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Salivary Cortisol, but Not Oxytocin, Varies With Social Challenges in Domestic Pigs: Implications for Measuring Emotions
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Animals respond to inherently rewarding or punishing stimuli with changes in core affective states, which can be investigated with the aid of appropriate biomarkers. In this study we evaluate salivary cortisol (sCORT) and salivary oxytocin (sOXT) concentrations under baseline conditions and in response to two negatively- and two positively-valenced social challenges in 75 young pigs (Sus scrofa domesticus), housed and tested in eight social groups. We predicted that: (1) Relative to baseline, weaning and brief social isolation would be associated with increases in sCORT, due to psychosocial stress, and reductions in sOXT, due to a lack of opportunities for social support; and (2) Opportunities for social play, and reunions with group members after a separation would be associated with weaker sCORT responses, and increases in sOXT concentrations compared to baseline and to negative social challenges. Testing and sample collection occurred between 28 and 65 days of age and involved a within-subject design, in which every subject was sampled multiple times in neutral (baseline), negative and positive social contexts. We also recorded behavioral data and measured rates of agonism, play and affiliative interactions in the different contexts, prior to saliva sampling. As expected, negative social challenges were associated with robust cortisol responses. Relative to baseline, pigs also had higher sCORT responses to positive social challenges, although these differences were only significant during reunions. Salivary oxytocin concentrations did not differ between the different social conditions, although sOXT was lowest during the brief social isolation. Behavioral analyses confirmed predictions about the expected changes in social interactions in different social contexts, with increases in agonism following weaning, increases in coordinated locomotor play in the play context and high rates of affiliative interactions during reunions. Relative sCORT reactivity to different contexts may reflect the intensity of emotional responses, with greater increases occurring in response to challenges that involve more psychosocial stress. Our results suggest that sOXT is not a reliable indicator of emotional valence in pigs, although more research is needed to characterize sOXT responses to various challenges with and without access to social support.
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INTRODUCTION

From an evolutionary perspective, emotions are viewed as coordinated short-term changes in behavior, physiology and cognition that help individuals to avoid harmful situations that may decrease fitness, and to seek out positive and rewarding experiences that enhance fitness (reviewed in: Mendl et al., 2010; Paul and Mendl, 2018). Threats to fitness can be caused by environmental risks, social aggression or social isolation, while benefits to fitness occur through access to important resources including food, safety and social partners. There is growing consensus that humans and other animals respond to inherently rewarding or punishing stimuli by exhibiting different core affective states (Burgdorf and Panksepp, 2006; Dolensek et al., 2020). These core affective states contain several measurable features (Anderson et al., 2014; Zych and Gogolla, 2021), including valence (emotional responses are negative or positive), scalability (emotional responses show gradations in intensity) and persistence (emotional responses outlast the stimuli), which can be investigated in animal models with the aid of appropriate biomarkers.

Among the physiological indicators that are frequently linked to animal emotions are the glucocorticoid (GC) hormones, which are released into circulation after activation of the hypothalamic-pituitary-adrenal (HPA) axis in response to physical or psychosocial stressors (reviewed in Sapolsky et al., 2000). The majority of research on the HPA axis has focused on GC responses to involuntary stressors that pose threats to fitness, such as restraint (rats: Pitman et al., 1988), forced exercise (rats: Wotjak et al., 1998; humans: Altemus et al., 1995); social aggression (rats: Neumann et al., 2001a) or social isolation (pigs: Ruis et al., 2001). As a result, increases in GCs in animals are often interpreted as indicators of distress in response to threats. However, the HPA axis is also involved in mobilizing energy to respond adaptively to various voluntary and fitness-enhancing challenges (reviewed in Buwalda et al., 2012). For example, exposure to environmental enrichment for captive animals (e.g. pigs: de Jong et al., 2000; rats: Konkle et al., 2010), voluntary exercise (humans: Hew-Butler et al., 2008), and sexual arousal (rats: Buwalda et al., 2012), are also associated with elevated GCs. The combined evidence cautions against using measures of GCs alone as indicators of emotional valence in animals. However, there is some evidence that relative changes in GCs in response to different challenges may reflect differences in perceived intensity of challenges for individuals (García et al., 2000; Hew-Butler et al., 2008; Koolhaas et al., 2011), suggesting that GCs may be useful for measuring the scalability of emotional responses.

The potential role of the neuropeptide hormone oxytocin as a bioindicator of emotional valence is increasingly discussed (Mitsui et al., 2011; Rault et al., 2017). From the hypothalamus, centrally-released oxytocin binds to regions of the social brain including the nucleus accumbens, where it enhances the rewarding aspects of social behavior (Landgraf et al., 2009) and the amygdala, where it reduces fear and anxiety in order to facilitate social interactions (Knobloch et al., 2012). Oxytocin also binds to receptors in the hypothalamus, where it can exert inhibitory effects on the HPA axis (rodents: Neumann et al., 2001b; primates: Parker et al., 2005). This evidence has led to the hypothesis that oxytocin is responsible for the buffering effects of social support on stress reactivity, which have been documented in a range of species (Engelmann et al., 2004; Hennessy et al., 2009). Oxytocin can also be released peripherally via the posterior pituitary, either in a coordinated manner with central release (e.g. Nyuyki et al., 2011), or independently (e.g. Neumann, 2002), depending on the context and intensity of the stimulus (Valstad et al., 2017). A large body of research indicates that exogenously-induced or endogenously-occurring elevations in circulating oxytocin are associated with increased trust, generosity and cooperation in humans (Kosfeld et al., 2005; Campbell, 2010), and increases in affiliative interactions in a range of species (humans: Gangestad and Grebe, 2017; primates: Crockford et al., 2013; rodents: Burkett et al., 2016). However, peripheral oxytocin concentrations also increase in response to threats to social relationships (Neumann, 2002; Campbell, 2008; De Dreu, 2012), and to a range of other psychosocial (e.g. Neumann et al., 2001a; Engert et al., 2016; Alley et al., 2019) and physical stressors (e.g. Hashiguchi et al., 1997; Wotjak et al., 1998; de Jong et al., 2015). More research is needed on the various contexts and types of stressors that elicit oxytocin release, in order to understand the interplay between the HPA-axis and the oxytocinergic system, and to evaluate the potential for oxytocin to be used as a bioindicator of emotional valence (reviewed in Rault et al., 2017).

In this study, we evaluate salivary cortisol (sCORT) and salivary oxytocin (sOXT) concentrations under baseline conditions and in response to negatively- and positively-valenced social challenges that are associated with strong behavioral responses in pigs. Pigs are highly social animals with close similarities in organ physiology and brain development to humans (Swindle and Smith, 2008). They exhibit evidence for advanced cognitive abilities (Croney and Boysen, 2021), emotional contagion (reviewed in Baciadonna et al., 2018) and spontaneous prosocial behavior (Masilkova et al., 2021). As such, we expect pigs to show emotional responses to different social challenges. We also measure social behavior and activity levels during the different social challenges, as additional indicators that the challenges were associated with different emotional responses.

As negatively-valenced social challenges, we measured responses to: (i) weaning and mixing into new social groups and (ii) brief social isolation. Both of these contexts remove pigs from the safety and security of stable social groups. Weaning is associated with increases in aggression and salivary cortisol concentrations when pigs from different litters are mixed together into new social groups (Colson et al., 2012), as is typical in commercial pig production settings (reviewed in Düpjan et al., 2021). Prolonged social isolation triggers increases in cortisol concentrations and negative health indices in young pigs of both sexes (reviewed in Gimsa et al., 2018), and we expect that even brief social isolation will trigger robust stress responses in immature pigs, relative to baseline measurements when pigs are in stable social environments. We further hypothesize that weaning and social isolation will be associated with reductions in sOXT, related to a lack of opportunities to seek out and receive social support. Alternatively, given evidence that peripheral oxytocin concentrations can increase in response to psychosocial stressors (e.g. Neumann et al., 2001a; Engert et al., 2016), it is also possible that negatively-valenced social challenges will trigger increased sOXT relative to baseline.

We also exposed pigs to two positively-valenced social challenges involving: (i) opportunities for play and (ii) reunions with their social group after a brief separation. Play behavior is associated with positive health outcomes in pigs and other mammals (e.g. Boissy et al., 2007; Lawrence et al., 2018), and is a promising area for identifying physiological markers of positively-valenced emotions. Play behavior is most commonly observed in pre-pubertal pigs (Newberry et al., 1988) and is reliably triggered when young pigs are exposed to larger and more enriched-environments (Wood-Gush and Vestergaard, 1991; Donaldson et al., 2002). Pig play behavior often combines social and locomotor components, in which several pigs simultaneously exhibit exaggerated scampering, hopping and/or pivoting movements that serve no apparent function (e.g. Newberry et al., 1988; Reimert et al., 2013). As a second positively-valenced social challenge, we expect that reunions with members of one's social group after a brief separation will be associated with short-term increases in positive social interactions involving the reunited individual, including prolonged licking and nibbling, which may serve functions in pigs that are similar to grooming in other species (Gonyou, 2009; Camerlink and Turner, 2013).

We predict that positive social challenges will also be associated with increases in sCORT relative to baseline, due to increases in activity levels and the associated energetic demands put on individuals. However, if sCORT reflects the scalability of emotional responses, then we expect pigs to have reduced sCORT reactivity to positive social challenges in comparison with their responses to negative social challenges. We expect that positive social challenges will be associated with increases in sOXT, due to increases in social behaviors that are mediated by the oxytocinergic system, including behavioral synchronization (Feldman, 2012; Jiang and Platt, 2018) during play and affiliative tactile interactions (Dunbar, 2010) during reunions. By measuring sCORT, sOXT and behavior in pigs in response to differently-valenced social challenges, we will investigate the usefulness of combining these non-invasive physiological indicators to assess the valence and intensity of emotional responses.



