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Abstract

Coordination of oxytocin (OT) activity and partner interactions is important for the facilitation and 

maintenance of monogamous pair bonds. We used coppery titi monkeys (Callicebus cupreus) to 

identify the effects of male aggressive temperament on OT activity, affiliative partner-directed 

behaviors, aggressive partner-directed behaviors, anxiety-related behaviors, and hormone-behavior 

interactions. We used a mirror technique, simulating an intruder in the home territory of pairs to 

elicit behavioral responses, and quantified behaviors using an established ethogram. Plasma 

concentrations of OT were quantified using enzyme immunoassay. We used general linear mixed 

models to predict 1) percent change in OT as a function of aggression score, and 2) percent change 

in behaviors as a function of aggression, OT, and OT by aggression interactions. Males who 

display high levels of partner-directed aggression (High-aggressive) exhibited a significant drop in 

OT concentration (pg/ml) relative to control when exposed to the front of the mirror (t = −2.20, P 

= 0.04). High-aggressive males spent significantly less time in contact with their mates (t = −2.26, 

P = 0.04) and lip-smacked less (t = −2.32, P = 0.03) relative to control. We also saw a trend toward 

an interaction effect between OT and proximity such that High-aggressive males displaying a 

negative percent change in OT exhibited a smaller percent increase social proximity (t = 1.96, P = 

0.07). Males exhibiting a decrease in OT also trended towards back-arching and tail-lashing less in 

response to the mirror (t = 1.82, P = 0.09). To our knowledge, this is the first empirical study to 

examine interactions between OT and temperament in adult monogamous primates. Future studies 

should incorporate measures of pair-mate interactions and early-life experience to further 

understand variation in responses to social stressors in monogamous primates and their effects on 

pair bonding.
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Introduction

While 90% of birds are considered monogamous, fewer than 5% of mammals follow this 

reproductive strategy (De Boer, van Buel, & Ter Horst, 2012; Kleiman, 1977; Lukas & 

Clutton-Brock, 2013; Numan, 2015). Pair bonding involves preference for a familiar partner, 

distress upon separation, and the partner’s ability to buffer stress (Anzenberger, 1988; 

Fernandez-Duque, Mason, & Mendoza, 1997; Mendoza & Mason, 1986a). The socially 

monogamous prairie vole (Microtus ochrogaster) has been the model organism for 

understanding the neurobiological mechanisms underlying monogamy (Bales et al., 2017; 

Young, Gobrogge, Liu, & Wang, 2011). Prairie vole studies have demonstrated that both 

arginine-vasopressin (AVP) and oxytocin (OT) are necessary for facilitating and maintaining 

monogamy in both males and females (Cho, DeVries, Williams, & Carter, 1999; Ross et al., 

2009). Endogenous OT that is released centrally in both males (Borrow & Cameron, 2012) 

and females (Ross et al., 2009) during mating is particularly important for facilitating 

individual recognition and persistent selective attraction (Numan & Young, 2016), two 

mechanisms essential for the facilitation and maintenance of social monogamy. Although 

this rodent work has informed much of our understanding of the biological basis of 

mammalian pair-bonding, it is likely that the neural circuitry underlying primate monogamy 

differs from that of monogamous rodents, given primates’ greater dependence on visual 

stimuli and differences in OT receptor (OTR) distribution (Bales et al., 2017; Freeman et al., 

2014; Freeman & Young, 2016).

While mating and the associated dopamine release (Young et al., 2011) strengthens the 

neural circuitry underpinning monogamy, relationship quality and physiology also have 

bidirectional effects on each other which can strengthen pair bonds (Cohen & Wills, 1985). 

Men and women who report having strong, supportive relationships have higher baseline 

levels of plasma OT and show a greater increase in OT after spending time in warm, 
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emotional, and physical contact with their partners compared to unsupportive pairs (Grewen, 

Girdler, Amico, & Light, 2005). The rise in OT may exert anxiolytic effects, dampening the 

hypothalamic-pituitary-adrenal (HPA)-axis stress response in non-humans (Bakermans-

Kranenburg & Van Ijzendoorn, 2013; Gobrogge & Wang, 2015) and humans alike 

(Heinrichs, Baumgartner, Kirschbaum, & Ehlert, 2003; Kirsch et al., 2005). Central OT 

release may also selectively inhibit aggressive responses and upregulate prosocial behaviors 

towards familiar pair-mates and offspring (Olff et al., 2013). For monogamous primates such 

as titi monkeys (Callicebus spp.), affiliative behaviors such as grooming, tail-twining, 

coordinated vocalizations, and maintenance of close physical proximity all function to 

maintain pair bonds (Fernandez-Duque, Valeggia, & Mason, 2000; Mason, 1966). These 

affiliative interactions between pair-mates may impact neuropeptide levels in a way that is 

similar to hormone-behavior interactions observed in humans and act to reinforce 

monogamous pair bonds.

In conjunction with affiliative behaviors, evolved agonistic behaviors such as mate-guarding 

have been hypothesized to help maintain pair bonds in monogamous species (Fisher-Phelps 

et al., 2016). In the wild, extra-pair copulations occasionally occur in titi monkeys, and 

males have been observed restraining their mates to prevent females from mating with other 

males (Mason, 1966; Spence-Aizenberg, Di Fiore, & Fernandez-Duque, 2016; Van Belle, 

Fernandez-Duque, & Di Fiore, 2016). Based on results from live-intruder tests, males are 

more responsive to perceived same-sex competitors than females, displaying aggressive 

behaviors such as tail-lashing and back-arching (Cubicciotti & Mason, 1978; Fernandez-

Duque et al., 2000; Mendoza & Mason, 1986a). Mate-guarding could lead to additional 

partner-directed agonistic behaviors such as pair-mate restraint. Studies have demonstrated 

that low OT is correlated with increased intermale aggression in rodents (Nelson & Trainor, 

2007; Todeschin et al., 2009; Veenema, Bredewald, & Neumann, 2007; Winslow, Shapiro, 

Carter, & Insel, 1993; Winslow et al., 2000) and aggression in humans (Siever, 2008). Low 

endogenous OT may also be associated with HPA-axis activity. In marmosets (Callithrix 
jacchus), blockade of OT receptors during a social stress task results in elevated urinary 

cortisol and reduced time spent in proximity to a social partner (Cavanaugh, Carp, Rock, & 

French, 2016). Interactions between testosterone and OT have also been found to predict 

context-specific behaviors, with high testosterone and low OT predicting antagonistic 

aggression, and high OT and low testosterone predicting affiliation and intimacy (Crespi, 

2016; Van Anders, Goldey, & Kuo, 2011; Winslow & Insel, 1991). A dysregulation of 

normal OT functioning may therefore result in atypical social interactions, such as decreased 

affiliation, increased partner-directed aggression, and increased anxiety.

