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Abstract 11 

 A prominent body of research spanning disciplines has been focused on the potential 12 

underlying role for oxytocin in the social signatures of monogamous mating bonds. Behavioral 13 

differences between monogamous and non-monogamous vole species, putatively mediated by 14 

oxytocinergic function, constitute a key source of support for this mechanism, but it is unclear to 15 

what extent this hormone–behavior linkage extends to the primate order. In a preregistered 16 

experiment, we test if oxytocin receptor blockade affects affiliative behavior in mixed-sex pairs 17 

of Eulemur, a genus of strepsirrhine primate containing both monogamous and non-18 

monogamous species. Inconsistent with past studies in monogamous voles or monkeys, we do 19 

not find confirmatory evidence in Eulemur that monogamous pairs affiliate more than non-20 

monogamous pairs, nor that oxytocin receptor blockade of one pair member selectively 21 

corresponds to reduced affiliative or scent-marking behavior in monogamous species. We do, 22 

however, find exploratory evidence of a pattern not previously investigated: simultaneously 23 

blocking oxytocin receptors in both members of a monogamous pair predicts lower rates of 24 

affiliative behavior relative to controls. Our study demonstrates the value of non-traditional 25 

animal models in challenging generalizations based on model organisms, and of methodological 26 

reform in providing a potential path forward for behavioral oxytocin research.  27 
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Animal groups vary greatly in their modal patterns of social organization, with one 28 

prominent source of variation expressed via strategies for mating and rearing offspring. Rather 29 

than engaging in transient mating relationships that dissolve after a reproductive cycle or mating 30 

season, mixed-sex pairs might instead live within a common home range and form long-term 31 

social relationships, an arrangement often referred to as social monogamy (Fernandez-Duque et 32 

al., 2020). Such an arrangement is often, though not always, accompanied by some degree of 33 

sexual exclusivity (“genetic monogamy”) or psychoaffective behavioral signatures (“pair-34 

bonding”). Despite ongoing debate regarding how best to operationalize and separate the 35 

overlapping, yet distinct, dimensions that fall under this conceptual umbrella of ‘monogamy’ 36 

(e.g., Tecot et al., 2016; Bales et al., 2021), it is widely agreed that such social arrangements 37 

among sexual partners are relatively rare among mammals (~5% of species), and somewhat more 38 

common, yet still atypical, in primates (29% of species; Lukas & Clutton-Brock, 2013). Here, we 39 

investigate the neuroendocrine underpinnings of such relationships in an experimental 40 

comparison of monogamous and non-monogamous strepsirrhine primates within the Eulemur 41 

genus. 42 

In foundational work establishing new rodent models, researchers identified a potentially 43 

key role for the neuropeptides oxytocin and vasopressin in explaining the emergence of social 44 

monogamy and/or pair-bonding. Species within the Microtus genus of voles differ markedly in 45 

their mating systems: M. ochrogaster (prairie voles) form monogamous bonds characterized by 46 

strong partner preferences, whereas polygynandrous M. montanus and pennsylvanicus (montane and 47 

meadow voles, respectively) do not form such bonds and generally mate promiscuously (Insel & 48 

Shapiro, 1992). From this observation, researchers carried out various studies on these vole 49 

species with the goal of identifying a biological foundation of monogamy. For instance, they 50 

established that oxytocin receptor density differs substantially between monogamous and 51 

promiscuous vole species (Insel & Shapiro, 1992), that central administration of oxytocin 52 

mediates partner preference formation in prairie voles (Williams et al., 1994), and that oxytocin 53 
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receptor blockade prevents partner preference formation in this same species (Cho et al., 1999; 54 

but see Berendzen et al., 2022). Neuroethological and neuroanatomical studies of the prairie vole 55 

have fostered a dominant paradigm for investigating the biological mechanisms underlying pair-56 

bond formation and maintenance (reviewed in Walum & Young, 2018). 57 

The promise and excitement of this work propelled an avalanche of studies testing the 58 

effects and/or correlates of oxytocin in human social bonds (reviewed in Gangestad & Grebe, 59 

2016; Mierop et al., 2020). Despite a clear desire among researchers to translate insights from 60 

rodent models to human social behavior (see e.g. Young & Wang, 2004), patterns emerging from 61 

literature searches show a relative dearth of studies and experiments on nonhuman primates that 62 

would act as crucial intermediates in the translational gap between rodents and humans (Freeman 63 

& Bales, 2018; Grebe et al., 2021). The much smaller evidence base available on monogamous 64 

primate species, in which researchers have examined if oxytocin- or vasopressin-mediated 65 

neurobiological mechanisms might underlie the emergence of monogamous social systems in 66 

primates, has yielded some positive support, albeit with numerous caveats and open questions.  67 

For instance, in mixed-sex pairs of black-pencilled marmosets (Callithrix penicillata), oral 68 

administration of an oxytocin receptor antagonist (L-368,899; hereafter “OTA”) to one member 69 

of a pair decreased rates of proximity seeking and food sharing, had no significant effects on 70 

mating or sexual solicitation behavior, and had mixed effects on preferences for partners over 71 

strangers (Smith et al., 2010). In two other studies, conducted on pairs of common marmosets 72 

(Callithrix jacchus), researchers similarly found that OTA administration in one pair member led to 73 

decreases in proximity-seeking behavior during a stressor (Cavanaugh et al., 2016) or following 74 

an experimental separation (Cavanuagh et al., 2018). On the other hand, a pilot study in non-75 

monogamous rhesus macaques (Macaca mulatta) found that the OTA accumulated in socially 76 

relevant brain regions and reduced sexual interest (in a single female subject), but produced no 77 

significant effects on grooming or proximity-maintaining behavior (Boccia et al., 2007). In cotton 78 
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top tamarins (Saguinus oedipus), circulating oxytocin concentrations were reported to be related to 79 

social behavior in a sex-specific fashion, with receiving contact predicting concentrations only in 80 

females, and sexual activity predicting concentrations only in males (although it is unclear if sex-81 

specific interactions reached statistical significance; see Snowdon et al., 2010). Finally, in another 82 

study on common marmosets, researchers found that administering oxytocin to individuals 83 

predicted how often they received grooming and proximity-seeking behavior from their partners, 84 

but not how often they initiated the same behavior; at the same time, administering an OTA to a 85 

pair member did not lead to any comparable opposing behavioral changes (Cavanaugh et al., 86 

2015).  87 

In sum, although a number of findings are generally consistent with a role for oxytocin in 88 

nonhuman primate mating and pair-bonding, they are based on a variety of operationalizations, 89 

manipulations, and subgroup analyses, and researchers often report heterogeneous effects. It is 90 

thus difficult to draw clear conclusions about the hormone’s core functions in this domain. 91 

Indeed, a series of high-profile failures to replicate published findings on the hormone’s putative 92 

psychobehavioral effects in humans (e.g., trust: Nave et al., 2015; empathy/memory: Tabak et al., 93 