MATERIALS AND METHODS


Animal Husbandry and Testing Procedure

Subjects were German Landrace pigs born and housed at the Experimental Pig Facility at the Research Institute for Farm Animal Biology (FBN) in Dummerstorf, Germany. Farrowing is synchronized among several sows. After birth, piglets are housed with their mothers in 6 m2 farrowing compartments with plastic floors and a covered, heated piglet nest area (0.90 m2). Piglets have unrestricted access to water and are offered dry food (HAKRA-Immuno-G; Una Hakra, Hamburg, Germany) in addition to milk beginning from 14 days of age. Piglets receive tattoos at 1 day of age and ear tags with identification numbers at 27 days of age. Pigs are not subjected to tail docking, teeth clipping, castration or other invasive procedures. At 28 days of age, subjects were weaned and mixed into new social groups, by randomly selecting pigs from two to three different litters to make groups of 9–10 individuals. Groups were sex-balanced and contained equal numbers of littermates from each contributing litter. Pigs were tested in four temporally-separated cohorts, with each cohort consisting of two social groups, for a total of n = 78 subjects (39 females and 39 males). Power analyses indicated that this sample size would be sufficient to detect true effects with 80% probability (see Supplementary Materials). Cohorts were housed in identical, neighboring 2.8 x 2.8 m pens in the same room, with partially slatted flooring and a sleeping mat. Pigs in neighboring pens could exchange auditory and olfactory cues, but did not have direct visual contact. Indoor lighting in the room was controlled on a timer, with lights on from 7:00–15:00 h. Pigs also received natural light through a window. Food (Porcistart, Trede und von Pein GmbH, Damfleth, Germany) and water were provided ad libitum, and straw and an enrichment toy (Easyfix® Luna 68, Ballinasloe, Ireland) were provided daily. Room temperature was maintained between 20 and 22°C. Pigs were regularly given back numbers using livestock spray paint to facilitate individual identification. All research procedures were approved under the German Animal Welfare Act (German Animal Protection Law, §8 TierSchG) by the Committee for Animal Use and Care of the Agricultural Department of Mecklenburg-Western Pomerania, Germany (permit LALLF 7221.3-1-036/20).

Testing and sample collection occurred from August 2020–February 2021, and involved a nested, within-subject design, in which each pig was repeatedly tested between 28 and 65 days of age in negative, positive and neutral (or baseline) social contexts. Of the 78 subjects, one died during the study period of unknown causes, and two subjects were removed from the study to be treated for illnesses. For these three subjects, we included only their initial baseline, weaning and play samples. The remaining n = 75 subjects experienced all of the positive and negative social conditions, and were also sampled multiple times under baseline conditions (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic of the time frame for saliva sampling of each subject. From 28 to 55 days of age, pigs were sampled at similar times of day after exposure to negative, positive or neutral social contexts. From days 60 to 65, each pig was sampled three times on one day before (Base) and during a separation (Sep) from their group members, and after a reunion (Reun).


Cortisol has a strong diurnal rhythm, which typically peaks early in the morning, after first waking in pigs (Ruis et al., 1997). Little is known about the diurnal rhythm of oxytocin secretion in pigs, although oxytocin does not have a strong diurnal rhythm in other species (humans: Blagrove et al., 2012; Van Dam et al., 2018, goats: Seckl and Lightman, 1987). To avoid sampling during the waking cortisol response, we collected samples beginning at 8:30, 1.5 h after lights were switched on. We also sampled from each group at the same time of day following negative, positive and neutral social contexts. A few days prior to weaning, two assistants entered the farrowing compartments of future subjects and acclimated the piglets to their presence and to the process of chewing on swabs to provide saliva samples. At 28 days of age, pigs in a given cohort were weaned in a stratified manner, with the first group weaned at 7:30 and the second group weaned at 8:00. We collected saliva samples from each group one hour following weaning, at 8:30 and 9:00 respectively. The one hour interval before sampling was chosen to allow pigs to react to their new social environment, and to provide sufficient time for pigs to begin to exhibit post-mixing aggressive behaviors that are associated with the establishment of dominance hierarchies. After a week-long period of adjustment to their new social groups, the two groups were again tested in a stratified manner at 8:00 and 9:00 in a social play condition, during which each group was given free access to the large corridor (5 x 1.5 m) adjacent to their home pen. The corridor contained the same enrichment toy that was also available in the home pens. To initiate the play opportunity, a researcher entered the designated pen, propped one of the stall doors open and then left the room. Pigs then had free access to the corridor as well as to their home pens for 30 min. Two assistants then entered the room, returned the piglets to their home pen and collected saliva samples from the tested group, at 8:30 and 9:30 respectively. On the following day, baseline samples were collected from members of each group in their home pens, beginning at 8:30 or 9:00.

Between 46 and 55 days of age, we collected between 1 and 4 additional baseline samples from subjects. Baseline samples were collected between 8:30 and 12:00, and pigs were left undisturbed in their social groups prior to sampling. Following saliva sampling, pigs were exposed in their social groups to a cooperation task for a different project (Moscovice and Rault, unpublished data). Pigs did not receive any other interventions during this time period. Between 60 and 64 days of age, each subject underwent one 15-min separation from their social group in a pre-determined random order. Before the separation, an assistant entered the pen and collected a baseline sample from the subject. The assistant then opened the door and allowed the subject to leave the stall, which pigs did willingly without being handled. The assistant used a sorting board to encourage the pig to walk down a short hallway, until they entered an open door to a second experimental room, containing a 2.8 x 2.8 m arena. The arena contained an identical enrichment toy to the one available in the home stall, but was otherwise empty. The assistant closed the arena door and left the subject alone in the room for 15 min. The assistant then returned to the room, collected a post-separation saliva sample and led the pig down the hallway and back into their home stall, where they were left undisturbed for 15 min during the reunion phase. The assistant then entered the room and collected a post-reunion saliva sample from the subject. We tested two subjects per group per day and alternated between groups, so that each group had a recovery period of ~30–45 min between the end of a reunion and the next separation. By collecting multiple baseline samples over a month-long period that also involved different developmental stages and newer vs. more-established social groups, we hoped to gain a more robust measure of fluctuations in baseline hormone concentrations than would be possible by sampling at fewer time points (Martins et al., 2020).



Behavioral Observations

Prior to collecting saliva samples, we recorded behavioral data from each group in each social context, using ceiling- and wall-mounted video cameras. One of the researchers (LRM) and two assistants coded behavioral data in Noldus® Observer XT 15 (Noldus Information Technology bv, The Netherlands). We recorded all occurrences of prolonged (> 3 s) agonism, affiliative interactions and locomotor play within groups in the 30 min before the weaning, play and first baseline hormone samples were collected. Agonism was defined by unilateral or reciprocal ramming, pressing and/or biting using the head and/or body, which was often accompanied by chasing by an aggressor, and avoidance behaviors by the eventual loser. For affiliative behavior, we focused on prolonged tactile interactions in which pigs used their nose or mouth to gently manipulate the skin or hair of partners. Locomotor play included primarily scampering (bouncy running), which was sometimes combined with pivoting (swiftly turning around to face in a different direction) and/or flopping on the ground. Unlike other forms of social play such as head butting and shoving, locomotor play is easy to disambiguate from agonism (Held and Špinka, 2011; Lawrence et al., 2018). We also measured the frequency of group locomotor play, which we defined when three or more individuals participated simultaneously in locomotor play. For each behavior, we measured the number of independent events within each group, defined as events that were separated by a > 10 s pause when they involved the same subjects. Behavior during weaning and play was analyzed in all eight groups, but behavior during baseline was analyzed in seven groups, due to technical issues with the video recording on the baseline day for one group. To determine general activity levels in different social contexts, we collected instantaneous scan samples of all visible pigs at two-minute intervals, with pigs who were standing or moving at the scan interval considered to be active. During the first 15 min of each reunion, we recorded focal continuous data on agonism and affiliative behavior between each reunited pig (n = 74) and other group members. Due to a technical problem with the video camera, we did not obtain behavioral data for one of the n = 75 reunion events.



Hormone Collection and Analyses

Saliva samples were collected by one of the authors (LRM) and two assistants using SalivaBio® Infant Swabs (Salimetrics, CA, USA), which are designed to collect passive drool from human infants and have been validated for salivary hormone measurements in other species (e.g. dogs: MacLean et al., 2018). Each swab was secured to a wooden dowel, for ease of handling. All subjects were familiar with the sample collectors and had been previously habituated to sample collection. During collection, two researchers entered the pig stall, presented a swab to a subject chosen at random and encouraged them to mouth and chew on the swab for between 1 and 2 min. During this time the assistants prevented other pigs from attempting to manipulate the same swab. Pigs were not actively handled or restrained during sampling, and all samples were provided voluntarily. Saturated swabs were inspected and discarded if there were any signs of blood on the swabs. Swabs were placed in polypropylene tubes on ice immediately after collection, and were centrifuged within 30 min of collection at 4°C (15 min, 2,000 × g). The eluent was stored at −80°C until hormone analyses.