The physiological mechanisms (e.g. testosterone, progesterone, cortisol, DHEA, 

vasopressin, GABA, serotonin, oxytocin) underlying agonistic interspecific interactions has 

been robustly studied in non-monogamous macaque species (Macaca spp.; de Almeida, 

Cabral, & Narvaes, 2015; de Jong & Neumann, 2017). Aggression has also been studied in 

non-monogamous New World primates (Saguinus spp., Buchanan-Smith & Jordan, 1992; 

Epple, 1978; Epple, 1990; French & Inglette, 1989; French & Snowdon, 1981). Several 

studies have also measured the behavioral correlates of aggression in monogamous titi 

monkeys (Callicebus spp.; Cubicciotti & Mason, 1978; Fernandez-Duque, Valeggia & 

Mason, 2000). Fewer studies, however, have examined the physiological mechanisms 

Witczak et al. Page 3

Am J Primatol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



underlying agonistic interactions in monogamous primates. Upon exposure to an unfamiliar 

conspecific, pair-bonded titi monkeys (Callicebus spp.) exhibit an elevated heart-rate 

(Anzenberger, Mendoza & Mason, 1986; Cubicciotti & Mason, 1976; Cubicciotti, Mendoza 

& Mason, 1986), increased plasma cortisol concentrations (Maninger et al., 2017; Mendoza 

& Mason, 1986a), and increased plasma testosterone (Maninger et al., 2017). Very few 

studies have examined the interaction between OT and aggression in pair-bonding primates. 

Intranasal manipulations of OT in black-tufted marmosets (Callithrix penicillata) had no 

effect on aggressive behaviors (Smith, Ågmo, Birnie, & French, 2010). One study that 

measured OT following exposure to a perceived social threat in coppery titi monkeys 

(Callicebus cupreus) found no statistically significant correlation between plasma OT and 

jealousy (Maninger et al., 2017). Another titi monkey study found no overall change in 

plasma OT in response to a perceived intruder, but a positive correlation between plasma OT 

and specific behavioral correlates of aggression (Fisher-Phelps et al., 2016).

Macaques do not form adult pair bonds, and brain OTR distribution in rhesus macaques 

(Macaca mulatta) is highly restricted (Freeman, Inoue, Smith, Goodman, & Young, 2014). 

Monogamous coppery titi monkeys exhibit a more widespread distribution of brain OTR 

with particularly dense binding in the hippocampal formation and presubiculum (Freeman et 

al., 2014). Given the importance of OT in the facilitation and maintenance of monogamous 

bonds, it is essential to understand the interplay between excessive aggression and the 

neurobiological mechanisms that are pivotal to the formation and maintenance of monogamy 

in primates.

We used coppery titi monkeys, a socially monogamous New World monkey, to analyze the 

effects of aggressive temperament on endogenous neuropeptide concentrations and 

behavioral responses to a simulated intruder in adult males. Titi monkeys display 

quintessential aspects of social monogamy, including pair bonding (Bales et al., 2017), 

living in pairs or small family units (Fuentes, 1998), biparental care (Kinzey, Rosenberger, 

Heisler, Prowse, & Trilling, 1977; Mason, 1966), and coordination of territorial displays 

(Anzenberger, Mendoza, & Mason, 1986a; Fuentes, 1998; Robinson, Wright, & Kinzey, 

1987). We compared males who display high levels of partner-directed aggression (High-

aggressive) to those who display low levels of partner-directed aggression (Low-aggressive). 

We hypothesized that, when confronted with a social stressor, High-aggressive males would 

exhibit: 1) lower baseline levels of OT than Low-aggressive males (Nelson & Trainor, 2007; 

Siever, 2008) and 2) no rise in OT in response to a perceived intruder while in the presence 

of their partner (Fisher-Phelps et al., 2016; Fries, Ziegler, Kurian, Jacoris, & Pollak, 2005). 

With regards to changes in behavior in response to a perceived intruder, we hypothesized 

that observer ratings of aggression would be 1) negatively correlated with partner-directed 

affiliative behaviors, 2) positively correlated with acts of aggression, and 3) positively 

correlated with anxiety-related behaviors (Cavanaugh, Carp, Rock, & French, 2016). The 

results of this study will advance our understanding of the relationship between the 

endogenous OT system and aggression in a monogamous primate.
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Methods

Selection of Subjects and Housing

We used 20 pairs (N = 20 adult males from 20 separate pairs) of adult coppery titi monkeys 

housed at the California National Primate Research Center (CNPRC). All subjects were 

housed with their pair-mate and any offspring. Families were housed in either 1.2m × 1.2 m 

× 2.1 m stainless steel cages or 1.2m × 1.2m × 1.8m cages (based on where they were 

located in the facility), which included four horizontal perches extending the width of the 

cage at varying heights, an enrichment perch located beside the front door of the cage, a 

food bowl and two Lixit® water dispensers for continued access to water. Animals were fed 

twice daily with a diet of New World monkey chow, rice cereal, carrots, apples, raisins and 

bananas. Animals were kept on a 12-hour light, 12-hour dark cycle (lights on at 0600 hour 

and off at 1800 hour). Room temperatures were maintained at approximately 21°C. For 

more details regarding animal husbandry, please refer to Tardif et al. (2006) and Mendoza 

and Mason (1986a). This study complied with IACUC protocols, legal requirements of the 

United States, and the policies of the American Society of Primatologists on ethical 

treatment of primates.

In general, titi monkeys are very affiliative with their pair-mates and only show aggression 

towards unfamiliar conspecifics (Mendoza & Mason, 1986a). Within our colony, however, 

we have noted males who display levels of partner-directed aggression that are typically 

higher than those usually observed in our colony. For our study, we used several methods to 

identify these males who act aggressively towards their mates. First, we have full health 

information on all animals throughout their lifetime and were able to identify males who 

display high levels of partner-directed aggression based on records of pair fighting and 

partner-inflicted trauma. We also surveyed members of the lab who were familiar with the 

adult males in our colony, asking them to rate males’ levels of aggression. For a previous 

study conducted in 2015 (Fontaine, 2015), five lab members rated all males in our colony as 

displaying high, medium or low levels of aggression. “Low aggression” was scored as a 1 

and defined as either no aggression or only some food-related aggression during the first 

month of pairing. “Medium aggression” was scored as a 2 and was defined as persistent 

food-related aggression after the first month of pairing. “High aggression” was scored as a 3 

and defined as high frequency of food and non-food related aggression that resulted in injury 

or separation of the pair. Scores for each male were averaged and rounded to the nearest 

whole number. A total of 4 lab members rated males with 82.0% agreement on scores. The 

raters had from 3 to 7 years of experience with the titi monkey colony. These previous 

rankings were also used to identify potential subjects for the present study.