2019; social interaction in children with autism: Sikich et al., 2021) has spurred recent scrutiny of 94 

oxytocin research more generally (see Mierop et al., 2020). Additionally, heterogeneity both 95 

within and between animal models regarding neuropeptide-mediated behavior (e.g., Madrid et al., 96 

2020; Berendzen et al., 2022) and neurocircuitry (Phelps & Young, 2003; Grebe et al., 2021) 97 

underscores the need for robust, comparative approaches to both establish generalizable 98 

principles and identify disparate features of oxytocin’s social functions. 99 

In the present study, we speak to several outstanding issues in oxytocin research. At a 100 

conceptual level, we combine the translational value of a primate model with the power of a 101 

‘natural experiment’ of interspecific mating system variation. Namely, we investigate the effects 102 

of oxytocin system manipulation in regulating dyadic bonds of closely related monogamous and 103 
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non-monogamous lemur species. We focus on the Eulemur genus of Malagasy primates, which is 104 

the sole primate analogue to Microtus voles in terms of mating system diversity within a single 105 

genus (see also Grebe et al., 2021). Behavioral and genetic evidence supports a structure of social 106 

monogamy and, potentially, pair-bonding in E. mongoz and E. rubriventer (mongoose and red-107 

bellied lemurs, respectively). Male-female pairs in these two species typically live year-round in 108 

small family groups and defend a shared territory, engage in behavioral repertoires of mutual 109 

scent marking and vocalizations, and jointly care for young across several seasons; in the better-110 

studied E. rubriventer, researchers have additionally found evidence for genetic monogamy (Curtis 111 

& Zaramody, 1999; Jacobs et al., 2018; Singletary & Tecot, 2019). All other species of Eulemur—112 

as well as the ring-tailed lemur (Lemur catta), a close relative to this genus that we also included in 113 

our study—are non-monogamous, live in larger social groups, and show varying degrees of 114 

promiscuous mating (Kappeler & Fichtel, 2016). These features situate Eulemur as a powerful 115 

model for describing oxytocinergic functions unique to monogamous primates.  116 

At a methodological level, we perform a preregistered experiment (see 117 

https://osf.io/47mx3/) to cleanly distinguish between confirmatory effects of oxytocin system 118 

manipulation and exploratory, follow-up analyses that might help identify additional effects of 119 

oxytocin system manipulation. In our confirmatory analyses, we test three predictions that 120 

directly stem from previous research on monogamous primates and the hypothesized effects of 121 

oxytocin within these species (Smith et al., 2010; Grebe et al., 2017; French et al., 2018). First, we 122 

examine rates of behavior in control conditions, expecting monogamous pairs to show higher 123 

average rates of affiliative behavior (allogrooming and time spent in physical contact) than non-124 

monogamous pairs. Second, we predict oxytocin receptor blockade to affect the same affiliative 125 

behavior in individuals from monogamous, but not non-monogamous, pairs. Thus, we test for 126 

an interaction term between mating system and OTA status in predicting our target social 127 

behavior. Third, we predict that on days when monogamous individuals (but not non-128 

monogamous individuals) are exposed to the scent of a potential reproductive competitor during 129 

https://osf.io/47mx3/
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a bioassay, oxytocin receptor blockade should diminish their rates of both scent marking and 130 

affiliative behavior relative to controls. Thus, here we also examine an interaction between 131 

mating system and oxytocin receptor blockade, with this interaction specific to ‘opposite-sex 132 

bioassay’ days. 133 

Next, we examine additional potential effects of OTA administration that do not rise to 134 

the level of confirmatory predictions due to absent and/or ambiguous patterns in previous 135 

research. Specifically, for each mating system, we compare rates of behavior across four 136 

experimental conditions (control, OTA administration to the female partner, OTA 137 

administration to the male partner, and OTA administration to both partners concurrently), as 138 

an elaboration on our confirmatory analyses that use a simple binary classification of whether or 139 

not a focal individual received the OTA on a given experimental day (i.e., ‘actor effects’ of OTA 140 

administration). Exploratory analyses allow us to examine a) potential ‘partner effects’—i.e., if 141 

modulating an individual’s oxytocinergic activity predicts their partner’s behavior—which 142 

received inconsistent support in a previous study of marmosets (Cavanaugh et al., 2015); and, 143 

relatedly, b) joint effects of OTA administration—i.e., if simultaneous OTA administration in 144 

both partners has behavioral effects distinct from ‘single-dose’ conditions in each sex. To the 145 

best of our knowledge, despite primate researchers employing numerous varieties of oxytocin 146 

system manipulation, no study has yet tested for potential joint effects of OTA administration. 147 

Previous findings led us to expect actor effects, rather than partner effects and/or joint effects, 148 

to explain behavioral variation, but we designed our study to explore additional possibilities via 149 

comparisons across all experimental conditions (as described under subheading b-iii on p. 2 of 150 

our preregistration document). 151 

 152 

Methods 153 
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Our preregistered experimental protocols, target sample size, exclusion criteria, and 154 

planned analyses are available on the Open Science Framework at https://osf.io/47mx3/. Any 155 

deviations from preregistered procedures or confirmatory analysis plans are explicitly noted in 156 

the sections below. 157 

Animals and Housing. Our study included 26 adult lemurs (22 Eulemur spp. and 4 L. catta; 158 

mean ± SD age: 15.6 ± 8.8 years), representing seven species, all tested as 13 well-established 159 

(i.e., successfully cohabitating > 6 months), mixed-sex pairs (Table 1). Six study pairs were either 160 

E. mongoz or E. rubriventer and thus designated as ‘monogamous’; the remaining seven pairs were 161 

designated as ‘non-monogamous’ (Table 1). The pairs were housed in one of three facilities: the 162 

Duke Lemur Center or DLC (n = 9) in Durham, North Carolina, USA; BioParc Valencia (n = 2) 163 

in Valencia, Spain; and the Lyon Zoo (n = 2), in Lyon, France (Table 1). Our study was originally 164 

planned for DLC animals only; however, owing to natural animal mortality during the course of 165 

the study, we ultimately expanded the number of facilities.  166 

Animal housing, husbandry, and dietary conditions across institutions followed the AZA 167 

Eulemur spp. Care manual (AZA Prosimian Taxon Advisory Group, 2013); latitude was similarly 168 

comparable between institutions. In the Northern Hemisphere, the breeding season for these 169 

species ranges primarily from November – January (AZA Prosimian Taxon Advisory Group, 170 

2013); we completed experimental procedures outside these months. Of the 13 pairs, 12 lived 171 

without additional enclosure-mates; one pair lived with a juvenile son, who was temporarily 172 

separated from his parents during experimental procedures and immediately reunited afterwards. 173 

Due to constraints on eligible lemur pairs, we stopped data collection after achieving our 174 

minimum planned sample size (at least six pairs from each mating system group) and did not 175 

perform any interim data-peeking. All procedures were approved by the Institutional Animal 176 

Care & Use Committee at Duke University, and veterinary staff at BioParc Valencia and the 177 