Due to individual variation in the amount of saliva produced, not all collected samples had sufficient volumes to analyze both hormones. For samples with > 300 μl (n = 437), both sCORT and sOXT were measured. For samples with 200–300 μl (n = 20), only sOXT was measured. For samples with <200 μl (n = 87) only sCORT was measured. Prior to sOXT measurement, we performed a solid phase extraction following a protocol modified from Lürzel et al. (2020). Samples were thawed on ice and centrifuged at 4°C (5 min, 2,000 × g). We mixed 250 μl of saliva with equal parts 0.1% trifluoroacetic acid (TFA)/water, vortexed, and then centrifuged at 4°C (15 min, 17,000 × g). During preliminary tests, we found that this second centrifugation step in TFA helped to separate out additional particles that may have interfered with oxytocin measurement. We loaded the supernatant on 1 ml, 30 mg sorbent, HLB cartridges (Oasis Prime®, cat no. 186008055, Waters Corporation, MA, USA), primed with 1 ml 99% acetonitrile (ACN), followed by 3 ml 0.1% TFA/water. Samples were washed with 3 ml 0.1% TFA/water and eluted with 3 ml 36% ACN/0.1% TFA. Eluents were evaporated using a Vacuum concentrator (SpeedVac® SC210, Thermo Fisher Scientific, MA, USA), and frozen at −80°C until measurement. We measured oxytocin using a commercially available enzyme immuno-assay (EIA) that has been validated for human sOXT (Cayman Chemical ®, kit no. Cay500440, MI, USA). The standard curve ranges from 5.9 to 750 pg ml−1 and assay sensitivity is 20 pg ml−1. Prior to measurement, we reconstituted samples in 250 μl assay buffer (no dilution with respect to the initial sample volume), and then followed the kit instructions. During a pilot study, we compared a subset of saliva samples collected in duplicate and either first extracted or left unextracted and measured on the same plate. Extracted and unextracted samples were not correlated (rs = 0.36, n = 10, p = 0.31), suggesting that an extraction step may help to reduce matrix effects. We therefore performed an extraction prior to measurement of sOXT in pigs via enzyme immuno-assay.

We performed validations of parallelism, accuracy/recovery and reproducibility to confirm that the assay measures the majority of oxytocin present and is suitable for measuring oxytocin in pig saliva. To test for parallelism, we estimated and compared the slopes of the fitted lines between the oxytocin standard curve and a serial dilution of pooled pig saliva, using the “lstrends” and “pairs” functions in the package “lsmeans” (Lenth, 2016). The test revealed no differences in the slopes (t-test, n = 5–6, df = 7, t ratio = −0.002, p = 0.999, see Supplementary Figure S1A). Recovery of oxytocin in three different pooled samples of known concentrations, each spiked with oxytocin standards at three different concentrations spanning the linear range (750, 375, 187.5 pg ml−1) was 96.4 ± 6.8% (n = 9 spiked samples). To determine reproducibility, we measured intra- and inter-assay coefficients of variation (CVs) of pooled low (30 pg ml−1) and high (150 pg ml−1) control saliva samples that were stored in multiple aliquots, extracted along with test samples and each run in duplicate on each plate. The inter-assay CVs of low- and high-concentration pooled controls were 11.1% and 10.2% respectively (n = 28 samples). Intra-assay CVs of low- and high-concentration pooled samples were 13.6% and 10.4% respectively. As an additional analytical validation, we established an immunogram via fractionation with High Performance Liquid Chromatography (HPLC) and measurement with the Cayman EIA, to compare immunoreactivity (IR) in extracted pig saliva and synthetic oxytocin standard containing the complete nanopeptide. We found that 81.9% of the IR detected in the pooled pig saliva sample had the same retention time as the IR in the synthetic oxytocin samples (see Supplementary Figure S2), confirming that our method is suitable for measuring oxytocin in pig saliva. In addition to the analytical validations, we also performed a biological validation by measuring changes in sOXT before and during parturition in n = 11 sows. Salivary oxytocin increased almost three-fold during parturition compared to one day before (553.2 ± 372.1 vs. 198.6 ± 102.5 pg ml−1, Wilcoxon signed-rank test, n = 11, Z = −2.41, p = 0.014, see Supplementary Figure S3), which is consistent with increases in plasma oxytocin in sows during parturition (Castrén et al., 1993).

For cortisol measurements, we used an EIA kit for salivary cortisol (Demeditec Diagnostics®, GmbH, Kiel, Germany) that has been previously validated in pigs (Goursot et al., 2019). The standard curve ranges from 0.1–30 ng ml−1 and assay sensitivity is 0.019 ng ml−1. After thawing, samples were spun at 2,500 × g for 5 min, 50 μl of supernatant was diluted 1:2 with assay buffer and samples were run in duplicate. Tests of parallelism revealed no differences in the slopes of the fitted lines between the cortisol standard curve and a serial dilution of pooled pig saliva (t-test, n = 5–6, df = 7, t ratio = 0.768, p = 0.468, see Supplementary Figure S1B). Recovery of sCORT in two different pooled samples of known concentrations, each spiked with cortisol standards at three different concentrations spanning the linear range (30, 7, 1.7 ng ml−1) was 100.3 ± 18.3% (n = 6 spiked samples). To determine reproducibility, we measured intra- and inter-assay CVs of pooled low (1.5 ng ml−1 cortisol) and high (5.0 ng ml−1 cortisol) control saliva samples that were stored in multiple aliquots and run in duplicate on each plate. The inter-assay CVs of low- and high-value pooled controls were 9.6% and 8.6% respectively (n = 36 samples). Intra-assay CVs of low and high value pooled samples were 10.9% and 8.9% respectively.



Statistical Analyses

We conducted statistical analyses using the R statistical software (v 4.0.3, R Core Team, 2020). We tested whether social context (baseline, weaning, play, separation or reunion, test predictor) explained variation in sCORT or sOXT concentrations (responses) in pigs. In order to implement the nested, within-subject design of the study, we fit Linear mixed models (LMMs) using the lmer function of the package “lme4” (Bates et al., 2015). We fit two LMMs to estimate sCORT in n = 524 samples and sOXT in n = 457 samples. We included the age and sex of subjects as additional predictors, to determine whether there were general or sex-specific changes in hormones coinciding with this sensitive developmental period for pigs. We also included predictors for the linear and quadratic time of day of sample collection, to control for linear as well as non-linear effects of time of day on hormone concentrations. We included random intercepts for subjects nested within social group and sow, and for the date of sample collection. To avoid over-fitting the data, and to keep the type I error rate at a nominal 5% (Schielzeth and Forstmeier, 2009; Barr et al., 2013), we also included all theoretically identifiable random slopes (see Supplementary Materials). We log-transformed hormone concentrations to approximate normal distributions, and we z-transformed continuous predictors (age and time of day), to facilitate interpretation of the results.

We confirmed that models were stable by comparing the model estimates derived from the full data set with those obtained from a model with each subject excluded one by one. We also tested for variance inflation using the “vif” function in the package “performance” (Lüdecke et al., 2021) and found no evidence for collinearity of the predictors (VIFs <2.1). We used likelihood ratio tests (Dobson, 2002) to compare each model to a reduced model excluding the effects of social context, age and sex, and present results of models that differed significantly from the reduced model. We tested for significance levels of the fixed effect predictors using t-tests with the Satterthwaite approximation (Luke, 2017) in the function lmer of the package lmerTest (v 3.1-3, Kuznetsova et al., 2017) and a model fitted with restricted maximum likelihood. For significant test predictors, we used the “emmeans” package (Lenth, 2021) to perform pair-wise post-hoc multiple comparison tests on marginal means and calculated Tukey's HSD-adjusted p-values. To confirm that behavioral responses to different social contexts were consistent with the predicted changes in social behavior and general activity levels, we compared agonism, affiliation and activity levels between groups (n = 7–8) following the weaning, play and initial baseline observations. We ran Friedmans ANOVAs in the package “exactRankTests” (Hothorn and Hornik, 2021) and conducted post-hoc Wilcoxon tests with Bonferroni corrections for multiple testing, using the package “rstatix” (Kassambara, 2021). We also compared frequencies of agonistic and affiliative interactions between reunited pigs (n = 74) and their group members in the 15-min following reunions. Results are presented as mean (± SD). We tested for significance using estimated marginal means (± SE) based on the fitted statistical model, adjusting for the fixed and random effects in the model. A p-value <0.05 was considered a significant effect.




RESULTS

The full cortisol model differed significantly from a reduced model that did not include the main effects of social context, age and sex (χ2 = 85.56, df = 6, p < 0.001). Social context had a strong effect on sCORT concentrations [F(4, 23) = 54.07, p < 0.001, Table 1; Figure 2]. There were up to three-fold increases in sCORT following negative social challenges (weaning: 15.22 ± 6.3 ng ml−1), separation: 12.32 ± 7.49 ng ml−1), compared to baseline (5.87 ± 3.28 ng ml−1, both p values <0.001). Considering positive social challenges, sCORT following play did not differ from baseline (p = 0.233). Post-reunion sCORT (8.71 ± 2.97 ng ml−1) remained elevated compared to baseline concentrations (p < 0.001), although sCORT was lower following reunions than during separations (p = 0.019). Pigs also had decreases in sCORT with increasing age [F(1, 31) = 4.68, p = 0.038, Table 1]. Cortisol concentrations were not influenced by subjects' sex or the time of sample collection (see Table 1).


Table 1. Results of a linear mixed model testing for effects of social context on salivary cortisol concentrations in young pigs.
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FIGURE 2. Log transformed salivary cortisol concentrations following neutral, negative and positively-valenced social contexts. Boxplots indicate medians and interquartile ranges. Sample size for each context is also indicated. Results of the pair-wise post-hoc multiple comparisons (Tukey's HSD) are visualized using a compact letter display, with different letters indicating significant differences. For full model results, see Table 2.


The full oxytocin model differed significantly from a reduced model with the main effects of social context, age and sex excluded (χ2 = 15.57, df = 6, p = 0.016). In contrast with predictions, sOXT concentrations did not differ between the different social contexts [F(4, 12) = 1.66, p = 0.22, Table 2; Figure 3]. Rather than increasing in response to positive social challenges, sOXT concentrations were at their lowest during a brief social isolation (see Figure 3), although this difference did not reach significance. Regardless of context, pigs had lower sOXT with increasing age [F(1, 24) = 8.54, p = 0.007, see Table 2]. The other control predictors did not influence sOXT.


