conformity. Psychol. Sci, 0956797612446026.

Sterck EH, Watts DP, van Schaik CP, 1997 The evolution of female social relationships in nonhuman 
primates. Behav. Ecol. Social. 41, 291–309.

Strier KB,. 2011 Evolution and social behavior, Chapter 4, In:Primate Behavior Ecology, Fourth 
Edition, Prentice Hall, New Jersey.

Storey AE, Ziegler TE, 2016 Primate paternal care: Interactions between biology and social 
experience. Horm. Behav. 77, 260–271. [PubMed: 26253726] 

Surbeck M, Mundry R & Hohmann G, 2011 Mothers matter! Maternal support, dominance status and 
mating success in male bonobos (Pan paniscus). Proc. B Roy. Soc, 278, 590–598.

Surbeck M, Boesch C, Girard-Buttoz C, Crockford C, Hohmann G, Wittig RM, 2017 Comparison of 
male conflict behavior in chimpanzees (Pan troglodytes) and bonobos (Pan paniscus), with 
specific regard to coalition and post-conflict behavior. Am. J. Primatol,

Ziegler and Crockford Page 32

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://deepblue.lib.umich.edu/handle/2027.42/96063


Tecot SR, Singletary B, Eadie E, 2015 Why “monogamy” isn’t good enough. Am. J. Primatol. 78, 
340–354. [PubMed: 25864507] 

Thompson ME, Muller MN, & Wrangham RW, 2012 The energetics of lactation and the return to 
fecundity in wild chimpanzees. Behav. Ecol. 23, 1234–1241.

Tomizawa K, Iga N, Lu YF, Moriwai A, Matusushita M, Li ST, 2003 Oxytocin improves long-lasting 
spatial memory during motherhood through MAP kinase cascade. Nature Neuroscience 6, 384–
390. [PubMed: 12598900] 

Tops M Van Peer JM, Korf J, Wijers AA, Tucker DM, 2007 Anxiety, cortisol, and attachment predict 
plasma oxytocin. Psychophysiol 44, 444–449.

Torner L, Plotsky PM, Neumann ID, de Jong TR, 2017 Forced swimming Induced oxytocin release 
into blood and brain: Effects of adrenalectomy and corticosterone treatment. Psychoneuroendo. 
77, 165–174.

Trumble BC, Jaeggi AV, & Gurven M, 2015 Evolving the neuroendocrine physiology of human and 
primate cooperation and collective action. Phil. Trans. R. Soc. B 370, 20150014. [PubMed: 
26503687] 

Uvnas-Moberg K, Bruzelius G, Alster P, Lundeberg T, 1993 The antinociceptive effect of non-noxious 
sensory stimulation is mediated partly through oxytocinergic mechanisms. Acta Physiol. Scand. 
149, 199–204. [PubMed: 8266809] 

van Anders SM, Goldey KL, & Kuo PX, 2011 The Steroid/Peptide Theory of Social Bonds: 
Integrating testosterone and peptide responses for classifying social behavioral contexts. 
Psychoneuroendocrin. 36, 1265–1275.

van Anders SM, Tolman RM, Volling BL, 2012 Baby cries and nurturance affect testosterone in men. 
Horm. Behav. 61, 31–36. [PubMed: 22001872] 

van Leengoed E, Kerker E, Swanson HH., 1987 Inhibition of post-partum maternal behaviour in the rat 
by injecting an oxytocin antagonist into the cerebral ventricles. J Endocrinol. 112, 275–282. 
[PubMed: 3819639] 

Waldherr M, Neumann ID, 2007 Centrally released oxytocin mediates mating-induced anxiolysis in 
male rats. Proc. Natl. Acad. Sci. 104, 16681–16684. [PubMed: 17925443] 

Weidt A, Hofmann SE, König B, 2008 Not only mate choice matters: fitness consequences of social 
partner choice in female house mice. Anim. Behav. 75, 801–808.