In order to further tease apart variation in aggression displayed by males in our colony, we 

developed a Likert-type scale of 0–4 for aggression for the present study. A male who is 

given a score of 0 has never shown any aggression towards his partner. A male who scores a 

1 is generally non-aggressive, showed some food aggression early in the pairing, but no 

longer displays food aggression. A score of 2 represents minor fighting unrelated to food 

that is short-lasting and has not been known to escalate to chasing or fighting. A male who 

scores a 3 shows persistent food aggression throughout the pairing that sometimes results in 
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injury. A male who scores a 4 shows persistent non-food-related aggression that escalates to 

chasing and sometimes injury. A total of 4 lab members rated males using this new scale. 

These individuals had been members of the lab for 9 months to 12 years at the time of the 

study. There was unanimous agreement for males who were given a score of 0, 3, or 4. There 

was some variability between males who were given a score of 1 or 2, and so these ratings 

were averaged across raters and rounded to the nearest whole number. Overall, there was an 

82.75% agreement on scores for males. If a rater was unsure what score to assign a male, 

he/she left the score blank and we relied on health records and notes from current daily 

interactions with the titi monkeys to determine a male’s aggression score.

Ultimately, we grouped males who were given a score of 0, 1 and 2 (N=10) into our low 

aggression (Low-aggressive) category because these behaviors tend to be more common 

occurrences and almost never lead to partner-inflicted injuries. Males who were given a 

score of 3 or 4 (N=10) were combined for our high aggression (High-aggressive) category 

because these behaviors indicate more persistent forms of aggression that are less common 

in our colony and sometimes result in partner-inflicted injuries. Very aggressive males who 

repeatedly injure their partners are separated from their partners. These males are either 

reunited with their mates and moved to a less densely populated space or paired with a new 

mate. In our colony, we had a total of two highly aggressive males who were ineligible for 

this study due to increased risk of injury during testing. At the time of testing, there were no 

significant differences between High-aggressive and Low-aggressive males with regards to 

male’s average age, weight, length of time paired with current partner, and age difference 

between pair-mates (Table 1).

Mirror Exposure and Behavioral Assessment

We used a validated mirror technique (Fisher-Phelps et al., 2016) to simulate the 

introduction of a same-sex stranger to the test subject and his pair-mate. In the wild, titi 

monkey pairs work together to defend their territories from intruders (Mason, 1966). A 

mirror serves as an ecologically relevant stimulus that allows us to assess behavioral and 

physiological responses to a perceived social stressor. Fisher-Phelps and colleagues (2016) 

found that titi monkeys reacted to the front side of the mirror in ways that indicated they did 

not recognize themselves in the mirror. Titi monkeys also reacted to their reflection similarly 

to how they would react to a live unfamiliar conspecific (Mendoza & Mason, 1986a). Titi 

monkeys did not habituate to the mirror after being tested twice per week for 5 weeks in the 

validation study (Fisher-Phelps et al., 2016).

On the day of testing, a 33 × 22 cm mirror was placed on top of a movable cart (82.6 cm in 

height) and moved in front of the subject’s homecage. The mirror was placed approximately 

16.5 cm in front of the enrichment perch so the male would see his reflection (as well as that 

of his mate). Offspring over 6 months of age were temporarily removed from the homecage 

for the duration of the mirror test (no subjects had infants ≤ 6 months of age). Titi monkey 

parents do not exhibit any behavioral or physiological changes upon separation from their 

offspring (Mendoza, 2017; Mendoza, Capitanio, & Mason, 2000; Mendoza & Mason, 

1986b); therefore, removal offspring is not expected to influence OT and behavioral 

outcomes. Each session lasted 5 minutes, with either the non-reflective back of the mirror 
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showing (control condition), or the reflective front of the mirror showing (experimental 

condition). For the present study, a total of 2 exposures (1 Experimental, 1 Control) were 

completed, with 2 weeks between each exposure from 4/29/2016 to 3/10/2017. All tests 

were conducted between 1200 and 1330 hours. We counter-balanced the order of testing and 

randomized which testing condition the subject experienced first. During each session, 

subjects were filmed, and behaviors were later scored using Behavior Tracker 1.5 

(www.behaviortracker.com) using an established ethogram (Table 2). Videos were coded by 

one observer. We used a two-step validation process. First, to achieve >95% inter-rater 

reliability, two observers scored behaviors for three separation mirror test sessions. The 

second observer was an experience graduate student who was already validated on scoring 

behaviors for the mirror study. After the observers achieved >95% agreement on all three 

sessions, the first observer then scored three new sessions three times. The observer was 

considered validated when they achieved >95% agreement three time in a row for all three 

mirror test sessions.

Blood Collection and Processing

To establish control OT levels, we conducted femoral blood draws after the control 

condition. We also conducted blood draws following exposure to the front of the mirror to 

measure changes from control. Two samples were collected from each subject using 1-cc 

syringes pretreated with heparin. Subjects underwent normal handling conditions (capture in 

a transport cage, hand captured and manually restrained), and samples were collected 5 

minutes after initial exposure to the mirror to capture rapid OT responses (Fisher-Phelps et 

al., 2016). The average time of blood collection from entrance to the cage to completion of 

blood draw was 158 ± 11 seconds (sec; mean ± standard error), and the average time 

between removing a monkey from the transport box until blood draw was 104 ± 11 sec. 

Following blood collection, samples were immediately placed on ice, centrifuged at 1,610 x 

g at 4°C, and the plasma extracted and stored at −80°C until assay.

We analyzed OT concentrations (pg/ml) using enzyme immunoassay (Enzo Life Sciences, 

Farmingdale, NY) with samples diluted at 1:8. Chemical validation of parallelism and 

quantitative recovery was reported previously (Bales, Kramer, Hostetler, Capitanio, & 

Mendoza, 2005). Since that time, we have used this assay in a number of studies in titi 

monkeys, which have provided biological validation for this species. This includes a rise in 

OT during social distress (Hinde et al., 2016), a biological response which has also been 

found in prairie voles (Grippo et al., 2007) and humans (Taylor, Saphire-Bernstein, & 

Seeman, 2010). In addition, we found higher levels of OT in response to serotonin 1a 

receptor agonism (Larke, Maninger, Ragen, Mendoza, & Bales, 2016), as has previously 

been found in rodents (Jorgensen, Riis, Knigge, Kjaer, & Warberg, 2003; Osei-Owusu, 

James, Crane, & Scrogin, 2005).

There is significant controversy over processing of samples for OT enzyme immunoassay, 

principally whether to extract the samples or not (McCullough, Churchland, & Mendez, 

2013). Levels in unextracted samples are significantly higher and more variable than levels 

in extracted samples, and it is possible that this difference is due to OT fragments or other 

processing of the molecule, which may or may not be biologically active. However, when 
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OT was measured by a novel but robust nano-liquid chromatography-mass spectrometry 

platform, the levels were “startlingly high” and in the range of unextracted, not extracted 

samples (Brandtzaeg et al., 2016). These authors suggest that extraction of samples results in 

the discard of all but a small amount of free OT that is not bound to plasma proteins. For this 

study and our other studies, we have therefore elected to continue to use unextracted 

samples, but acknowledge the significant disagreement over this topic in the literature.