Table 2. Results of a linear mixed model testing for effects of social context on salivary oxytocin concentrations in young pigs.
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FIGURE 3. Log transformed salivary oxytocin concentrations following neutral, negative and positively-valenced social contexts. Boxplots indicate medians and interquartile ranges. Sample size for each context is also indicated. For full model results, see Table 2.


The behavioral analyses confirmed our predictions about the expected changes in social interactions related to the different social challenges. Groups differed in frequencies of agonistic interactions (Friedmans, χ2 = 9.54, df = 2, p = 0.008), due to increases in agonism following weaning (0.31 ± 0.29 events per minute) compared with following play (0.05 ± 0.08 agonistic events per minute, Wilcoxon, p.adj = 0.023, Figure 4A). Post-weaning agonism did not differ from baseline (0.11 ± 0.17 events per minute, Wilcoxon, p.adj = 0.657, see Figure 4A). Groups also differed in frequencies of locomotor play across the different contexts (Friedmans, χ2 = 10.89, df =2, p = 0.004), due to increases in locomotor play when pigs had free access to a large hallway (3.26 ± 0.78 events per minute), in comparison with locomotor play during weaning (0.16 ± 0.14 events per minute, Wilcoxon, p.adj = 0.023), and baseline (0.17 ± 0.18 events per minute, Wilcoxon, p.adj = 0.047, Figure 4B). The effects of the play context on group locomotor play were especially evident, as this synchronized play occurred 0.87 ± 0.23 times per minute during the play condition, and often involved the majority of individuals in the group (see Supplementary Video S1). In contrast, group locomotor play was rare in other contexts, occurring only once during the weaning observations, and only seven times during the baseline observations. Groups also tended to have more affiliative interactions during play than in the other social contexts (Friedmans, χ2 = 5.42, df = 2, p = 0.06), although post-hoc pairwise comparisons were not significant (p.adj > 0.12). Differences in activity levels among the different contexts (Friedmans, χ2 = 11.14, df = 2, p = 0.003) were also consistent with increased energetic expenditure during negative and positive social challenges. Pigs were standing or moving more often during weaning (84.6 ± 12.6% of scans, Wilcoxon, p.adj = 0.047) and play (91 ± 8.4% of scans, Wilcoxon, p.adj = 0.047), in comparison with baseline contexts (47.7 ± 30.8% of scans, Figure 5). Activity levels did not differ between the weaning and play conditions (Wilcoxon, p.adj = 0.75, see Figure 5).


[image: Figure 4]
FIGURE 4. Rates of agonistic interactions (A) and locomotor play (B) within social groups during neutral (baseline), negative (weaning) and positive (play) social contexts. The number of social groups sampled in each context is indicated. Boxplots indicate medians and interquartile ranges. Results of the pair-wise post-hoc multiple comparisons (Bonferroni tests) are visualized using a compact letter display, with different letters indicating significant differences.



[image: Figure 5]
FIGURE 5. Proportion of instantaneous scans during which pigs were active in neutral (baseline), negative (weaning) and positive (play) social contexts. The number of social groups sampled in each context is indicated. Results of the pair-wise post-hoc multiple comparisons (Bonferroni tests) are visualized using a compact letter display, with different letters indicating significant differences.


During reunions after separations, reunited pigs were involved in high rates of affiliative interactions (0.80 ± 0.39 events per min), including prolonged bouts of licking/nibbling behavior (see Supplementary Video S2), and low rates of agonism (0.02 ± 0.04 per min) with other group members (Figure 6).


[image: Figure 6]
FIGURE 6. Rates of affiliative and agonistic interactions between each reunited pig and their group members in the 15 min reunion period after a brief social isolation.




DISCUSSION

We compared sCORT and sOXT concentrations in pigs under neutral social conditions and following changes in social contexts that were expected to be negatively- or positively-valenced. Our goals were to examine the interplay between changes in sCORT and sOXT in response to social challenges, and to evaluate the usefulness of combining these hormones as indicators of the intensity and valence of emotional responses. As expected, pigs had the highest sCORT concentrations following exposure to involuntary social challenges that posed potential threats to fitness. Voluntary, positive social challenges were also associated with increased sCORT concentrations relative to baseline, although these differences were only significant for the reunion context. These results are consistent with evidence in other species that peripheral cortisol release can be associated with energetically-demanding positive challenges (e.g. voluntary exercise: Hew-Butler et al., 2008, sexual arousal: Buwalda et al., 2012), and caution against using glucocorticoid responses alone as indicators of emotional valence or for welfare purposes (Veissier and Boissy, 2007). Our results also support the hypothesis that relative cortisol reactivity to different contexts may reflect the intensity of emotional responses, whereby a combination of psychosocial and energetic stressors (such as during weaning) may trigger greater cortisol reactivity than energetic stress alone (such as during play). Reimert et al. (2013) also found graded increases in sCORT in pigs exposed to positive (access to environmental enrichment) or negative (brief isolation and aversive interactions with humans) contexts, with the strongest responses to the negative stimuli.

In contrast with our assumptions, sOXT concentrations following positive and negative social challenges did not differ consistently from baseline. These results contradict studies in other species reporting increases in peripheral oxytocin in response to stressors that are proportional to the strength of the glucocorticoid stress response (e.g. humans: Hew-Butler et al., 2008; Engert et al., 2016; rodents: Neumann et al., 1998, 2001a). However, our results are consistent with other studies that also report no changes in peripheral oxytocin in response to stressors (Altemus et al., 2001; Taylor et al., 2006; Ditzen et al., 2007; McQuaid et al., 2016). Some of the variation in these results likely relates to context-specific features of stressors that may have different influences on the oxytocinergic system. However, there are also contradictory findings regarding peripheral oxytocin release in response to the same stressor (e.g. the Trier Social Stress Test: Altemus et al., 2001; Pierrehumbert et al., 2012; Engert et al., 2016). In addition, studies sometimes measure the two hormones in different matrices (e.g. Ditzen et al., 2007; Seltzer et al., 2010; Pierrehumbert et al., 2012; Engert et al., 2016) and/or at different time frames following the stressor (e.g. Neumann et al., 1998; Pierrehumbert et al., 2012; Engert et al., 2016), making it difficult to compare hormonal responses within and between studies. Future studies should measure these hormones in the same matrices and at multiple time points before, during and after exposure to a range of differently-valenced challenges, to clarify the time course for endogenous release of oxytocin and cortisol. In addition, manipulating access to social support during stressors and examining how this influences the timing and extent of peripheral oxytocin and cortisol release will help to further clarify the role of the oxytocinergic system in social buffering from stressors.

It is interesting that pigs exhibited their lowest sOXT concentrations following a brief period of social isolation, since this was the only context in which pigs had no access to social support. In contrast, during weaning as well as under baseline conditions, pigs had familiar littermates present who could provide social support. In other species, short-term social isolation is associated with alterations in the central oxytocinergic system (rats: Oliveira et al., 2019) and decreases in peripheral oxytocin (rats: Harvey et al., 2019, guinea-pigs: Machatschke et al., 2004). Furthermore, oxytocin concentrations tended to increase during reunions, when reunited pigs were involved in prolonged affiliative tactile contact that has been linked to the oxytocinergic system in other species (Dunbar, 2010). It would be interesting to test whether contexts that promote increased affiliative interactions in pigs without first requiring the removal of social contact may lead to increased sOXT concentrations relative to baseline. In one relevant study, there were no differences in sOXT concentrations when pigs were separated from their social groups without any social contact, or with opportunities for affiliative contact with humans (Lürzel et al., 2020). However, during the affiliative contact condition, sOXT was positively correlated with the amount of affiliative stroking that pigs received (Lürzel et al., 2020).

Young pigs given short-term access to a hallway that increased their total available space exhibited increased activity levels, including exaggerated movements such as scampering and pivoting that serve no apparent functional purpose, which is one hallmark of play behavior (Held and Špinka, 2011). The play context also triggered the expected increases in synchronized group movement, which may help to enhance security and group cohesion in pigs (Špinka and Marek, 2012). Other studies reporting a link between behavioral synchrony and peripheral oxytocin have typically focused on interactions between parents and offspring (Feldman, 2012) or between in-group members in response to out-group threats (De Dreu, 2012; Samuni et al., 2017; Jiang and Platt, 2018), but have rarely looked at behavioral coordination in the context of play. The few studies to investigate oxytocin during play do not support a direct role of oxytocin in mediating play behavior. Mini-pigs (Sus scrofa domesticus) given opportunities for novel object play had significantly lower plasma oxytocin concentrations afterwards in comparison with control pigs that did not have access to play opportunities (Marcet Rius et al., 2018). In rats, exogenously-administered oxytocin either increased, decreased or had no effect on social play depending on the sex of subjects and the context in which play occurred (Bredewold et al., 2014). Given that play behavior is considered a hallmark of positive welfare in young pigs (Lawrence et al., 2018) and in captive animals more generally, identifying biomarkers that are altered during play behavior would help to advance research on positive emotions in animals.

Pigs exhibited a high degree of individual variation in physiological measurements, under baseline conditions as well as after exposure to social challenges. Our model results indicate that some of the variation in cortisol and oxytocin measurements was related to developmental changes in these young pigs during the study period. Other studies indicate similar reductions in sCORT in growing pigs with age, until around 20 weeks of age when more stable adult circadian rhythms are reached (Ruis et al., 1997). Less is known about the development of the oxytocinergic system in pigs, but there are similar decreases in peripheral oxytocin concentrations during development in human infants and children (Nishizato et al., 2017) and in young rats (Elabd et al., 2014). Based on evidence in humans (Bartz et al., 2011; Shamay-Tsoory and Abu-Akel, 2016), it is likely that a range of other factors, including personality, social dominance and previous experience may have affected behavioral and hormonal responses of individuals to changes in social context, and these themes will be explored in follow-up studies.