Lyon Zoo.  178 

https://osf.io/47mx3/
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 179 

Table 1. Number of mixed-sex lemur pairs that participated in the present study, by mating 180 

system, species, and research facility. 181 

Facility Monogamous lemur pairs Non-monogamous lemur pairs 

 
E. mongoz 

(mongoose 
lemur) 

E. rubriventer 
(red-bellied 

lemur) 

E. collaris 
(collared 
lemur) 

E. coronatus 
(crowned 

lemur) 

E. flavifrons 
(blue-eyed 

black lemur) 

E. rufus 
(red-fronted 

lemur) 

L. catta 
(ring-tailed 

lemur) 

Duke Lemur 
Center 

2  — 1 2 1 1 2 

BioParc 
Valencia 

1  1  — — — — — 

Lyon Zoo 
—  2  — — — — — 

 182 

Study design. Lemur pairs participated as a unit in a repeated measures experiment. Our 183 

primary manipulation, OTA administration (see below), consisted of the following four 184 

conditions, conducted in a randomized order per pair: (1) “Control” condition, in which pairs 185 

were observed absent any pharmacological manipulation; (2) “Female OTA” condition, in which 186 

only the female member received the antagonist; (3) “Male OTA” condition, in which only the 187 

male member received the antagonist); and (4) “Both OTA” condition, in which both members 188 

of the pair received an OTA. Each experimental condition lasted for a block period of three 189 

consecutive days; therefore, each animal was scheduled to receive the OTA for a total of six 190 

days.  191 

Within each block, during two of the three daily observations that followed antagonist 192 

administration, we additionally probed the animals’ behavior by presenting an olfactory bioassay 193 

that proxied either the threat of a potential intruder or mating competitor. Specifically, we 194 

exposed pairs to the scent of a female stranger (“Female Bioassay”) or to the scent of a male 195 

stranger (“Male Bioassay”). On the remaining day, we presented no scent (“No Bioassay”). Pairs 196 

participated in one bioassay condition per day, with the order also randomized. Following 197 
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experimental blocks, animals underwent a minimum washout period of five days between drug 198 

conditions (modified from the planned one-week washout in the preregistration document to 199 

accommodate staffing schedules; evidence suggests that a five-day period provides sufficient 200 

time for the OTA to be cleared; Boccia et al., 2007). 201 

 202 

Oxytocin Receptor Antagonist (OTA). On experimental days, we temporarily blocked lemurs’ 203 

central and peripheral oxytocin receptors via oral administration of L-368,899, a pharmaceutical-204 

grade OTA manufactured by MedChem Express (Monmouth Junction, NJ). L-368,899 is a non-205 

peptide antagonist with a highly specific affinity for oxytocin receptors; it reliably crosses the 206 

blood-brain barrier and persists in both the cerebral spinal fluid and periphery for several hours 207 

after administration (Boccia et al., 2007). We administered L-368,899 at a dose of 20 mg/kg 208 

(following Smith et al., 2010) during the morning hours (0700–1100 h), after morning feeding. 209 

The lemurs received the OTA infused into a preferred, hand-fed food item. Individuals not 210 

receiving OTA, whether as part of treatment or control conditions, were fed preferred food 211 

items at the same time, and in the same manner, as treated animals. The individuals accepted the 212 

OTA during all six days scheduled, except for two females that refused to consume the 213 

antagonist partway through a condition block and only provided partial data for that block (see 214 

Exclusions below). 215 

 216 

Observations and Bioassays. Beginning 90 min after administration (or 90 min after feeding 217 

during control blocks), we performed 60-min focal observations on both members of the pair, 218 

simultaneously. During the observation sessions, we recorded select solitary behavior, including 219 

bouts of self-grooming, feeding, and all occurrences of scent marking (of either the 220 

environmental substrates or the partner, i.e., allomarking). We also recorded all dyadic 221 

interaction, including allogrooming, huddling, and aggression, and obtained a running count of 222 
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the total time per observation that a pair spent in contact. Most observations (73%) were scored 223 

concurrently in-person; the remainder were video-recorded to be scored later. The latter 224 

accommodated instances when there was no observer present who was blind to experimental 225 

condition. A subset of these videos were scored by an additional rater to confirm inter-observer 226 

reliability; agreement on behavioral rates exceeded 85%. 227 

During bioassays (representing 2 of 3 days per experimental block), the pairs were 228 

exposed to two wooden dowels placed at the edge of their enclosures at the beginning of the 229 

observation session. One dowel was rubbed with a sterile cotton swab, while the other dowel 230 

was anointed with the scent of an unrelated and unknown male or female conspecific. These 231 

‘donor scents’ had been collected on cotton swabs from the anogenital glands of lemurs during 232 

the breeding seasons between 2010 and 2019 (following previously published procedures; e.g., 233 

Drea et al., 2013). They had been frozen immediately and stored at -80 C, until being thawed 234 

and applied to the dowels for our study. The left-right ordering of scented vs. unscented dowels 235 

alternated between study days. In addition to all behavior described above, we recorded 236 

occurrences of lemurs sniffing, licking, and scent marking each dowel—in analyses, we summed 237 

counts of olfactory behavior to assess engagement with the scented dowel, adjusting for 238 

engagement with the unscented dowel. 239 

 240 

Exclusions. There were two instances in which an animal refused to take the OTA. Our 241 

preregistered exclusion criteria specified these observations would be excluded from analyses, 242 

but in these cases, a female completely refused the drug during the “Both OTA” condition; 243 

because the male had already consumed his dose, we decided to deviate from our plan and treat 244 

the sessions as additional “Male OTA” experimental days. These two females did not receive the 245 

OTA on any days following their refusal. Additionally, there were three sessions (including the 246 

two individuals who would later refuse the drug entirely) in which an individual took 247 
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approximately half of their antagonist dose, but refused the rest. We did not preregister a plan 248 

for such a scenario, but given these individuals received at least a partial dosage, we decided to 249 

retain these observations under their originally assigned conditions (see our Supporting Online 250 

Material [SOM] for robustness analyses when excluding these observations).  251 

 252 

Data Analysis 253 

We conducted all analyses in R (version 4.1.2) using multilevel models of individuals 254 

nested within dyads (using the glmmTMB package; Brooks et al., 2017); from these models, we 255 

subsequently report figures, marginal means, and contrasts produced by the emmeans package 256 

(Lenth, 2022). All code and data necessary to reproduce our results are publicly available on our 257 

OSF repository (https://osf.io/q2cvf/). Our statistical models predicted rates of affiliative 258 

behavior (allogrooming, time spent in contact) or scent-marking from mating system, 259 

experimental condition (in confirmatory analyses, whether or not a focal individual received the 260 

OTA on that day; in exploratory analyses, pairwise comparisons between Control, Female OTA, 261 