Inter-assay c.v. was 10.8% and intra-assay c.v. was 2.34 ± 0.27%. Sensitivity of the assay is 

15 pg/ml with a range of 15.6 −1000 pg/ml.

Data Analysis

We were interested in understanding how male temperament affects males’ physiological 

and behavioral responses to a perceived intruder. To focus on males’ response to the mirror, 

all dependent variables were converted to percent change from the control condition to the 

experimental condition within each individual. This percent change value allowed us to 

compare the amount and directionality of change for each dependent variable for High-

aggressive and Low-aggressive males. All analyses were completed using the percent 

change value for all dependent variables (for a summary of mean values for dependent 

variables in the raw metric, see Supplementary Table 1). For all percent change variables, we 

performed a Shapiro-Wilk test of normality and examined skewness and kurtosis (Royston, 

1983). Variables that were non-normally distributed were transformed as necessary.

Physiological responses to mirror exposure.—Using the lme4 package (Bates, 

Maechler, Bolker, & Walker, 2015) in R Statistical Software (version 3.2.2, R Core 

Development Team, 2015), we used general linear mixed models (LMM) to model percent 

change in OT concentration from the control to the mirror condition as a function of 

aggression category (fixed effect) and whether males saw the front of the mirror first or 

second (random, repeated measures, factor). Based on the findings from Fisher-Phelps et al. 

(2016), we did not expect the order in which the mirror was presented to the subject to 

significantly predict behavior.

Behavioral responses to mirror exposure.—We also used LMM to model percent 

change in each behavioral measure from the control to the mirror condition. Given the 

interrelatedness of physiology and behavior (Cohen & Wills, 1985), models examining 

percent change in behavioral responses to the mirror relative to control included percent 

change in OT as a fixed effect. Full models included the fixed effect of aggression category 

(Low-aggressive or High-aggressive), percent change in OT (fixed effect), percent change in 

OT by aggression category interaction (fixed effect), and whether males saw the front of the 

mirror first or second (random, repeated measures, factor). Out of the 10 behaviors measured 

in our ethogram (Table 2), 3 behaviors occurred too infrequently for analysis (percent 

change in tail-twining, mounting, and aggression). Therefore, we constructed a total of 7 

LMM to analyze the effect of male aggression, percent change in OT, and their interaction 

on behavioral outcomes.

For all 8 models (1 for percent change in OT, 7 for percent change in behavior), we used 

backwards selection, removing non-significant fixed effects, to determine the most 
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parsimonious model for each outcome measure (Bentler & Mooijaart, 1989). When 

determining the model of best fit, we conducted a loglikelihood ratio test to compare the fit 

of the full model to that of the more parsimonious models (Vuong, 1989). Because we have 

a relatively small sample size (N = 20), we also relied on Akaike information criterion (AIC) 

comparison to determine which model to compare to the null model (Akaike, 1974; West, 

Taylor, & Wu, 2012). This comparison was used to determine whether removal of the 

aggression by percent change in OT interaction effect and the main effect of percent change 

in OT improved model fit. If the model was significantly improved by removing the 

interaction effect and the main effect of percent change in OT, then we removed those 

predictors from our final model. We chose to include aggression score in our final model, 

even if it did not significantly predict behavior, because this is a key component of our a 
priori model constructed based on prior knowledge of the biological mechanisms underlying 

physiological and behavioral responses in other species (Burnham & Anderson, 2002; 

Guthery, Brennan, Peterson, & Lusk, 2005).

When aggression score did significantly predict a behavior, we also conducted a 

loglikelihood ratio test to compare the fit of the full model to that of a null model where we 

removed aggression score as a predictor of percent change in behavior from control to 

mirror condition (Vuong, 1989). Because we had strong a priori hypotheses regarding 

relations between outcome measures and our predictors, we did not use post-hoc corrections 

for multiple comparisons. All tests were two-tailed and the significance threshold was set at .

05.

Results

Physiological responses to mirror exposure

For males in the Low-aggressive category, when exposed to the front of the mirror, OT 

concentrations increased 11 ± 9% (mean ± standard error) relative to the control condition. 

OT concentrations dropped 10 ± 5% for High-aggressive males (Figure 1). The percent 

change OT concentration from the control to the mirror condition was normally distributed 

(W = 0.98, P = 0.93); therefore, no transformations were necessary. Aggression category did 

significantly predict percent change in OT response to the mirror (Table 3A; LMM: β = 

−0.22, SE = 0.10, t = −2.20, P = 0.04), indicating that being a High-aggressive male 

significantly predicted a decrease in OT concentration relative to control. Our model that 

included aggression score as a predictor fit significantly better than the null model based on 

a loglikelihood ratio test (Supplementary Table 2A; X2 = 3.98, df = 1, P = 0.05).

Behavioral responses to mirror exposure

Affiliative partner-directed responses to the mirror.—Percent change in time spent 

in social contact, frequency of lip-smacking, and time spent in social proximity were used to 

measure change in amount in time spent in affiliative contact with the subject’s pair-mate 

from the control to the mirror condition. Males in the Low-aggressive category increased 

time spent in social contact with their mate by 550 ± 30% relative to the control condition. 

Conversely, High-aggressive males only spent 30 ± 40% more time in contact with their 

mates in the mirror condition relative to control (Figure 2). Percent change in social contact 
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was positively skewed (skewness = 2.23 ± 2.18, P < 0.001); therefore, a log transformation 

was used to achieve normal distribution for percent change in social contact (W = 0.93, P = 

0.13). There was a significant main effect of aggression on percent change in social contact 

(Table 3B; LMM: β = −1.35, SE = 0.60, t = −2.26, P = 0.04), indicating that High-

aggressive subjects displayed a smaller percent change in time in contact with their partner 

compared to Low-aggressive males. The best fitting model included both the main effect of 

percent change in OT and aggression score (Supplementary Table 2B). A loglikelihood ratio 

test suggested this model fit better than the null model (Supplementary Table 2C; X2 = 5.89, 

df = 2, P = 0.05).