Salivary free cortisol is a reliable measure of the biologically active faction of cortisol in animals (Hellhammer et al., 2009), and pigs exhibit correlated increases in cortisol in plasma and saliva within minutes in response to an ACTH challenge (Bushong et al., 2000). Salivary oxytocin is increasingly being favored as a non-invasive alternative to more established methods that rely on cerebrospinal fluid or blood (reviewed in Valstad et al., 2017). Valid concerns remain about inconsistencies in laboratory methods for oxytocin measurement, especially regarding the need for extractions, which may vary depending on the species, matrix and analytical technique (reviewed in MacLean et al., 2019). There is also a lack of knowledge of the mode of transfer of OXT from the blood to saliva (Gröschl, 2009). These concerns can be addressed in part through thorough analytical and biological validations of sOXT, which have now been conducted in several species (dogs: MacLean et al., 2018, pigs: López-Arjona et al., 2020a, humans: de Jong et al., 2015), and also by companies producing commercially-available OXT EIA kits (Cayman Chemical®, MI, USA). Although our laboratory methods differ from those of (López-Arjona et al. 2020a), our biological validation confirmed significant increases in sOXT during parturition in sows, consistent with their findings. Furthermore, the results of our immunogram confirm that the majority of OXT detected in extracted saliva samples has properties that are consistent with oxytocin standards containing the complete nonapeptide. However, even when accurately measured, peripheral oxytocin concentrations do not always reflect central oxytocinergic system activation. For example, rats experiencing a stressor due to social defeat exhibited increases in central oxytocin, measured by intracerebral microdialysis, but had decreased plasma oxytocin concentrations (Engelmann et al., 2001; Neumann, 2002). Thus our results indicate only that sOXT concentrations under varied social challenges were not related to changes in sCORT, or to rates of agonistic, affiliative or play behavior within groups. We conclude that current methods can detect changes in sOXT in pigs related to biological processes that are mediated by the oxytocinergic system such as parturition (López-Arjona et al., 2020a, this study) and ejaculation (López-Arjona et al., 2020b), but that there is as yet not convincing evidence that acute changes in sOXT reflect positively- or negatively-valenced social contexts, or underlying emotional states, in pigs (Rault et al., 2017; Lürzel et al., 2020, this study).

Our sampling time points were meant to capture short-term changes in sCORT and sOXT coinciding with responses to social challenges, based in part on a meta-analysis in humans suggesting that peripheral oxytocin and cortisol are more likely to be correlated soon after the onset of various challenges, while later measurements may be influenced by inhibitory feedback between the two systems (Brown et al., 2016). Both cortisol and oxytocin have short half-lives in plasma, and in a range of species, increases in sCORT or sOXT are detectable within 10–15 min following exposure to relevant stimuli (e.g. de Jong et al., 2015; MacLean et al., 2018). We therefore assumed that sampling 15 min following separations and reunions would capture physiological responses to the abrupt changes in the social environment. We chose longer time frames of 30 min following initial exposure to the play context and 60 min following weaning, since we expected delays before pigs exhibited increases in the relevant social behaviors. Our behavioral analyses confirmed that the time frames immediately prior to saliva sampling captured increases in the social behaviors of interest, and sCORT concentrations indicate that pigs were experiencing HPA-axis activation 60 min following weaning. However, it is possible that we failed to detect shorter-term changes in peripheral oxytocin following play and weaning, due to the delayed sampling time frames. It would be interesting to collect sOXT in pigs soon after the onset of other negative social stressors, such as weaning, to test whether sOXT concentrations may show initial decreases and then a return to baseline, similar to the tendencies observed shortly after separations and reunions.

Understanding how the HPA axis interacts with other biological systems, including the oxytocinergic system, will help to evaluate how different challenges are experienced by individuals, and how social support may influence stress reactivity (Brown et al., 2016). Research into the interactions between the HPA axis and the oxytocinergic system can be facilitated by experimental manipulation of these systems, for example through exogenous administration (e.g. Cardoso et al., 2013) or through the use of antagonists (e.g. Neumann et al., 2000). It is also important to understand the causes and effects of endogenous changes in these hormones in different species in response to biologically-relevant challenges. This research is being aided by an increasing tool-kit of non-invasive methods to measure peripheral hormones in a range of matrices (Kremer et al., 2020). We found that pigs exposed to differently-valenced social challenges showed graded increases in sCORT, suggesting that cortisol may indicate the intensity of emotional responses. We did not find variation in sOXT in response to challenges, although sOXT tended to decrease upon removal of social support, and to increase again when social support was restored. Further research characterizing peripheral oxytocin responses to biologically-relevant challenges with and without access to social support will help to clarify the role of the oxytocinergic system in mediating HPA-axis reactivity to challenges.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found online at: https://doi.org/10.5281/zenodo.6510974.



ETHICS STATEMENT

The animal study was reviewed and approved by the Committee for Animal Use and Care of the Agricultural Department of Mecklenburg-Western Pomerania, Germany (permit LALLF 7221.3-1-036/20).



AUTHOR CONTRIBUTIONS

LRM and UG contributed to conception and design of the study. LRM collected the data and wrote the first draft of the manuscript. LRM and WO designed and optimized the HPLC validation. LRM and AE performed the statistical analysis. AE created the figures and the Docker container. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

The authors are grateful for funding from the Universities Federation for Animal Welfare (UFAW, Grant No. 44 19/20 to LRM) in support of this research. The publication of this article was partially funded by the Open Access Fund of the FBN.



ACKNOWLEDGMENTS

We thank V. Hörsch, B. Sobczak and E. Normann for their assistance with running the experiments and collecting saliva samples. We thank B. Sobczak, P. Müntzel and D. Mahling for conducting the laboratory analyses. We are grateful to B. Sobczak and M. Wagenknecht for their help with behavioral coding of videos. We are grateful to R. Mundry for statistical assistance. We thank M. Zenk for her help with the coordination of this project and D. Ameling, H. Asmus, F. Hintze and H. Schumann for their daily care of the pigs at the Experimental Pig Facility of the FBN.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnbeh.2022.899397/full#supplementary-material



REFERENCES

 Alley, J., Diamond, L. M., Lipschitz, D. L., and Grewen, K. (2019). Associations between oxytocin and cortisol reactivity and recovery in response to psychological stress and sexual arousal. Psychoneuroendocrinology 106, 47–56. doi: 10.1016/j.psyneuen.2019.03.031

 Altemus, M., Deuster, P. A., Galliven, E., Carter, C. S., and Gold, P. W. (1995). Suppression of hypothalmic-pituitary-adrenal axis responses to stress in lactating women. J. Clin. Endocrinol. Metab. 80, 2954–2959. doi: 10.1210/jcem.80.10.7559880

 Altemus, M., Redwine, L. S., Leong, Y. M., Frye, C. A., Porges, S. W., and Carter, C. S. (2001). Responses to laboratory psychosocial stress in postpartum women. Psychosom. Med. 63, 814–821. doi: 10.1097/00006842-200109000-00015

 Anderson, D. J., Adolphs, R., and Anderson, D. J. (2014). A framework for studying emotions. Cell 157, 187–200. doi: 10.1016/j.cell.2014.03.003

 Baciadonna, L., Duepjan, S., Briefer, E. F., Padilla de la Torre, M., and Nawroth, C. (2018). Looking on the bright side of livestock emotions—the potential of their transmission to promote positive welfare. Front. Vet. Sci. 5, 218. doi: 10.3389/fvets.2018.00218

 Barr, D. J., Levy, R., Scheepers, C., and Tily, H. J. (2013). Random effects structure for confirmatory hypothesis testing: keep it maximal. J. Mem. Lang. 68, 255–278. doi: 10.1016/j.jml.2012.11.001

 Bartz, J. A., Zaki, J., Bolger, N., and Ochsner, K. N. (2011). Social effects of oxytocin in humans: context and person matter. Trends Cogn. Sci. 15, 301–309. doi: 10.1016/j.tics.2011.05.002

 Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting Linear Mixed-Effects Models using lme4. J. Stat. Softw. 67, 1–48. doi: 10.18637/jss.v067.i01


 Blagrove, M., Fouquet, N. C., Baird, A. L., Pace-Schott, E. F., Davies, A. C., Neuschaffer, J. L., et al. (2012). Association of salivary-assessed oxytocin and cortisol levels with time of night and sleep stage. J. Neural Transm. 119, 1223–1232. doi: 10.1007/s00702-012-0880-1

 Boissy, A., Veissier, I., Manteuffel, G., Langbein, J., Jensen, M. B., Moe, R. O., et al. (2007). Assessment of positive emotions in animals to improve their welfare. Physiol. Behav. 92, 375–397. doi: 10.1016/j.physbeh.2007.02.003

 Bredewold, R., Smith, C. J. W., Dumais, K. M., and Veenema, A. H. (2014). Sex-specific modulation of juvenile social play behavior by vasopressin and oxytocin depends on social context. Front. Behav. Neurosci. 8, 216. doi: 10.3389/fnbeh.2014.00216

 Brown, C. A., Cardoso, C., and Ellenbogen, M. A. (2016). A meta-analytic review of the correlation between peripheral oxytocin and cortisol concentrations. Front. Neuroendocrinol. 43, 19–27. doi: 10.1016/j.yfrne.2016.11.001

 Burgdorf, J., and Panksepp, J. (2006). The neurobiology of positive emotions. Neurosci. Biobehav. Rev. 30, 173–187. doi: 10.1016/j.neubiorev.2005.06.001

 Burkett, J. P., Andari, E., Johnson, Z. V., Curry, D. C., De Waal, F. B. M., and Young, L. J. (2016). Oxytocin-dependent consolation behavior in rodents. Science (80-. ) 351, 375–378. doi: 10.1126/science.aac4785