Male OTA, and Both OTA), and their interaction. Following our preregistration, all models 262 

included age and sex as covariates and estimated separate variance structures for males and 263 

females. We modeled count outcomes (allogrooming, scent marking) with a negative binomial 264 

family and continuous outcomes (time spent in proximity) with the Tweedie family (for the 265 

latter, we deviated from our preregistered analysis plans after encountering convergence issues 266 

with the default Gaussian family). In all cases, we verified model fit by inspecting the deviation, 267 

dispersion, and outliers of residuals using the DHARMa package (Hartig, 2022). We describe 268 

statistical significance in both our confirmatory and exploratory analyses, acknowledging that the 269 

latter cannot be interpreted in the same manner as the former. For comparison with 270 

confirmatory results, we also report and emphasize effect sizes in Cohen’s d in exploratory 271 

analyses. 272 

https://osf.io/q2cvf/
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 273 

Results  274 

Confirmatory Analyses 275 

Contrary to our first confirmatory prediction that, absent any antagonist administration, 276 

monogamous pairs would engage in higher rates of affiliative behavior than non-monogamous 277 

pairs, we found no significant differences in behavior as a function of mating system. 278 

Comparisons revealed that model-estimated rates of affiliative behavior were actually modestly, 279 

though not significantly, higher in non-monogamous pairs: for time huddling, 35% versus 22% 280 

(t(149) = 1.79, p = 0.075, d = 0.29; Figure 1A); for bouts of allogrooming per hour, 1.66 versus 281 

0.99 (t(150) = 1.14, p = 0.258, d = 0.19; Figure 1B). 282 

 283 

Figure 1. Box and dot plots showing rates of (A) close contact and (B) allogrooming during 284 

control observations of mixed-sex pairs of non-monogamous and monogamous lemurs. 285 
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 286 

In our second set of confirmatory analyses, we predicted an interaction between mating 287 

system and actor experimental condition. This interaction was non-significant for allogrooming 288 

(z = -1.62, p = 0.104), and the contrast between drug and control conditions did not significantly 289 

differ from zero in dyads of either mating system (t(287) = -1.17, p = 0.242 and t(287) = 1.16, p 290 

= 0.246 for non-monogamous and monogamous pairs, respectively). This interaction fell just 291 

short of significance for time spent huddling (z = -1.84, p = 0.067). Decomposing this latter 292 

interaction into simple effects showed that blocking oxytocin receptors did not change time 293 

spent in contact for non-monogamous pairs (t(287) = -0.10, p = 0.920, d = -0.01), but did lead to 294 

a moderate decrease in contact time in monogamous pairs (t(287) = 2.27, p = 0.024, d = 0.27); 295 

nevertheless, these simple effects did not significantly differ from one another. 296 

In our third set of confirmatory analyses, we also predicted an interaction between 297 

mating system and actor experimental condition: here, we expected changes in affiliative and 298 
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scent-marking behavior during the presentation of scents from potential competitors (i.e. during 299 

opposite-sex bioassay conditions) for individuals in monogamous pairs only. For time spent 300 

huddling, the target interaction was not significant (z = -1.07, p = 0.284); there was no evidence 301 

that blocking oxytocin receptors specifically affected huddling in monogamous pairs on bioassay 302 

days. The target interaction for allogrooming fell just short of significance (z = -1.86, p = 0.063); 303 

unexpectedly, decomposing this interaction into simple effects revealed that blocking oxytocin 304 

receptors led to marginally more allogrooming in non-monogamous pairs (t(84) = -1.77, p = 305 

0.080, d = -0.39) and non-significantly less allogrooming in monogamous pairs (t(84) = 1.12, p = 306 

0.264, d = 0.24). Lastly, there was no evidence of an interaction between antagonist 307 

administration and mating system on interest toward strangers’ scents during bioassay trials (z = 308 

-0.98, p = 0.328). 309 

 310 

Exploratory Analyses 311 

We next investigated if there were potential a) partner effects and/or b) pairwise 312 

differences in target behavior between any of the four experimental conditions (Control, Female 313 

OTA, Male OTA, Both OTA). For affiliative behavior (huddling and allogrooming), we did not 314 

observe any significant interactions between partner experimental condition and mating system 315 

(all ps > 0.05); i.e., a monogamous individual receiving the OTA did not predict their partner’s 316 

affiliative behavior, when holding constant actor effects of the OTA. By contrast, we observed 317 

two similar, significant interactions between overall experimental condition and mating system, 318 

suggesting a synergistic OTA effect: affiliative behavior occurred at the lowest rates in the “Both 319 

OTA” condition of monogamous pairs, but not non-monogamous pairs. Monogamous pairs 320 

huddled on average 23% of the time in control conditions, but only 11% of the time when both 321 

members were administered the OTA (Figure 2A). This contrast corresponded to a moderate 322 

effect size (d = 0.38). Rates of affiliative behavior in the “Female OTA” and “Male OTA” 323 
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conditions were intermediate (22 % and 17%) and each significantly higher than the “Both 324 

OTA” condition (d = -0.40 and -0.23; Figure 2B). 325 

 326 

 327 

Figure 2. Lemur social contact in relation to oxytocin receptor treatment condition and mating 328 

system: (A) Box and dot plots comparing time spent in contact across the four, color-coded 329 

experimental conditions, with separate panels for each mating system; (B) pairwise p-value plots 330 

for comparisons within mating system. In pairwise p-value plots, factor levels are plotted on the 331 

vertical scale, and p-values are plotted on the horizontal scale. Each p-value is plotted twice at 332 

vertical positions, corresponding to the levels being compared and connected by a line segment 333 

(see Lenth, 2022).  334 

 335 
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 336 

For allogrooming, rates were once again lowest within monogamous pairs that both had 337 

their oxytocin receptors blocked (0.46 bouts/hour; Figure 3A). Rates in the Both OTA condition 338 

were significantly lower than in Controls (0.99 bouts/hour; contrast d = 0.25) and in the Female 339 

OTA condition (1.50 bouts/hour; contrast d = 0.40), and were marginally less than Male OTA 340 

rates (0.91 bouts/hour; contrast d = 0.23) (Figure 3B). 341 

 342 

Figure 3. Lemur social grooming in relation to oxytocin receptor treatment condition and 343 

mating system: (A) Box and dot plots comparing bouts of allogrooming per hour across the four, 344 

color-coded experimental conditions, with separate panels for each mating system; (B) pairwise 345 

p-value plots for comparisons within mating system. In pairwise p-value plots, factor levels are 346 

plotted on the vertical scale, and p-values are plotted on the horizontal scale. Each p-value is 347 

plotted twice at vertical positions, corresponding to the levels being compared and connected by 348 

a line segment (see Lenth, 2022). 349 



 18 

 350 

We also observed a significant interaction between experimental condition and mating 351 

system for interest in a stranger’s scent during the bioassay trials, although the form of this 352 

interaction differed from that observed for affiliative behavior. No contrasts between conditions 353 

differed substantially for non-monogamous pairs (all ps > 0.21, d < 0.22), whereas for 354 

monogamous pairs, interest in conspecific scents in the Male OTA condition was significantly 355 

lower than in either the Both OTA or Female OTA conditions (d = 0.46 and 0.65 for each 356 

contrast), and non-significantly lower than the Control condition (d = 0.34). We confirmed that 357 

this pattern was attributable to behavioral differences in males, as estimated effect sizes for the 358 

above contrasts were larger and of similar significance when re-running this statistical model in 359 

males only (Figure 4). 360 

 361 
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Figure 4. Lemur interest in conspecific scent in relation to oxytocin receptor treatment 362 

condition and mating system: (A) Box and dot plots comparing relative interest in the bioassay 363 