Wheeler BC, Tiddi B, Kalbitzer U, Visalberghi E, Heistermann M, 2013 Methodological 
considerations in the analysis of fecal glucocorticoid metabolites in tufted capuchins (Cebus 
paella). Int. J. Primatol. 34, 879–898. [PubMed: 24098064] 

Winslow JT Noble PL, Lyons CK, Sterk SM, Insel TR, 2003 Rearing effects on cerebrospinal fluid 
oxytocin concentration and social buffering in rhesus monkeys. Neuropsychopharmacol. 28, 
910–918.

Wittig RM et al., 2008 Focused grooming networks and stress alleviation in wild female baboons. 
Horm. Behav. 54, 170–177. [PubMed: 18396288] 

Wittig RM & Boesch C, 2010 Receiving post-conflict affiliation from the enemy’s friend reconciles 
former opponents. PLoS One, 5,11.

Wittig RM, Crockford C, Deschner T, Langergraber KE, Ziegler TE, Zuberbuhler K 2014 Food 
sharing is linked to urinary oxytocin levels and bonding in related and unrelated wild 
chimpanzees. Proc Biol Sci B 281:20133096.

Wittig RM, Crockford C, Langergraber KE, & Zuberbühler K, 2014 Triadic social interactions operate 
across time: a field experiment with wild chimpanzees. Proc. R. Soc. B. 281, 1779: 20133155.

Wittig RM, Crockford C, Weltring A, Deschner T, Zuberbuhler K, 2015 Single aggressive interactions 
increase urinary glucocorticoid levels in wild male chimpanzees. PLOS One 10: e0118695. 
[PubMed: 25714095] 

Wittig RM, Crockford C, Weltring A, Langergraber KE, Deschner T, & Zuberbühler K 2016 Social 
support reduces stress hormone levels in wild chimpanzees across stressful events and everyday 
affiliations. Nat. Comm. 7: 13361.

Woller MJ, Sosa ME, Chiang Y, Prudom SL, Keelty P, Moore JE, Ziegler TE, 2012 Differential 
hypothalamic secretion of neurocrines in male common marmosets: parental experience effects? 
J Neuroendocrinol 24, 413–421. [PubMed: 22070606] 

Ziegler and Crockford Page 33

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wrangham RW (1980). An ecological model of female-bonded primate groups. Behav. 75, 262–300.

Young C, Majolo B, Heistermann M, Schulke O, Ostner J, 2014 Responses to social and 
environmental stress are attenuated by strong male bonds in wild macaques. Proc. Natl. Acad. 
Sci ., 111, 18195–18200. [PubMed: 25489097] 

Ziegler TE, Prudom SL, Zahed SR, Parlow AF, Wegner FH, 2009 Prolactin’s mediative role in male 
parenting in parentally experienced marmosets (Callithrix jacchus). Horm. Behav. 56, 436–443. 
[PubMed: 19664636] 

Ziegler TE, Sosa ME, 2016 Hormonal stimulation and paternal experience influence responsiveness to 
infant distress vocalizations by adult male common marmosets, Callithris jacchus. Horm. Behav. 
78, 13–19. [PubMed: 26497409] 

Zimbardo PG, 1973 On the ethics of intervention in human psychological research: With special 
reference to the Stanford prison experiment. Cognition, 2, 243–256. [PubMed: 11662069] 

Ziegler and Crockford Page 34

Horm Behav. Author manuscript; available in PMC 2019 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ziegler and Crockford Page 35

Table 1.

Future questions suitable for within and between species comparisons in wild primate settings.

Future Questions and Directions

1 What causes social bonding neuroendocrinological circuitry to support different types of social relationship in different species?

2 Do hormonal systems supporting pair bonds differ from those influencing other male and female sexual relationships, such as in one-
male units?

3 How fast and flexible is the synchrony between neuroendocrine systems, social relationships and ever-changing social contexts?

4 What causes individual variation in how hormonal and neurohormonal systems interact with emotions, social cognition and social 
behavior?
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