 Bushong, D. M., Friend, T. H., and Knabe, D. A. (2000). Salivary and plasma cortisol response to adrenocorticotropin administration in pigs. Lab. Anim. 34, 171–181. doi: 10.1258/002367700780457482

 Buwalda, B., Scholte, J., de Boer, S. F., Coppens, C. M., and Koolhaas, J. M. (2012). The acute glucocorticoid stress response does not differentiate between rewarding and aversive social stimuli in rats. Horm. Behav. 61, 218–226. doi: 10.1016/j.yhbeh.2011.12.012

 Camerlink, I., and Turner, S. P. (2013). The pig's nose and its role in dominance relationships and harmful behaviour. Appl. Anim. Behav. Sci. 145, 84–91. doi: 10.1016/j.applanim.2013.02.008


 Campbell, A (2008). Attachment, aggression and affiliation: the role of oxytocin in female social behavior. Biol. Psychol. 77, 1–10. doi: 10.1016/j.biopsycho.2007.09.001

 Campbell, A (2010). Oxytocin and human social behavior. Personal. Soc. Psychol. Rev. (Sage Publ. Inc.) 14, 281–295. doi: 10.1177/1088868310363594

 Cardoso, C., Ellenbogen, M. A., Orlando, M. A., Bacon, S. L., and Joober, R. (2013). Intranasal oxytocin attenuates the cortisol response to physical stress: a dose-response study. Psychoneuroendocrinology 38, 399–407. doi: 10.1016/j.psyneuen.2012.07.013

 Castrén, H., Algers, B., de Passillé, A. M., Rushen, J., and Uvnäs-Moberg, K. (1993). Early milk ejection, prolonged parturition and periparturient oxytocin release in the pig. Anim. Sci. 57, 465–471. doi: 10.1017/s1357729800042806


 Colson, V., Martin, E., Orgeur, P., and Prunier, A. (2012). Influence of housing and social changes on growth, behaviour and cortisol in piglets at weaning. Physiol. Behav. 107, 59–64. doi: 10.1016/j.physbeh.2012.06.001

 Crockford, C., Wittig, R. M., Langergraber, K., Ziegler, T. E., Zuberbühler, K., and Deschner, T. (2013). Urinary oxytocin and social bonding in related and unrelated wild chimpanzees. Proc. R. Soc. B Biol. Sci. 280, 20122765. doi: 10.1098/rspb.2012.2765

 Croney, C. C., and Boysen, S. T. (2021). Acquisition of a joystick-operated video task by pigs (Sus scrofa). Front. Psychol. 12, 142. doi: 10.3389/fpsyg.2021.631755

 De Dreu, C. K. W (2012). Oxytocin modulates cooperation within and competition between groups: an integrative review and research agenda. Horm. Behav. 61, 419–428. doi: 10.1016/j.yhbeh.2011.12.009

 de Jong, I. C., Prelle, I. T., Van De Burgwal, J. A., Lambooij, E., Korte, S. M., Blokhuis, H. J., et al. (2000). Effects of environmental enrichment on behavioral responses to novelty, learning, and memory, and the circadian rhythm in cortisol in growing pigs. Physiol. Behav. 68, 571–578. doi: 10.1016/S0031-9384(99)00212-7

 de Jong, T. R., Menon, R., Bludau, A., Grund, T., Biermeier, V., Klampfl, S. M., et al. (2015). Salivary oxytocin concentrations in response to running, sexual self-stimulation, breastfeeding and the TSST: the Regensburg Oxytocin Challenge (ROC) study. Psychoneuroendocrinology 62, 381–388. doi: 10.1016/j.psyneuen.2015.08.027

 Ditzen, B., Neumann, I. D., Bodenmann, G., von Dawans, B., Turner, R. A., Ehlert, U., et al. (2007). Effects of different kinds of couple interaction on cortisol and heart rate responses to stress in women. Psychoneuroendocrinology 32, 565–574. doi: 10.1016/j.psyneuen.2007.03.011

 Dobson, A. J (2002). An Introduction to Generalized Linear Models. Boca Raton: Chapman & Hall/CRC.


 Dolensek, N., Gehrlach, D. A., Klein, A. S., and Gogolla, N. (2020). Facial expressions of emotion states and their neuronal correlates in mice. Science 368, 89-94. doi: 10.1126/science.aaz9468

 Donaldson, T. M., Newberry, R. C., Špinka, M., and Cloutier, S. (2002). Effects of early play experience on play behaviour of piglets after weaning. Appl. Anim. Behav. Sci. 79, 221–231. doi: 10.1016/S0168-1591(02)00138-7


 Dunbar, R. I. M (2010). The social role of touch in humans and primates: behavioural function and neurobiological mechanisms. Neurosci. Biobehav. Rev. 34, 260–268. doi: 10.1016/j.neubiorev.2008.07.001

 Düpjan, S., Moscovice, L. R., and Puppe, B. (2021). “The role of enrichment in optimizing pig behaviour and welfare,” in Understanding the behaviour and improving the welfare of pigs, ed S. Edwards (London, Burleigh Dodds Science Publishing), 401–428. doi: 10.19103/as.2020.0081.11


 Elabd, C., Cousin, W., Upadhyayula, P., Chen, R. Y., Chooljian, M. S., Li, J., et al. (2014). Oxytocin is an age-specific circulating hormone that is necessary for muscle maintenance and regeneration. Nat. Commun. 5, 1–11. doi: 10.1038/ncomms5082

 Engelmann, M., Ebner, K., Landgraf, R., Holsboer, F., and Wotjak, C. T. (2001). Emotional stress triggers intrahypothalamic but not peripheral release of oxytocin in male rats. J. Neuroendocrinol. 11, 867–872. doi: 10.1046/j.1365-2826.1999.00403.x

 Engelmann, M., Landgraf, R., and Wotjak, C. T. (2004). The hypothalamic-neurohypophysial system regulates the hypothalamic- pituitary-adrenal axis under stress: an old concept revisited. Front. Neuroendocrinol. 25, 132–149. doi: 10.1016/j.yfrne.2004.09.001

 Engert, V., Koester, A. M., Riepenhausen, A., and Singer, T. (2016). Boosting recovery rather than buffering reactivity: higher stress-induced oxytocin secretion is associated with increased cortisol reactivity and faster vagal recovery after acute psychosocial stress. Psychoneuroendocrinology 74, 111–120. doi: 10.1016/j.psyneuen.2016.08.029

 Feldman, R (2012). Oxytocin and social affiliation in humans. Horm. Behav. 61, 380–391. doi: 10.1016/j.yhbeh.2012.01.008

 Gangestad, S. W., and Grebe, N. M. (2017). Hormonal systems, human social bonding, and affiliation. Horm. Behav. 91, 122–135. doi: 10.1016/j.yhbeh.2016.08.005

 García, A., Martía, O., Vallès, A., Dal-Zotto, S., and Armario, A. (2000). Recovery of the hypothalamic-pituitary-adrenal response to stress: effect of stress intensity, stress duration and previous stress exposure. Neuroendocrinology 72, 114–125. doi: 10.1159/000054578

 Gimsa, U., Tuchscherer, M., and Kanitz, E. (2018). Psychosocial stress and immunity—what can we learn from pig studies? Front. Behav. Neurosci. 12, 64. doi: 10.3389/fnbeh.2018.00064

 Gonyou, H. W (2009). “The social behaviour of pigs,” in Social Behaviour in Farm Animals, eds L. J. Keeling and H. W. Gonyou (Wallingford: CABI Publishing), 147–176. doi: 10.1079/9780851993973.0275


 Goursot, C., Dupjan, S., Kanitz, E., Tuchscherer, A., Puppe, B., and Leliveld, L. M. C. (2019). Assessing animal individuality: links between personality and laterality in pigs. Curr. Zool. 65, 541–551. doi: 10.1093/cz/zoy071

 Gröschl, M (2009). The physiological role of hormones in saliva. BioEssays 31, 843–852. doi: 10.1002/bies.200900013

 Harvey, B. H., Regenass, W., Dreyer, W., and Möller, M. (2019). Social isolation rearing-induced anxiety and response to agomelatine in male and female rats: role of corticosterone, oxytocin, and vasopressin. J. Psychopharmacol. 33, 640–646. doi: 10.1177/0269881119826783

 Hashiguchi, H., Ye, S. H., Morris, M., and Alexander, N. (1997). Single and repeated environmental stress: effect on plasma oxytocin, corticosterone, catecholamines, and behavior. Physiol. Behav. 61, 731–736. doi: 10.1016/S0031-9384(96)00527-6

 Held, S. D. E., and Špinka, M. (2011). Animal play and animal welfare. Anim. Behav. 81, 891–899. doi: 10.1016/j.anbehav.2011.01.007


 Hellhammer, D. H., Wüst, S., and Kudielka, B. M. (2009). Salivary cortisol as a biomarker in stress research. Psychoneuroendocrinology 34, 163–171. doi: 10.1016/j.psyneuen.2008.10.026

 Hennessy, M. B., Kaiser, S., and Sachser, N. (2009). Social buffering of the stress response: Diversity, mechanisms, and functions. Front. Neuroendocrinol. 30, 470–482. doi: 10.1016/j.yfrne.2009.06.001

 Hew-Butler, T., Noakes, T. D., Soldin, S. J., and Verbalis, J. G. (2008). Acute changes in endocrine and fluid balance markers during high-intensity, steady-state, and prolonged endurance running: Unexpected increases in oxytocin and brain natriuretic peptide during exercise. Eur. J. Endocrinol. 159, 729–737. doi: 10.1530/EJE-08-0064

 Hothorn, T., and Hornik, K. (2021). exactRankTests: Exact Distributions for Rank and Permutation Tests. R Package Version 0.8-32 [Computer software]. Available online at: https://CRAN.R-project.org/package=exactRankTests


 Jiang, Y., and Platt, M. L. (2018). Oxytocin and vasopressin flatten dominance hierarchy and enhance behavioral synchrony in part via anterior cingulate cortex. Sci. Rep. 8, 1–14. doi: 10.1038/s41598-018-25607-1

 Kassambara, A (2021). rstatix: Pipe-Friendly Framework for Basic Statistical Tests. R Package Version 0.7.0 [Computer software]. Available online at: https://CRAN.R-project.org/package=rstatix


 Knobloch, H. S., Hoffmann, L., Eliava, M., Khrulev, S., Cetin, A., Osten, P., et al. (2012). Evoked axonal oxytocin release in the central amygdala attenuates fear response. Neuron 73, 553–566. doi: 10.1016/j.neuron.2011.11.030

 Konkle, A. T., Kentner, A. C., Baker, S. L., Stewart, A., and Bielajew, C. (2010). Environmental-enrichment-related variations in behavioral, biochemical, and physiologic responses of Sprague-Dawley and Long Evans rats. J. Am. Assoc. Lab. Anim. Sci. 49, 427–436.