An examination of percent change in lip-smacking in the mirror condition relative to the 

control condition revealed that Low-aggressive males increased lip-smacking 396 ± 120% 

while High-aggressive males increased lip-smacking 233 ± 117% (Figure 2). Percent change 

in lip-smacking was positively skewed (skewness = 1.51 ± 1.47, P < 0.01) but normally 

distributed following a log transformation (W = 0.97, P = 0.72). There was a significant 

main effect of aggression (Table 3C; LMM: β = −1.02, SE = 0.44, t = −2.32, P= 0.03), 

demonstrating, compared to Low-aggressive males, High-aggressive males increased lip-

smacking significantly less than Low-aggressive males in the mirror condition relative to the 

control condition. As with contact, the model including the main effect of percent change in 

OT and aggression fit better than our more parsimonious model based on a loglikelihood 

ratio test (Supplementary Table 2D). A loglikelihood ratio test suggested this model was 

trending towards a better fit than the null model (Supplementary Table 2E; X2 = 5.70, df = 

2, P = 0.06).

Low-aggressive males spent 385 ± 305% while High-aggressive males spent 186 ± 74% 

more time in proximity to their mates relative to the control condition (Figure 2). Percent 

change in social proximity in the mirror condition relative to control was not normally 

distributed (W = 0.81, P = 0.001); therefore, we used a log transformation on this outcome 

variable (W = 0.94, P = 0.20). There was a non-significant trend towards an interaction 

between change in OT relative to the control condition and male aggression score (Figure 3; 

Table 3D; LMM: β = 6.80, SE = 3.48, t = 1.96, P = 0.07). This finding indicates that High-

aggressive subjects trended towards spending less time in close proximity to their partner 

when their percent change in OT concentration from the control to experimental condition 

was negative. The full model with the interaction effect fit slightly better than the more 

parsimonious models that did not include the interaction effect, based on a comparison of 

AIC and a loglikelihood ratio test (Supplementary Table 2F). This model did not fit better 

than the null model based a log likelihood ratio test (Supplementary Table 2G; X2 = 3.90, df 

= 3, P = 0.27).

Percent change in time spent tail-twining and frequency of mounting were also measures of 

affiliation; however, these behaviors occurred too infrequently for analysis. In the control 

condition, one Low-aggressive male spent 3 seconds tail-twining with his mate and one 

High-aggressive male spent 23 seconds tail-twining; however, neither male tail-twined when 

exposed to the front of the mirror. Another Low-aggressive male did not tail-twine with his 

mate during the control condition but spent 84 seconds tail-twining in the experimental 

condition. In the control condition, one High-aggressive male mounted his mate, but he did 
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not mount her when exposed to the front of the mirror. No other males mounted their mates 

during testing.

Agonistic partner-directed responses to the mirror.—Percent change in frequency 

of pair-mate restraint, back-arching and tail-lashing displays (arching/lashing), and bouts of 

partner-directed aggression (e.g. biting, grabbing, hitting) were measures of the amount of 

change in agonistic partner-directed responses to the mirror relative to the control condition. 

Low-aggressive males restrained their pair-mates 160 ± 80% more relative to the control 

condition, while High-aggressive males showed an 82 ± 53% increase in pair-mate restraint 

relative to control (Figure 4). Restraining behavior was positively skewed (skewness = 1.71 

± 1.68, P < 0.001) so we conducted a log transformation to achieve normality (W = 0.94, P = 

0.27). Based on an AIC comparison and a loglikelihood ratio test, including the main effect 

of percent change in OT and the interaction between percent change in OT and aggression 

score did not improve model fit (Supplementary Table 2H); therefore, our final model only 

included aggression score as a fixed effect and the order in which a subject was exposed to 

the mirror and control condition as a random effect. Aggression did not significantly predict 

percent change in restraining from control (Table 3E; LMM: β = −0.38, SE = 0.37, t = 

−1.03, P = 0.32).

Arching/lashing behaviors increased 421 ± 152% for Low-aggressive males and 219 ± 82% 

for High-aggressive males (Figure 4). Based on a Shapiro-Wilk test of normality, arching/

lashing was non-normally distributed (W = 0.85, P = 0.006); however, arching/lashing was 

normally distributed following a log transformation (W = 0.97, P = 0.83). The interaction 

between OT and aggression score was trending towards significantly predicting changes in 

arching/lashing in response to the mirror relative to control (Figure 5; Table 3F; LMM: β = 

4.53, SE = 2.5, t = 1.82, P = 0.09). High-aggressive males with a negative percent change in 

OT from control trended towards exhibiting less back-arching and tail-lashing displays when 

exposed to the front of the mirror. The full model showed significantly improved fit 

compared to the more parsimonious models that did not include the interaction term or the 

main effect of OT (Supplementary Table 2I). The full model did not fit significantly better 

than the null model, though, based on a loglikelihood ratio test (Supplementary Table 2J; X2 

= 4.82, df = 3, P = 0.19).

Acts of aggression occurred too infrequently for analysis, and only occurred in the 

experimental condition. One High-aggressive male displayed aggression towards his partner 

twice. One High-aggressive and one Low-aggressive male each displayed one act of partner-

directed aggression in response to exposure to the front of the mirror. None of these 

instances of aggression lead to injury. No other males exhibited acts of aggression during 

testing.

Anxiety-related responses to the mirror.—Percent change in the amount of time a 

male spent moving during the mirror test represented a measure of anxiety-like behaviors in 

response to a perceived social stressor (Capitanio, Mason, Mendoza, Del Rosso, & Roberts, 

2006; Ragen, Freeman, Laredo, Mendoza, & Bales, 2015). Percent change in number of 

times a male broke affiliative contact with his mate during the test also measured anxiety-

like behavior (Amaral, 2002; Barros, Major, Huston, & Tomaz, 2008; Steimer, 2002). Low-
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aggressive males increased time spent moving during the mirror condition relative to the 

control condition 178 ± 61%, whereas High-aggressive males displayed a 66 ± 22% increase 

in locomotion duration (Figure 6). Percent change in movement relative to the control 

condition was very slightly non-normally distributed, based on the Shapiro-Wilk test of 

normality (W = 0.90, P = 0.04); however, there was no significant skew (skewness = 0.67 

± 0.66, P > 0.05) or kurtosis (kurtosis = −0.82 ± −0.42, P > 0.05). Therefore, we decided not 

to transform this outcome variable. While there was no significant main effect of OT or 

interaction effect of aggression and OT (Supplementary Table 2K), there was a non-

significant trend towards locomotion being predicted by aggressive temperament (Table 3G; 

LMM: β = −1.12, SE = 0.65, t = −1.72, P = 0.10). High-aggressive males trended towards a 

lower percent increase in moving around the homecage compared to Low-aggressive males 

when exposed to the front of the mirror relative to control. A loglikelihood ratio test suggest 

a non-significant trend towards better fit for the full model compared to the null model 

(Supplementary Table 2L; X2 = 3.05, df = 1, P = 0.08).