(interest in the scented dowel minus interest in the unscented dowel) across the four 364 

experimental conditions, with separate panels for each mating system; (B) pairwise p-value plots 365 

for comparisons within mating system. In pairwise p-value plots, factor levels are plotted on the 366 

vertical scale, and p-values are plotted on the horizontal scale. Each p-value is plotted twice at 367 

vertical positions, corresponding to the levels being compared and connected by a line segment 368 

(see Lenth, 2022). 369 

 370 

Discussion 371 

The present study, conducted within the only primate genus known to contain both 372 

monogamous and non-monogamous species, provides new information about the effects and 373 
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potential functions of oxytocin in mediating mating bonds and, more broadly, speaks to a 374 

number of open questions within contemporary oxytocin research and evolutionary primatology. 375 

Notably, contrary to predictions based on monogamous and non-monogamous voles (Microtus 376 

spp: Salo et al., 1993) socially monogamous Eulemur pairs did not show greater rates of affiliative 377 

behavior at baseline than did their non-monogamous counterparts. Additionally, expectations of 378 

an effect of OTA administration on affiliative behavior within monogamous Eulemur pairs, as 379 

occurs in callitrichids (Smith et al., 2010; Cavanaugh et al., 2016, Cavanaugh et al., 2018), had 380 

mixed support. Based on our restricted confirmatory analyses, we did not observe consistent 381 

evidence that administering an OTA to an individual within a monogamous pair led to less time 382 

in contact or grooming within the pair, nor did treatment lead to less overt interest in the scents 383 

of potential reproductive competitors. In exploratory analyses, however, we found that while 384 

disrupting a single individual’s oxytocin system produced no detectable changes in social 385 

behavior within monogamous pairs, simultaneously blocking both individuals’ oxytocin receptors 386 

did. Together, our findings suggest that variability across studies may relate to a) interspecific 387 

and/or higher-level taxonomic differences, b) pair-level heterogeneity in socially monogamous 388 

Eulemur mating bonds, and/or c) differences between effects of individual and joint OTA 389 

administration. This latter novel finding should be addressed and tested in other study systems. 390 

Overall, the variability in our findings may also indicate d) an increasingly uncertain role of 391 

oxytocin in mating bonds (Grebe et al., 2021; Berendzen et al., 2022).  392 

Our null results for baseline behavioral differences, and the additional absence of 393 

confirmatory evidence of behavioral changes following oxytocin receptor blockade, are subject 394 

to a variety of potential interpretations. At one extreme, one might view the rates of affiliative 395 

social behavior displayed by monogamous and non-monogamous Eulemur pairs, with or without 396 

OTA treatment, as evidence that these species lack a psychological or behavioral pair-bond, as 397 

conventionally defined (see e.g., Bales et al., 2021). We recognize that more structured tests of 398 

the affective aspects of a pair-bond (e.g., separation distress, partner preferences, and stress 399 
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buffering; Bales et al., 2021) are lacking in E. rubriventer and E. mongoz, and that much less is 400 

known about the dynamics of long-term reproductive bonds in Eulemur than in other primate 401 

models (e.g., titi monkeys: Bales et al., 2017; marmosets and tamarins: French et al., 2018). We 402 

designed our experiment to detect effects of oxytocin system manipulation, rather than to 403 

provide precise characterizations of Eulemur bonding behavior and interspecific variation at 404 

baseline, but further investigation of the latter is clearly needed. Within the constraints of 405 

justifiable research on endangered species, further investigation of lemur social bonding, both in 406 

captivity and in the wild, will build upon initial investigations (e.g. Singletary & Tecot, 2019) and 407 

provide better understanding of the nature of monogamy in this understudied clade.  408 

For various reasons, however, we do not favor an interpretation that monogamy in 409 

lemurs is fully distinct in form and function from that observed in more popular animal models 410 

of monogamous mating (e.g., Microtus spp: Salo et al., 1993; coppery titi monkeys (Plecturocebus 411 

cupreus): Bales et al., 2017; marmosets (Callithrix spp.): Ågmo et al., 2012, French et al., 2018; 412 

gibbons (Hylobates spp.): Palombit, 1996, cf. Reichard et al., 2012), particularly given the 413 

evolutionary placement of lemurs relative to the other taxa represented. If anything, perhaps a 414 

higher ‘baseline’ of sociality in the primate order, compared to rodents, reduces the scope of 415 

interspecific differences in affiliation attributable to mating system variation (for critical 416 

discussions of primate social ‘exceptionalism’, see e.g., Rowell, 1999; Silk & Kappeler, 2017); 417 

unfortunately, we lack the non-monogamous cohort among anthropoid models that would 418 

provide the basis for comparatively assessing in primates our null baseline differences in Eulemur. 419 

Moreover, the better-studied patterns of wild E. rubriventer bonding behavior, relative to E. 420 

mongoz, might mask substantial heterogeneity that exists even between monogamous members of 421 

the same genus. As previously noted, both E. mongoz and E. rubriventer show evidence of social 422 

monogamy in the wild, and use mutual territorial marking, allomarking, and huddling in a 423 

manner consistent with behavioral manifestations of pair-bonding (Curtis & Zaramody, 1999; 424 

Singletary & Tecot, 2019; Singletary & Tecot, 2020). Additional preliminary evidence in E. 425 



 22 

rubriventer also suggests the use of unique multimodal communication patterns to foster or 426 

advertise mating bonds (Singletary & Tecot, 2019), the latter of which has been suggested for 427 

other bonded lemur species (Greene & Drea, 2014). Manifestations of “bonded-ness” might 428 

differ between monogamous lemur species, much less from the general patterns observed in 429 

anthropoid primates or rodents. Thus, we argue that broadening the taxonomic representation of 430 

study species might require some broadening of the definitional criteria or attributes used to 431 

assess pair-bonding. 432 

Eulemur neuroanatomy provides additional contextualization for our findings. In a recent 433 

study, our research group published the first maps of central oxytocin and vasopressin receptors 434 

in several species of monogamous and non-monogamous Eulemur and found little evidence, 435 

based on either receptor, of a “pair-bonding circuit” specific to monogamous individuals (Grebe 436 

et al., 2021). Instead, we observed substantial heterogeneity in receptor distributions between 437 

individuals of the same mating system. Individual animals whose brains were analyzed in Grebe 438 

et al. (2021) represent a distinct sample from the current study of living pairs, so our results 439 

cannot be directly correlated; however, mixed neuroanatomical results may provide one possible 440 

explanation for mixed behavioral results in the present study. If individuals of a socially 441 

monogamous species vary substantially in their distributions and densities of oxytocin receptors, 442 

this variability should have consequences for the effects of oxytocin receptor blockade on social 443 

behavior—an assertion supported by invasive studies of monogamous prairie voles (e.g., Ross et 444 

al., 2009; Ophir et al., 2012). In our study, differences in affiliative behavior between the Both 445 