 Koolhaas, J. M., Bartolomucci, A., Buwalda, B., de Boer, S. F., Flügge, G., Korte, S. M., et al. (2011). Stress revisited: a critical evaluation of the stress concept. Neurosci. Biobehav. Rev. 35, 1291–1301. doi: 10.1016/j.neubiorev.2011.02.003

 Kosfeld, M., Heinrichs, M., Zak, P. J., Fischbacher, U., and Fehr, E. (2005). Oxytocin increases trust in humans. Nature 435, 673–677. doi: 10.1038/nature03701

 Kremer, L., Klein Holkenborg, S. E. J., Reimert, I., Bolhuis, J. E., and Webb, L. E. (2020). The nuts and bolts of animal emotion. Neurosci. Biobehav. Rev. 113, 273–286. doi: 10.1016/j.neubiorev.2020.01.028

 Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2017). lmerTest package: tests in linear mixed effects models. J. Stat. Softw. 82, 1–26. doi: 10.18637/JSS.V082.I13


 Landgraf, R., Murphy, A. Z. Z., Ross, H. E. E., Young, L. J. J., Smith, Y., Neumann, I. D. D., et al. (2009). Characterization of the oxytocin system regulating affiliative behavior in female prairie voles. Neuroscience 162, 892–903. doi: 10.1016/j.neuroscience.2009.05.055

 Lawrence, A. B., Newberry, R. C., and Špinka, M. (2018). “Positive welfare: what does it add to the debate over pig welfare?,” in Advances in Pig Welfare, ed M. Špinka (Sawston: Woodhead Publishing), 415–444. doi: 10.1016/B978-0-08-101012-9.00014-9


 Lenth, R. V (2016). Least-squares means: the R package lsmeans. J. Stat. Softw. 69, 1–33. doi: 10.18637/jss.v069.i01


 Lenth, R. V (2021). emmeans: Estimated Marginal Means, aka Least-Squares Means. R Package Version 1.7.1-1 [Computer software]. https://CRAN.R-project.org/package=emmeans


 López-Arjona, M., Mateo, S. V., Manteca, X., Escribano, D., Cerón, J. J., and Martínez-Subiela, S. (2020a). Oxytocin in saliva of pigs: an assay for its measurement and changes after farrowing. Domest. Anim. Endocrinol. 70, 106384. doi: 10.1016/j.domaniend.2019.106384

 López-Arjona, M., Padilla, L., Roca, J., Cerón, J. J., and Martínez-Subiela, S. (2020b). Ejaculate collection influences the salivary oxytocin concentrations in breeding male pigs. Animals 10, 1268. doi: 10.3390/ani10081268

 Lüdecke, D., Ben-Shachar, M., Patil, I., Waggoner, P., and Makowski, D. (2021). performance: an R package for assessment, comparison and testing statistical models. J. Open Source Softw. 6, 3139. doi: 10.21105/joss.03139


 Luke, S. G (2017). Evaluating significance in linear mixed-effects models in R. Behav. Res. Methods 49, 1494–1502. doi: 10.3758/s13428-016-0809-y

 Lürzel, S., Bückendorf, L., Waiblinger, S., and Rault, J. L. (2020). Salivary oxytocin in pigs, cattle, and goats during positive human-animal interactions. Psychoneuroendocrinology 115, 104636. doi: 10.1016/j.psyneuen.2020.104636

 Machatschke, I. H., Wallner, B., Schams, D., and Dittami, J. (2004). Social environment affects peripheral oxytocin and cortisol during stress responses in guinea-pigs. Ethology 110, 161–176. doi: 10.1111/j.1439-0310.2004.00966.x


 MacLean, E. L., Gesquiere, L. R., Gee, N., Levy, K., Martin, W. L., and Carter, C. S. (2018). Validation of salivary oxytocin and vasopressin as biomarkers in domestic dogs. J. Neurosci. Methods 293, 67–76. doi: 10.1016/j.jneumeth.2017.08.033

 MacLean, E. L., Wilson, S. R., Martin, W. L., Davis, J. M., Nazarloo, H. P., and Carter, C. S. (2019). Challenges for measuring oxytocin: the blind men and the elephant? Psychoneuroendocrinology 107, 225–231. doi: 10.1016/j.psyneuen.2019.05.018

 Marcet Rius, M., Cozzi, A., Bienboire-Frosini, C., Teruel, E., Chabaud, C., Monneret, P., et al. (2018). Selection of putative indicators of positive emotions triggered by object and social play in mini-pigs. Appl. Anim. Behav. Sci. 202, 13–19. doi: 10.1016/j.applanim.2018.02.002


 Martins, D., Gabay, A. S., Mehta, M., and Paloyelis, Y. (2020). Salivary and plasmatic oxytocin are not reliable trait markers of the physiology of the oxytocin system in humans. Elife 9, 1–19. doi: 10.7554/ELIFE.62456

 Masilkova, M., JeŽek, M., Silovský, V., Faltusová, M., Rohla, J., Kušta, T., et al. (2021). Observation of rescue behaviour in wild boar (Sus scrofa). Sci. Rep. 11, 16217. doi: 10.1038/s41598-021-95682-4

 McQuaid, R. J., McInnis, O. A., Paric, A., Al-Yawer, F., Matheson, K., and Anisman, H. (2016). Relations between plasma oxytocin and cortisol: the stress buffering role of social support. Neurobiol. Stress 3, 52–60. doi: 10.1016/j.ynstr.2016.01.001

 Mendl, M., Burman, O. H. P., and Paul, E. S. (2010). An integrative and functional framework for the study of animal emotion and mood. Proc. R. Soc. B Biol. Sci. 277, 2895–2904. doi: 10.1098/rspb.2010.0303

 Mitsui, S., Yamamoto, M., Nagasawa, M., Mogi, K., Kikusui, T., Ohtani, N., et al. (2011). Urinary oxytocin as a noninvasive biomarker of positive emotion in dogs. Horm. Behav. 60, 239–243. doi: 10.1016/j.yhbeh.2011.05.012

 Neumann, I. D (2002). Involvement of the brain oxytocin system in stress coping: Interactions with the hypothalamo-pituitary-adrenal axis. Prog. Brain Res. 139, 147–162. doi: 10.1016/S0079-6123(02)39014-9

 Neumann, I. D., Johnstone, H. A., Hatzinger, M., Liebsch, G., Shipston, M., Russell, J. A., et al. (1998). Attenuated neuroendocrine responses to emotional and physical stressors in pregnant rats involve adenohypophysial changes. J. Physiol. 508, 289–300. doi: 10.1111/j.1469-7793.1998.289br.x

 Neumann, I. D., Torner, L., and Wigger, A. (2000). Brain oxytocin: differential inhibition of neuroendocrine stress and anxiety-related behavior in virgin, pregnant and lactating rats. Neuroscience 95, 567–575. doi: 10.1016/s0306-4522(99)00433-9

 Neumann, I. D., Toschi, N., Ohl, F., Torner, L., and Krömer, S. A. (2001a). Maternal defence as an emotional stressor in female rats: correlation of neuroendocrine and behavioural parameters and involvement of brain oxytocin. Eur. J. Neurosci. 13, 1016–1024. doi: 10.1046/j.0953-816X.2001.01460.x

 Neumann, I. D., Wigger, A., Torner, L., Holsboer, F., and Landgraf, R. (2001b). Brain Oxytocin inhibits basal and stress-induced activity of the hypothalamo-pituitary-adrenal axis in male and female rats: partial action within the paraventricular nucleus. J. Neuroendocrinol. 12, 235–243. doi: 10.1046/j.1365-2826.2000.00442.x

 Newberry, R. C., Wood-Gush, D. G. M., and Hall, J. W. (1988). Playful behaviour of piglets. Behav. Process. 17, 205–216. doi: 10.1016/0376-6357(88)90004-6

 Nishizato, M., Fujisawa, T. X., Kosaka, H., and Tomoda, A. (2017). Developmental changes in social attention and oxytocin levels in infants and children. Sci. Rep. 7, 2540. doi: 10.1038/s41598-017-02368-x

 Nyuyki, K. D., Waldherr, M., Baeuml, S., and Neumann, I. D. (2011). Yes, I am ready now: Differential effects of paced versus unpaced mating on anxiety and central oxytocin release in female rats. PLoS ONE 6, e23599. doi: 10.1371/journal.pone.0023599

 Oliveira, V. E., de, M., Neumann, I. D., and de Jong, T. R. (2019). Post-weaning social isolation exacerbates aggression in both sexes and affects the vasopressin and oxytocin system in a sex-specific manner. Neuropharmacology 156, 107504. doi: 10.1016/j.neuropharm.2019.01.019