Males in the Low-aggressive group increased the number of times they broke affiliative 

contact with their mate relative to the control condition by 53 ± 36% while High-aggressive 

males increased leaving their mates 61 ± 35% more relative to the control condition when 

exposed to the front of the mirror (Figure 6). The measure for percent change in males 

breaking affiliative contact with their mate relative to the control condition was non-

normally distributed (W = 0.87, P = 0.01); however, there was no significant skewness 

(skewness = 0.77 ± 0.75, P > 0.05) or kurtosis (kurtosis = −0.69 ± −0.35, p > 0.05). A log 

transformation did not result in normal distribution (W = 0.92, P = 0.09); therefore, we 

decided to not transform this variable. Neither the interaction between percent change in OT 

and aggression, nor the main effect of percent change in OT relative to control predicted 

males breaking affiliative contact with their mate (Supplementary Table 2M); therefore, 

these fixed effects were removed from the final model. Aggression was also not a significant 

predictor of percent change in males breaking affiliative contact with pair-mates relative to 

the control condition (LMM: β = 0.08, SE = 0.50, t = 0.15, P = 0.88).

Discussion

We used captive coppery titi monkeys to explore the effects of male aggressive temperament 

on physiological and behavior responses to a perceived social stressor (a mirror). Based on 

human (Fries et al., 2005), rodent (Veenema, 2012), and primate research with non-

monogamous species such as macaques (de Jong & Neumann, 2017; Veenema, 2009), we 

expected control levels of OT to be lower in High-aggressive males. OT also acts as an 

anxiolytic and rises in response to social threat (Bakermans-Kranenburg & Van Ijzendoorn, 

2013; Gobrogge & Wang, 2015); however, aggression is typically negatively correlated with 

OT response to stressors (Veenema et al., 2007; Winslow et al., 1993; Winslow et al., 2000). 

Given the degree of conservation of OT and OTR across species (Gimpl & Fahrenholz, 

2001), we hypothesized that OT concentrations would rise in response to social stress in 

Low-aggressive males, whereas High-aggressive monogamous male primates would not 

exhibit the typical anxiolytic rise in OT concentration relative to control when exposed to the 

front of the mirror. We did find that OT concentrations rose for Low-aggressive males and 
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decreased relative to the control condition for High-aggressive males, and this difference 

was statistically significant.

These differences in physiological responses to the mirror may be explained in part by the 

observed differences in partner interactions during the test. In the present study, we 

hypothesized that High-aggressive males would exhibit lower levels of partner-directed 

affiliative behaviors relative to control when exposed to the front of the mirror. Low-

aggressive males spent significantly more time in contact with their mates in response to the 

mirror and lip-smacked more than High-aggressive males in the mirror condition relative to 

the control condition. These findings suggest that High-aggressive males, which displayed a 

decrease in endogenous OT release in response to a perceived social stressor, spend 

significantly less time in affiliation with their partners in a challenging social context.

Pair-mates can act as buffers for stressors, and bidirectionally influence changes in 

neuroendocrine concentrations and behavior (Cohen & Wills, 1985; Heinrichs et al., 2003). 

In humans, everyday interactions between men and women in long-term relationships 

influence their positive and negative behaviors towards each other (Gable, Reis, & Downey, 

2003). Variation in amount of time spent in affiliative contact with partners also impacts 

hormone concentrations in humans (Grewen et al., 2005). Differences in relationship quality 

and levels of attachment anxiety can also differentially impact couples’ physiology and 

behavior (Diamond, Hicks, & Otter-Henderson, 2008).

Grewen and colleagues (2005) found that both men and women who report having strong, 

supportive relationships had higher control levels of OT and showed a greater increase in OT 

after spending time in warm, emotional, and physical contact with their partners compared 

to pairs who did not report high levels of support. Our observed differences in percent 

change in time spent in social contact for Low-aggressive and High-aggressive males may 

have been driven by differences in pair-mate interactions initiated by females. If the 

neurobiological mechanisms underlying responses to warmth and physical contact in titi 

monkeys are similar to those observed in humans (Grewen et al., 2005), then this increase in 

time spent in contact with pair-mates may have driven the observed rise in OT 

concentrations in Low-aggressive males in response to the mirror.

While we only observed one instance of mating during testing, mating induces endogenous 

OT release (Borrow & Cameron, 2012; Ross et al., 2009; Waldherr & Neumann, 2007). 

Other affiliative behaviors like tail-twining and sitting in warm physical contact may have 

similar anti-anxiety effects which may be related increased in OT concentrations in Low-

aggressive males upon exposure to a perceived intruder (Walker, Trotter, Swaney, Marshall, 

& Mcglone, 2017). Hormone-behavior interactions are highly bidirectional (Cohen & Wills, 

1985); therefore, it is likely that affiliative behaviors and OT responses exert a synergistic 

effect on each other.

We hypothesized that High-aggressive males would display more agonistic partner-directed 

responses when exposed to the front of the mirror. Temperament did not significantly predict 

changes in frequency of displays of pair-mate restraint from control. For displays of back-

arching and tail-lashing, there was a non-significant trend towards an interaction effect 
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between aggression and percent change in OT concentration from control such that High-

aggressive males with a greater decrease OT concentration relative to the control condition 

displayed a greater decrease in arching/lashing. While this non-significant trend describes 

the interaction effect for the entire group of males, it is important to note that there was 

variability in percent change in OT. Seven High-aggressive males showed a negative percent 

change in OT in response to the mirror, while three High-aggressive males showed a positive 

percent change in OT in response to a perceived intruder. Conversely, four Low-aggressive 

males exhibited a negative percent change in OT in response to the mirror, while six Low-

aggressive males exhibited a positive percent change in OT in response to the mirror. The 

non-significant trend towards an interaction between percent change in OT and aggression 

score may be driven by the seven High-aggressive males displaying a decrease in OT in 

response to a perceived social threat.

Back-arching and tail-lashing are two of the coordinated activities titi monkeys display to 

guard territories and visually demonstrate their pair bond (Anzenberger et al., 1986; Fuentes, 

1998; Robinson et al., 1987). Low-aggressive males increased back-arching and tail-lashing 

displays slightly more than High-aggressive males when faced with a perceived intruder in 

their homecage. High-aggressive males exhibited a non-significant trend towards showing a 

smaller percent change in arching/lashing when they exhibited an endogenous decrease in 

OT in response to the social threat. Conversely, Low-aggressive males exhibited a non-

significant trend towards a smaller percent change in arching/lashing when they exhibited a 

positive percent change in OT in response to the mirror. These trends were likely non-

significant due to variability in percent change in OT in response to the mirror. As 

previously mentioned, seven High-aggressive males and four Low-aggressive males 

exhibited a negative percent change in OT in response to the mirror.

A rise in OT may underlie coordinated displays between pair bonded primates. During 

testing, when one partner started back-arching and tail-lashing, the other would join in the 

display. This behavior may therefore reflect greater coordination between partners, rather 

than greater agonistic partner-directed behaviors.