OTA and Control conditions—i.e., one plausible measure of the ‘total’ OTA effect—showed 446 

substantial between-pair variation in monogamous species, ranging from almost no difference to 447 

a severalfold increase. One possibility is that, in our study, effects of the experimental antagonist 448 

on affiliative behavior towards a mate might be limited to individuals that possess a distribution 449 

of receptors more reminiscent of previously characterized animal models of pair-bonding (i.e., 450 

dense binding in dopaminergic regions of “pair-bonding circuits”; Young & Wang, 2004).  451 
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The most ‘global’ disruption of oxytocinergic functioning in our study, in which both 452 

members of the dyad received a receptor antagonist, selectively corresponded to the lowest rates 453 

of affiliative behavior in E. mongoz and rubriventer, an effect in line with the general hypothesis 454 

that oxytocin differentially regulates dyadic behavior within monogamous mating bonds. We 455 

transparently acknowledge that this pattern arose from exploratory analyses, rather than our 456 

confirmatory predictions based on previously published effects of OTA administration; 457 

nevertheless, given the rare opportunity to perform a hormonal manipulation in endangered 458 

primates, we designed a study to explore if partner effects and/or additive effects of joint OTA 459 

administration might predict differences in behavior. Because evidence of this latter pattern has 460 

not been previously investigated nor reported in OTA research, we find it worthwhile to 461 

speculate on potential explanations. 462 

One natural question concerns why, among monogamous pairs, rates of dyadic behavior 463 

in either the Female OTA or Male OTA condition were not distinguishable from controls, 464 

whereas rates in the Both OTA condition were. This divergent pattern may arise because a) 465 

“single dose” conditions result in smaller changes in affiliative behavior that are difficult to 466 

detect without larger sample sizes and/or b) oxytocin disruption in either single member of a 467 

monogamous pair can be compensated for by their partners’ behavior. Because we do not 468 

observe a consistent “intermediate” disruption of affiliative behavior in the Female and Male 469 

OTA conditions, our observed results appear to be more consistent with partner compensation. 470 

Cavanaugh et al. (2015) report a partner effect of oxytocin administration on proximity seeking 471 

in marmoset pairs, in which males treated with oxytocin, relative to controls, received greater 472 

proximity seeking from their untreated female partners. While Cavanaugh et al. (2015) do not 473 

find evidence that the same OTA we used in the current study had a comparable opposing effect 474 

on partner behavior, their suggestion that modification of the oxytocin system might affect 475 

partner responses to subtle social signals provides the basis for one potential interpretation. 476 

Monogamous Eulemur pairs, like other monogamous primates, may possess a reciprocal 477 
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preference to initiate physical and social contact with their partners (Ågmo et al., 2012; Bales et 478 

al., 2021). If this behavior is, in part, mediated by oxytocin—perhaps via its activity in increasing 479 

the social reward value of a mate’s odor cues (Keverne & Curley, 2004)—disruption in one 480 

member of a well-established dyad might diminish that individual’s initiation of behavior, but an 481 

untreated partner might simply compensate for that decrement by increasing how often it 482 

initiates affiliation. Blocking oxytocin in both members, by contrast, might more consistently 483 

result in less affiliation because neither member is motivated to initiate huddling or grooming. 484 

Psychologists using intranasal administration paradigms have suggested that oxytocin may help 485 

with partner synchronization in social tasks when a partner is unresponsive (Gebauer et al., 486 

2016); in a variation on this argument, perhaps normal oxytocin functioning within at least part 487 

of a monogamous mating bond is sufficient to coordinate affiliative bonding behavior. Relatedly, 488 

in a provocative new preprint, Berendzen and colleagues (2022) present evidence in prairie voles 489 

that oxytocin-receptor null mutants show a robust partner preference and repertoire of pair-490 

bonding behavior comparable to wildtype individuals. Interestingly, all mutant individuals in 491 

their study were paired with wildtype partners. Similar to results from our current study, their 492 

finding raises the possibility that unmanipulated partners might somehow compensate for 493 

individuals that lack normal oxytocinergic functioning. 494 

More broadly, the mixed results in our current study can be seen as joining a decidedly 495 

scattered pattern of results in the field of behavioral oxytocin research, including within 496 

foundational domains, such as trust, social cognition, and pair-bonding (e.g., Nave et al., 2015; 497 

Mierop et al., 2020; Berendzen et al., 2022). Collectively, results increasingly do not produce a 498 

clear consensus on reliable, generalizable behavioral effects and/or correlates of oxytocin, nor on 499 

predictable patterns of lineage-specific variation. One potential path forward may come from the 500 

adoption of open science methods and practices, such as preregistration/registered reports 501 

(Chambers & Tzavella, 2022), the sharing of open data, and multi-site collaboration. 502 

Preregistration of analytic choices and key predicted outcomes can help with establishing which 503 
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of the many overlapping, yet distinct, reported effects of oxytocin and OTA administration are 504 

robust, either within or between species. In particular, we encourage efforts to replicate in other 505 

monogamous species the “double dose” OTA pattern in our current study. Relatedly, 506 

preregistered, multi-site studies that aggregate information from datasets spanning diverse 507 

species and research sites have been central to assessing commonality and diversity in primate 508 

cognition (see ManyPrimates, 2019; ManyPrimates, 2022); comparable large-scale analyses of 509 

oxytocin–behavior relationships in primates may be a similarly fruitful avenue for future study. 510 

In sum, our study produces some evidence consistent with a role for oxytocin in 511 

regulating Eulemur monogamy, but it also shows that several assumed characteristics of 512 

monogamy and oxytocin-mediated behavior are challenged by research on a rare, understudied 513 

group of primates. Non-traditional animal models thus prove their value for investigating both 514 

commonality and diversity of function within behavioral endocrinology. We expect that 515 

broadening the animal models studied will continue to reveal unanticipated findings that require 516 

modifications to existing theories of social behavior and neuroendocrinology (Rosenthal et al., 517 

2017; Freeman & Bales, 2018; Grebe et al., 2021). 518 

 519 

Acknowledgments 520 

We are especially grateful to staff at the Duke Lemur Center, BioParc Valencia, and the 521 

Lyon Zoo, as well as Annika Sharma, Amika Ekanem, and Cati Gerique, whose assistance with 522 

logistics and data collection made this study possible. This research was supported by the Duke 523 

Lemur Center’s Director’s Fund and National Science Foundation (NSF) Grant SBE-1808803 524 

(to N.M.G. and C.M.D.). The collection of odorants for bioassays was funded by NSF IOS-525 