 Parker, K. J., Buckmaster, C. L., Schatzberg, A. F., and Lyons, D. M. (2005). Intranasal oxytocin administration attenuates the ACTH stress response in monkeys. Psychoneuroendocrinology 30, 924–929. doi: 10.1016/j.psyneuen.2005.04.002

 Paul, E. S., and Mendl, M. T. (2018). Animal emotion: descriptive and prescriptive definitions and their implications for a comparative perspective. Appl. Anim. Behav. Sci. 205, 202–209. doi: 10.1016/j.applanim.2018.01.008

 Pierrehumbert, B., Torrisi, R., Ansermet, F., Borghini, A., and Halfon, O. (2012). Adult attachment representations predict cortisol and oxytocin responses to stress. Attach. Hum. Dev. 14, 453–476. doi: 10.1080/14616734.2012.706394

 Pitman, D. L., Ottenweller, J. E., and Natelson, B. H. (1988). Plasma corticosterone levels during repeated presentation of two intensities of restraint stress: chronic stress and habituation. Physiol. Behav. 43, 47–55. doi: 10.1016/0031-9384(88)90097-2

 R Core Team (2020). R: A language and environment for statistical computing. Vienna: R Foundation for Statistical Computing. Available online at: https://www.R-project.org/


 Rault, J. L., van den Munkhof, M., and Buisman-Pijlman, F. T. A. (2017). Oxytocin as an indicator of psychological and social well-being in domesticated animals: a critical review. Front. Psychol. 8, 1521. doi: 10.3389/fpsyg.2017.01521

 Reimert, I., Bolhuis, J. E., Kemp, B., and Rodenburg, T. B. (2013). Indicators of positive and negative emotions and emotional contagion in pigs. Physiol. Behav. 109, 42–50. doi: 10.1016/j.physbeh.2012.11.002

 Ruis, M. A. W., Te Brake, J. H. A., Engel, B., Buist, W. G., Blokhuis, H. J., and Koolhaas, J. M. (2001). Adaptation to social isolation acute and long-term stress responses of growing gilts with different coping characteristics. Physiol. Behav. 73, 541–551. doi: 10.1016/S0031-9384(01)00548-0

 Ruis, M. A. W., Te Brake, J. H. A., Engel, B., Ekkel, E. D., Buist, W. G., Blokhuis, H. J., et al. (1997). The circadian rhythm of salivary cortisol in growing pigs: effects of age, gender, and stress. Physiol. Behav. 62, 623–630. doi: 10.1016/S0031-9384(97)00177-7

 Samuni, L., Preis, A., Mundry, R., Deschner, T., Crockford, C., and Wittig, R. M. (2017). Oxytocin reactivity during intergroup conflict in wild chimpanzees. Proc. Natl. Acad. Sci. 114, 268–273. doi: 10.1073/pnas.1616812114

 Sapolsky, R. M., Romero, L. M., and Munck, A. U. (2000). How do glucocorticoids influence stress responses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr. Rev. 21, 55–89. doi: 10.1210/er.21.1.55

 Schielzeth, H., and Forstmeier, W. (2009). Conclusions beyond support: overconfident estimates in mixed models. Behav. Ecol. 20, 416–420. doi: 10.1093/beheco/arn145

 Seckl, J. R., and Lightman, S. L. (1987). Diurnal rhythm of vasopressin but not of oxytocin in the cerebrospinal fluid of the goat: lack of association with plasma cortisol rhythm. J. Endocrinol. 114, 477–482. doi: 10.1677/joe.0.1140477

 Seltzer, L. J., Ziegler, T. E., and Pollak, S. D. (2010). Social vocalizations can release oxytocin in humans. Proc. Biol. Sci. 277, 2661–2666. doi: 10.1098/rspb.2010.0567

 Shamay-Tsoory, S. G., and Abu-Akel, A. (2016). The social salience hypothesis of oxytocin. Biol. Psychiatry 79. doi: 10.1016/j.biopsych.2015.07.020

 Špinka, M., and Marek, Š. (2012). Social dimension of emotions and its implication for animal welfare. Appl. Anim. Behav. Sci. 138, 170–181. doi: 10.1016/j.applanim.2012.02.005


 Swindle, M. M., and Smith, A. C. (2008). “Swine in biomedical research,” in Source Book of Models for Biomedical Research, ed P. M. Conn (Totowa, NJ: Humana Press), 233–239. doi: 10.1007/978-1-59745-285-4_26


 Taylor, S. E., Gonzaga, G. C., Klein, L. C., Hu, P., Greendale, G. A., and Seeman, T. E. (2006). Relation of oxytocin to psychological stress responses and hypothalamic-pituitary-adrenocortical axis activity in older women. Psychosom. Med. 68, 238–245. doi: 10.1097/01.psy.0000203242.95990.7

 Valstad, M., Alvares, G. A., Egknud, M., Matziorinis, A. M., Andreassen, O. A., Westlye, L. T., et al. (2017). The correlation between central and peripheral oxytocin concentrations: a systematic review and meta-analysis. Neurosci. Biobehav. Rev. 78, 117–124. doi: 10.1016/j.neubiorev.2017.04.017

 Van Dam, J. M., Garrett, A. J., Schneider, L. A., Buisman-Pijlman, F. T. A., Short, M. A., Hodyl, N. A., et al. (2018). Variability of the cortisol awakening response and morning salivary oxytocin in late adolescence. J. Neuroendocrinol. 30, e12645. doi: 10.1111/jne.12645

 Veissier, I., and Boissy, A. (2007). Stress and welfare: two complementary concepts that are intrinsically related to the animal's point of view. Physiol. Behav. 92, 429–433. doi: 10.1016/j.physbeh.2006.11.008

 Wood-Gush, D. G. M., and Vestergaard, K. (1991). The seeking of novelty and its relation to play. Anim. Behav. 42, 599–606. doi: 10.1016/S0003-3472(05)80243-X


 Wotjak, C. T., Ganster, J., Kohl, G., Holsboer, F., Landgraf, R., and Engelmann, M. (1998). Dissociated central and peripheral release of vasopressin, but not oxytocin, in response to repeated swim stress: new insights into the secretory capacities of peptidergic neurons. Neuroscience 85, 1209–1222. doi: 10.1016/S0306-4522(97)00683-0

 Zych, A. D., and Gogolla, N. (2021). Expressions of emotions across species. Curr. Opin. Neurobiol. 68, 57–66. doi: 10.1016/j.conb.2021.01.003

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Moscovice, Gimsa, Otten and Eggert. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnbeh-16-899397-g005.gif
AR feves.

T
Ty el oy





OPS/images/fnbeh-16-899397-g006.gif





OPS/images/fnbeh-16-899397-g003.gif
Social context

o et
o g
o poste

Gasaine  Vieanng Pay  Sepwalon | Reunion
=191)  (n=51) ©=70) )






OPS/images/fnbeh-16-899397-g004.gif
10

Group rates of enavior (min”)

‘Agonistc nteractions.

o

c,

Locomotor play

B 2.

Basaine  Weaning
(T ooups) (8 groups)

Py
(8 groups)

Basaine  Weanng
(T oroups)  (8groups)

Pay
(8groups)





OPS/images/fnbeh-16-899397-t001.jpg
Estimate

(Intercept) 1,655
Context—Weaning® 0.802
Context—Play* 0291
Context—Separation® 0.805
Context—Reunion® 0555
Time sample collection —0011
Polynomial time sample collection ~0.015
Age 118
Sex—Male® 0.005

abEstimates refer to comparison with the reference categories.
2Context—Baseline.
bSox—Female.

P-values are estimated based on t-tests using the Satterthwaite approximation to degrees of freedom. Significant effects are indicated in bold.

SE

0.061
0.137
0.133
0.069
0.063
0.035
0.024
0.055
0.058

df

56.36
26.80
16.631
10.891
394.276
64.524
257.178
31.158
20.908

tvalue

26977
5.84
2.184
11.684
8.76
-0.307
-0.633
-2.163
0.092

<0.001
0.045

<0.001

<0.001
0.760
0.527
0.038
0928





OPS/images/fnbeh-16-899397-t002.jpg
Estimate

(Intercept) 5.044
Context—Weaning® -023
Context—Play® 0.007
Context—Separation® ~0.243
Context—Reunion® -0.020
Time of sample collection ~0.079
Polynomial time of collection 0032
Age -0.220
Sex- Male® ~0.041

abEstimates refer to comparison with the reference categories.
#Context—Baseline.
bSex—Female.

P-values are estimated based on t-tests using the Satterthwaite approximation to degrees of freedom. Significant effects are indicated in bold.

SE

0.110
0.231
0.191
0.107
0.071
0.043
0.026
0.078
0.087

12.245
24114
18.620
7.576
9.227
41.481
170.090
24.003
18.623

t value

45912
-0.993
0.039
ARLTD
-0.282
—1.854
1.235
-2.923
-0.609

0.331
0.97
0.054
0.784
0.071
0219
0.007
0.65





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Salivary Cortisol, but Not Oxytocin, Varies With Social Challenges in Domestic Pigs: Implications for Measuring Emotions



		Introduction



		Materials and Methods



		Animal Husbandry and Testing Procedure



		Behavioral Observations



		Hormone Collection and Analyses



		Statistical Analyses







		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Behavioral Neuroscience

Salivary Cortisol, but Not Oxytocin,
Varies With Social Challenges in
Domestic Pigs: Implications for

Measuring Emotions





OPS/images/fnbeh-16-899397-g001.gif
10:00

0930

‘Time of day

'Neutral social context

ENegative social context

BPositive social context

Weaning  PlayBaseline

Baseline

Base/SeplReun

I

s
Age (in days)






OPS/images/fnbeh-16-899397-g002.gif
I
#bc  social contex
- et
e o g
?. o postie

Gassine  Vieanng Pay  sepwaion
v S pa










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Behavioral Neuroscience