Of the four instances of aggression (e.g. biting, hitting, grabbing) observed during the mirror 

test, three were from High-aggressive males, and one was from a Low-aggressive male. To 

display other agonistic partner-directed behaviors such as pair-mate restraint, females must 

let their partners sit close enough to grab them. As demonstrated by our measures of 

affiliative interactions, High-aggressive males spent significantly less time in contact with 

their mates; therefore, they had fewer chances to display aggressive partner-directed 

behaviors during this test. During testing, we observed females actively avoiding High-

aggressive males. While our current ethogram does not measure this exchange of male 

approach and female avoid, this would be an interesting dyadic interaction to model to better 

elucidate females’ responses to their aggressive partners.

Our fourth hypothesis was that, compared to Low-aggressive males, High-aggressive males 

would display more anxiety-related responses to a perceived social stressor, measured by 

locomotion (Capitanio et al., 2006; Ragen et al., 2015) and breaking affiliative contact with a 

pair-mate (Amaral, 2002; Barros et al., 2008; Steimer, 2002). We found no statistically 
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significant differences between Low-aggressive and High-aggressive males in the percent 

change in breaking affiliative contact with pair-mates relative to the control condition. High-

aggressive males displayed a slightly smaller percent increase in time moving around their 

homecage relative to the control condition compared to Low-aggressive males, but this 

difference was not statistically significant.

Locomotion, particularly pacing, is a behavioral correlate for anxiety in non-human primates 

(Capitanio et al., 2006; Ragen et al., 2015). Differences in increases in time spent 

locomoting during the mirror test may further explain the trends in affiliative and aggressive 

partner-directed behaviors observed in our study. In humans, OT mediates fear and stress in 

response to social stimuli (Heinrichs et al., 2003; Kirsch et al., 2005). In a monogamous 

primate species like titi monkeys, if a male were displaying anxiety-like behaviors, then 

female pair-mates may have begun initiating greater amounts of affiliative behaviors, such as 

social contact, to reinforce their pair bond (Fernandez-Duque et al., 2000; Mason, 1966). 

During this test, when one partner was pacing, we often observed their pair-mate approach 

and lip-smack. Affiliative behaviors may buffer partners from stressors (Kikusui, Winslow, 

& Mori, 2006) and may be initiated more in times of social stress. To test this theory, we 

would need to identify which partner initiated social contact and whether contact was 

initiated more frequently following bouts of pacing.

The dysregulation of the OT system detected in our High-aggressive males may be related to 

the observed alterations in a suite of behaviors (e.g. anxiety-like behaviors, affiliative 

interactions, aggressive partner-directed responses) in response to a social stressor; however, 

from this experiment it is not possible to infer causality. Aggressive human adolescents 

exhibit a blunted OT and cortisol response in response to social stressors (Fragkaki, Cima, & 

Granic, 2018). These findings suggest that aggressive adolescents may not perceive a 

stressful situation as such and therefore may not exhibit the expected rise in OT in response 

to stress. In response to a perceived social stressor, our High-aggressive males increased 

pacing less than Low-aggressive males and exhibited a decrease in endogenous OT release, 

suggesting these males may similarly have exhibited a lowered stress response compared to 

Low-aggressive males. Future studies should measure cortisol levels as well as OT levels to 

examine the interactions between HPA-axis activity and the endogenous OT system. Given 

the opposing effects of OT and testosterone on aggression (Crespi, 2016; Van Anders et al., 

2011; Winslow & Insel, 1991), future studies should also measure testosterone levels to 

further understand the physiological mechanisms underlying partner-directed aggression in 

monogamous primates.

Conclusions.

This mirror technique serves as a valuable tool for examining individual differences in 

response to social stressors in adult titi monkeys. All subjects demonstrated a robust 

response to the mirror, exhibiting increases in behaviors relative to control conditions 

ranging from a 30% (male increasing time in contact with partner) to a 550% (contact) 

increase. Low-aggressive males exhibited a rise in OT in response to social threat, whereas 

circulating levels of OT decreased for High-aggressive males when exposed to the front of 

the mirror. Males which display abnormally high levels of partner-directed aggression spent 
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less time in affiliative contact with their mates and lip-smacked less relative to control when 

exposed to the front of the mirror. We also saw non-significant trend toward decreases in 

time spent in social proximity and frequency of arching/lashing bouts for High-aggressive 

males as their change in OT concentration from control decreased. To our knowledge, this is 

the first empirical study to demonstrate differences in behavioral and physiological 

responses to a social stressor in adult monogamous primates based on variations in 

aggressive temperament. Future studies should incorporate measures of dyadic physiological 

and behavioral interactions between partners as well as measures of early-life experience to 

further understand differences in responses to social stressors in monogamous primates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Percent change in endogenous OT release in response to the front of the mirror 

(experimental condition) relative to responses to the back of the mirror (control condition). 

Comparisons were made between males who show high levels of partner-directed aggression 

(High-aggressive; N = 10) and males who display low levels of aggression (Low-aggressive; 

N = 10). Percent change in OT concentration was significantly lower for High-aggressive 

males (LMM: β = −0.22, SE = 0.10, t = −2.20, P = 0.04). Error bars represent standard error 

of the mean.

* indicates a significant (P < 0.05) main effect of aggression
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Figure 2. 
Percent change in affiliative partner-directed behaviors in response to the front of the mirror 

(experimental condition) relative to responses to the back of the mirror (control condition). 

Comparisons were made between males who show high levels of partner-directed aggression 

(High-aggressive; N = 10) and males who display low levels of aggression (Low-aggressive; 

N = 10). High-aggressive males show a smaller percent increase in contact with partners (t = 

−2.26, P = 0.04) and a smaller percent increase in lip-smacking (t = - 2.32, P = 0.03) when 

exposed to the front of the mirror. Percent change in time spent in social proximity bouts of 

lip-smacking did not significantly differ between High-aggressive and Low-aggressive 

males. Percent change in time spent in social proximity was trending towards being lower 

for High-aggressive males when percent change in OT concentration from control was 

negative (t = 1.96, P = 0.07). Error bars represent standard error of the mean.

# indicates a trend (P ≤ 0.10) in interaction effect between percent change in OT and 

aggression

* indicates a significant (P < 0.05) main effect of aggression
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Figure 3. 
Percent change in time spent in social proximity to the pair-mate in response to the front of 

the mirror (experimental condition) relative to responses to the back of the mirror (control 

condition). Comparisons were made between males who show high levels of partner-

directed aggression (High-aggressive; N = 10) and males who display low levels of 

aggression (Low-aggressive; N = 10). Percent change in time spent in social proximity was 

trending towards being smaller for High-aggressive males when percent change in OT 

concentration (pg/ml) from control was negative (t = 1.96, P = 0.07).
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Figure 4. 
Percent change in aggressive partner-directed behaviors in response to the front of the mirror 

(experimental condition) relative to responses to the back of the mirror (control condition). 