0719003 and BCS-1749465 (to C.M.D.), and NSF BCS-1341150 and the Margot Marsh 526 

Biodiversity Fund (to C.M.D. and J. Petty). 527 



 26 

This is DLC publication # ____. 528 

 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 



 27 

References  548 

Ågmo, A., Smith, A. S., Birnie, A. K., & French, J. A. (2012). Behavioral characteristics of pair 549 

bonding in the black tufted-ear marmoset (Callithrix penicillata). Behaviour, 149(3-4), 407. 550 

AZA Prosimian Taxon Advisory Group (2013). Eulemur Care Manual. Silver Spring, MD: 551 

Association of Zoos and Aquariums.  552 

Bales, K. L., Ardekani, C. S., Baxter, A., Karaskiewicz, C. L., Kuske, J. X., Lau, A. R., … & 553 

Witczak, L. R. (2021). What is a pair bond?. Hormones and Behavior, 136, 105062. 554 

Bales, K. L., Del Razo, R. A., Conklin, Q. A., Hartman, S., Mayer, H. S., Rogers, F. D., … & 555 

Wright, E. C. (2017). Focus: comparative medicine: Titi monkeys as a novel non-human 556 

primate model for the neurobiology of pair bonding. The Yale Journal of Biology and 557 

Medicine, 90(3), 373. 558 

Berendzen, K. M., Sharma, R., Mandujano, M. A., Wei, Y., Rogers, F. D., Simmons, T. C., … & 559 

Manoli, D. S. (2022). Oxytocin receptor is not required for social attachment in prairie 560 

voles. bioRxiv. 561 

Boccia, M. L., Goursaud, A. P. S., Bachevalier, J., Anderson, K. D., & Pedersen, C. A. (2007). 562 

Peripherally administered non-peptide oxytocin antagonist, L368, 899®, accumulates in 563 

limbic brain areas: A new pharmacological tool for the study of social motivation in non-564 

human primates. Hormones and Behavior, 52(3), 344-351. 565 

Brooks, M. E., Kristensen, K., Van Benthem, K. J., Magnusson, A., Berg, C. W., Nielsen, A., … 566 

& Bolker, B. M. (2017). glmmTMB balances speed and flexibility among packages for 567 

zero-inflated generalized linear mixed modeling. The R journal, 9(2), 378-400. 568 



 28 

Cavanaugh, J., Carp, S. B., Rock, C. M., & French, J. A. (2016). Oxytocin modulates behavioral 569 

and physiological responses to a stressor in marmoset 570 

monkeys. Psychoneuroendocrinology, 66, 22-30. 571 

Cavanaugh, J., Huffman, M. C., Harnisch, A. M., & French, J. A. (2015). Marmosets treated with 572 

oxytocin are more socially attractive to their long-term mate. Frontiers in Behavioral 573 

Neuroscience, 9, 251. 574 

Cavanaugh, J., Mustoe, A., & French, J. A. (2018). Oxytocin regulates reunion affiliation with a 575 

pairmate following social separation in marmosets. American Journal of Primatology, 80(10), 576 

e22750. 577 

Chambers, C. D., & Tzavella, L. (2022). The past, present and future of registered reports. Nature 578 

Human Behaviour, 6(1), 29-42.  579 

Cho, M. M., DeVries, A. C., Williams, J. R., & Carter, C. S. (1999). The effects of oxytocin and 580 

vasopressin on partner preferences in male and female prairie voles (Microtus 581 

ochrogaster). Behavioral Neuroscience, 113(5), 1071. 582 

Curtis, D. J., & Zaramody, A. (1999). Social structure and seasonal variation in the behaviour of 583 

Eulemur mongoz. Folia Primatologica, 70(2), 79-96. 584 

Drea, C. M., Boulet, M., Delbarco-Trillo, J., Greene, L. K., Sacha, C. R., Goodwin, T. E., & 585 

Dubay, G. R. (2013). The” secret” in secretions: methodological considerations in 586 

deciphering primate olfactory communication. American Journal of Primatology, 75(7), 621-587 

642. 588 

Fernandez‐Duque, E., Huck, M., Van Belle, S., & Di Fiore, A. (2020). The evolution of pair‐589 

living, sexual monogamy, and cooperative infant care: Insights from research on wild owl 590 

monkeys, titis, sakis, and tamarins. American Journal of Physical Anthropology, 171, 118-173. 591 



 29 

Freeman, S. M., & Bales, K. L. (2018). Oxytocin, vasopressin, and primate behavior: diversity 592 

and insight. American Journal of Primatology, 80(10), e22919. 593 

French, J. A., Cavanaugh, J., Mustoe, A. C., Carp, S. B., & Womack, S. L. (2018). Social 594 

monogamy in nonhuman primates: phylogeny, phenotype, and physiology. The Journal of 595 

Sex Research, 55(4-5), 410-434. 596 

Gangestad, S. W., & Grebe, N. M. (2017). Hormonal systems, human social bonding, and 597 

affiliation. Hormones and Behavior, 91, 122-135. 598 

Gebauer, L., Witek, M. A., Hansen, N. C., Thomas, J., Konvalinka, I., & Vuust, P. (2016). 599 

Oxytocin improves 29ength29nization in leader-follower interaction. Scientific reports, 6(1), 600 

1-13.  601 

Grebe, N. M., Kristoffersen, A. A., Grøntvedt, T. V., Thompson, M. E., Kennair, L. E. O., & 602 

Gangestad, S. W. (2017). Oxytocin and vulnerable romantic relationships. Hormones and 603 

Behavior, 90, 64-74. 604 

Grebe, N. M., Sharma, A., Freeman, S. M., Palumbo, M. C., Patisaul, H. B., Bales, K. L., & Drea, 605 

C. M. (2021). Neural correlates of mating system diversity: oxytocin and vasopressin 606 

receptor distributions in monogamous and non-monogamous Eulemur. Scientific 607 

Reports, 11(1), 1-13. 608 

Greene, L. K. & Drea, C. M. (2014). Love is in the air: sociality and pair bondedness influence 609 

sifaka reproductive signalling. Animal Behaviour, 88, 147-156. 610 

Hartig, F. (2022). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) 611 

Regression Models. R package version 0.4.5. 612 



 30 

Insel, T. R., & Shapiro, L. E. (1992). Oxytocin receptor distribution reflects social organization in 613 

monogamous and polygamous voles. Proceedings of the National Academy of Sciences, 89(13), 614 

5981-5985. 615 

Jacobs, R. L., Frankel, D. C., Rice, R. J., Kiefer, V. J., & Bradley, B. J. (2018). Parentage 616 

complexity in socially monogamous lemurs (Eulemur rubriventer): Integrating genetic and 617 

observational data. American Journal of Primatology, 80(2), e22738. 618 

Kappeler, P. M., & Fichtel, C. (2016). The evolution of Eulemur social organization. International 619 

Journal of Primatology, 37(1), 10-28. 620 

Kerr, N. L. (1998). HARKing: Hypothesizing after the results are known. Personality and Social 621 

Psychology Review, 2(3), 196-217. 622 

Keverne, E. B., & Curley, J. P. (2004). Vasopressin, oxytocin and social behaviour. Current 623 

Opinion in Neurobiology, 14(6), 777-783. 624 

Lenth, R.V. (2022). Emmeans: Estimated Marginal Means, aka Least-Squares Means. R package 625 

version 1.7.2. https://CRAN.R-project.org/package=emmeans 626 

Lindsay, D. S., Simons, D. J., & Lilienfeld, S. O. (2016). Research preregistration 101. APS 627 

Observer, 29(10). 628 

Lukas, D., & Clutton-Brock, T. H. (2013). The evolution of social monogamy in 629 

mammals. Science, 341(6145), 526-530. 630 

Madrid, J. E., Parker, K. J., & Ophir, A. G. (2020). Variation, plasticity, and alternative mating 631 

tactics: Revisiting what we know about the socially monogamous prairie vole. Advances in 632 

the Study of Behavior, 52, 203-242. 633 

ManyPrimates (2019). Collaborative open science as a way to reproducibility and new insights in 634 

primate cognition research. Japanese Psychological Review, 62(3), 205-220.  635 

https://cran.r-project.org/package=emmeans


 31 

ManyPrimates (2022). The evolution of primate short-term memory. Animal Behavior and 636 

Cognition. 637 

Mierop, A., Mikolajczak, M., Stahl, C., Béna, J., Luminet, O., Lane, A., & Corneille, O. (2020). 638 

How can intranasal oxytocin research be trusted? A systematic review of the interactive 639 

effects of intranasal oxytocin on psychosocial outcomes. Perspectives on Psychological 640 

Science, 15(5), 1228-1242. 641 

Nave, G., Camerer, C., & McCullough, M. (2015). Does oxytocin increase trust in humans? A 642 

critical review of research. Perspectives on Psychological Science, 10(6), 772-789. 643 

Nosek, B. A., Beck, E. D., Campbell, L., Flake, J. K., Hardwicke, T. E., Mellor, D. T., … & 644 

Vazire, S. (2019). Preregistration is hard, and worthwhile. Trends in Cognitive 645 

Sciences, 23(10), 815-818. 646 

Ophir, A. G., Gessel, A., Zheng, D. J., & Phelps, S. M. (2012). Oxytocin receptor density is 647 

associated with male mating tactics and social monogamy. Hormones and Behavior, 61(3), 648 

445-453. 649 

Palombit, R. A. (1996). Pair bonds in monogamous apes: a comparison of the siamang Hylobates 650 

syndactylus and the white-handed gibbon Hylobates lar. Behaviour, 133(5-6), 321-356. 651 

Phelps, S. M., & Young, L. J. (2003). Extraordinary diversity in vasopressin (V1a) receptor 652 

distributions among wild prairie voles (Microtus ochrogaster): patterns of variation and 653 

covariation. Journal of Comparative Neurology, 466(4), 564-576. 654 

Reichard, U. H., Ganpanakngan, M., & Barelli, C. (2012). White-handed gibbons of Khao Yai: 655 

social flexibility, complex reproductive strategies, and a slow life history. In Long-term field 656 

studies of primates (pp. 237-258). Springer, Berlin, Heidelberg. 657 



 32 

Rosenthal, M. F., Gertler, M., Hamilton, A. D., Prasad, S., & Andrade, M. C. (2017). Taxonomic 658 

bias in animal behaviour publications. Animal Behaviour, 127, 83-89. 659 

Ross, H. E., Freeman, S. M., Spiegel, L. L., Ren, X., Terwilliger, E. F., & Young, L. J. (2009). 660 

Variation in oxytocin receptor density in the nucleus accumbens has differential effects 661 

on affiliative behaviors in monogamous and polygamous voles. Journal of 662 

Neuroscience, 29(5), 1312-1318. 663 

Rowell, T. (1999). The myth of peculiar primates. In: Box, H.O., Gibson, K.R. (Eds.), 664 

Proceedings of the Symposium of the Zoological Society of London on Mammalian 665 

Social Learning: Comparative and Ecological Perspectives. 666 

Salo, A. L., Shapiro, L. E., & Dewsbury, D. A. (1993). Affiliative behavior in different species of 667 

voles (Microtus). Psychological Reports, 72(1), 316-318. 668 

Sikich, L., Kolevzon, A., King, B. H., McDougle, C. J., Sanders, K. B., Kim, S. J., ... & Veenstra-669 

VanderWeele, J. (2021). Intranasal oxytocin in children and adolescents with autism 670 

spectrum disorder. New England Journal of Medicine, 385(16), 1462-1473. 671 

Silk, J. B., & Kappeler, J. M. (2017). Sociality in primates. In D. R. Rubenstein & P. Abbot 672 

(Eds.), Comparative social evolution (pp. 253–83). Cambridge University Press.  673 

Singletary, B., & Tecot, S. (2019). Signaling across the senses: A captive case study in pair-674 

bonded red-bellied lemurs (Eulemur rubriventer) at the Duke Lemur Center, NC, 675 

USA. Primates, 60(6), 499-505. 676 

Singletary, B., & Tecot, S. (2020). Multimodal pair‐bond maintenance: A review of signaling 677 

across modalities in pair‐bonded nonhuman primates. American journal of primatology, 82(3), 678 

e23105. 679 



 33 

Smith, A. S., Ågmo, A., Birnie, A. K., & French, J. A. (2010). Manipulation of the oxytocin 680 

system alters social behavior and attraction in pair-bonding primates, Callithrix 681 

penicillata. Hormones and Behavior, 57(2), 255-262. 682 

Snowdon, C. T., Pieper, B. A., Boe, C. Y., Cronin, K. A., Kurian, A. V., & Ziegler, T. E. (2010). 683 

Variation in oxytocin is related to variation in affiliative behavior in monogamous, 684 

pairbonded tamarins. Hormones and Behavior, 58(4), 614-618. 685 

Tabak, B. A., Teed, A. R., Castle, E., Dutcher, J. M., Meyer, M. L., Bryan, R., ... & Eisenberger, 686 

N. I. (2019). Null results of oxytocin and vasopressin administration across a range of 687 

social cognitive and behavioral paradigms: Evidence from a randomized controlled 688 

trial. Psychoneuroendocrinology, 107, 124-132. 689 

Walum, H., & Young, L. J. (2018). The neural mechanisms and circuitry of the pair bond. Nature 690 

Reviews Neuroscience, 19(11), 643-654. 691 

Williams, J. R., Insel, T. R., Harbaugh, C. R., & Carter, C. S. (1994). Oxytocin administered 692 

centrally facilitates formation of a partner preference in female prairie voles (Microtus 693 

ochrogaster). Journal of Neuroendocrinology, 6(3), 247-250. 694 

Young, L. J., & Wang, Z. (2004). The neurobiology of pair bonding. Nature Neuroscience, 7(10), 695 

1048-1054. 696 

 697 

 698 