Comparisons were made between males who exhibit high levels of partner-directed 

aggression (High-aggressive; N = 10) and males who display low aggression (Low-

aggressive; N = 10). Percent change in pair-mate restraining behavior (restrain) did not 

significantly differ between High-aggressive and Low-aggressive males. Percent change in 

back-arching and tail-lashing bouts (arch/lash) was trending towards being smaller for High-

aggressive males when percent change in OT concentration from control was negative (t = 

1.82, P = 0.09). Error bars represent standard error of the mean.

# indicates a trend (P ≤ 0.10) in interaction effect between percent change in OT and 

aggression
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Figure 5. 
Percent change in frequency of back-arching and tail-lashing (arch/lash) displays in response 

to the front of the mirror (experimental condition) relative to responses to the back of the 

mirror (control condition). Comparisons were made between males who show high levels of 

partner-directed aggression (High-aggressive; N = 10) and males who display low levels of 

aggression (Low-aggressive; N = 10). Percent change in arch/lash displays was trending 

towards being smaller for High-aggressive males when change in OT concentration from 

control was negative (t = 1.82, P = 0.09).
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Figure 6. 
Percent change in anxiety-like behaviors in response to the front of the mirror (experimental 

condition) relative to responses to the back of the mirror (control condition). Comparisons 

were made between males who show high levels of partner-directed aggression (High-

aggressive; N = 10) and males who display low levels of aggression (Low-aggressive; N = 

10). Percent change in times a male broke affiliative contact with his partner (break 

affiliation) did not significantly differ between High-aggressive and Low-aggressive males. 

Percent change in time spent locomoting during the test (movement) was trending towards 

being smaller for High-aggressive males (t = −1.72, P = 0.10). Error bars represent standard 

error of the mean.

# indicates a trend (P ≤ 0.10) towards a main effect of aggression
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Table 1.

Comparison of demographic information between males that show high levels of partner-directed aggression 

(High-aggressive; N = 10) and males that display low levels of partner-directed aggression (Low-aggressive; N 

= 10). Age, weight, length of time paired with pair-mate, and difference in age between pair-mates did not 

significantly differ between groups (P > 0.05). Findings based on a Welch’s T-test. All tests were two-tailed 

and the significance threshold was set at .05.

Low-aggressive High-aggressive

Mean SE Mean SE df t P

Age 10.30 1.15 9.44 0.93 36.49 0.58 0.56

Weight 1.35 0.07 1.30 0.05 16.08 0.55 0.59

Pairing Length 3.75 0.88 2.23 0.50 30.26 1.50 0.14

Age Difference 3.64 1.33 4.21 0.81 14.84 −0.37 0.72
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Table 2.

Stimulus Exposure Ethogram

Behavior Definition

Affiliative Social Interactions

Social Proximity
1 Male comes within arm’s reach of female

Passive Contact
1 Passive physical contact between male and a pair-mate that does not include tail-twining

Lip-smacking
2 Male repeatedly and rapidly opens and closes mouth

Tail-twining
1 Male sitting side by side with female, with tails wrapped around each other for at least one rotation

Mount/Sex
2 Male mounts female or attempts/succeeds to copulate

Aggressive Social Interactions

Male back-arching/tail-lashing
2 Male arches back (as in a frightened cat), the subject may also have his arm and trunk lifted off the perch; 

Male repetitively swings whole tail from side to side (area greater than 40°, usually sign of agitation); the 
two can co-occur or occur separately

Male restraining
2 Male forcibly restrains female by placing hands on her shoulders

Male aggression
2 Male displays aggression to female (e.g. biting, hitting, grabbing)

Anxiety-related Interactions

Male leave
2 Male breaks contact/proximity with female

Male locomotion
1 Male moves one body length or more

1
Scored as duration (in seconds)

2
Scored as frequency (count)
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Table 3.

Parameter estimates from general linear mixed models (LMM) for percent change in oxytocin (OT) 

concentration and percent change in behavioral measures (proximity, contact, lip-smacking, back-arching/tail-

lashing, restraining, movement, and breaking affiliation) from control to mirror condition predicted by males 

who display high levels of partner-directed aggression (High-aggressive; N = 10) relative to those who display 

low levels of partner-directed aggression (Low-aggressive). For all behaviors, models included male’s 

aggression score (High-aggressive; N = 10), percent change in OT concentration from the control condition to 

the mirror condition (OT), and an interaction between aggression and percent change in OT (High-

aggressive*OT). The dependent variables percent change in proximity, contact, lip-smacking, arch/lash, and 

restrain were log transformed; therefore, estimates are interpreted percent change in the behavior increasing 

100*Estimate percent for every one unit increase in the independent variable (High-aggressive, OT, and High-

aggressive*OT). The dependent variables percent change in OT concentration, movement, and break affiliation 

were not transformed. Estimates for percent change in OT concentration relative to baseline is 12 ± 9% for 

Low-aggressive males and 12 ± 9% - 22 ± 10% for High-aggressive males. Estimates for percent change in 

movement from the control to mirror condition is equal to 178 ± 46% for Low-aggressive males and 178 

± 46% - 112 ± 65% for males in the High-aggressive category. Estimates for percent change in breaking 

affiliative contact is equal to 53 ± 35% for Low-aggressive males and 53 ± 35% + 8 ± 50% for High-

aggressive males.

β SE t P

3A: Oxytocin

 Intercept 0.12 0.09 1.35 0.32

 High-aggressive −0.22 0.1 −2.2 0.04

3B: Contact

 Intercept 1 0.47 2.13 0.17

 High-aggressive −1.35 0.6 −2.26 0.04

 OT −1.91 1.27 −1.51 0.15

3C: Lip-smacking

 Intercept 1.55 0.3 5.2 < 0.01

 High-aggressive −1.02 0.44 −2.32 0.03

 OT −1.31 0.93 −1.4 0.18

3D: Proximity

 Intercept 0.19 0.69 0.28 0.81

 High-aggressive 1.03 0.75 1.38 0.19

 OT −0.19 1.72 −0.11 0.91

 High-aggressive*OT 6.8 3.48 1.96 0.07

3E: Restrain

 Intercept 0.582 0.26 2.237 0.038

 High-aggressive −0.38 0.368 −1.034 0.315

3F: Back-Arch/ Tail-Lash

 Intercept 1.35 0.35 3.88 < 0.01
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β SE t P

 High-aggressive −0.3 0.52 −0.58 0.57

 OT −1.42 1.23 −1.16 0.26

 High-aggressive*OT 4.53 2.5 1.82 0.09

3G: Movement

 Intercept 1.78 0.46 3.88 < 0.01

 High-aggressive −1.12 0.65 −1.72 0.1

3H: Break Affiliation

 Intercept 0.53 0.35 1.51 0.15

 High-aggressive 0.08 0.5 0.15 0.88
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