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Social buffering comprises the reduction of stress an organism experiences when in the presence of a companion and has been well documented in highly social animals, such as birds and mammals. To date, it has not been reported in reptiles. Rattlesnakes are cryptically social, exhibiting kin recognition and forming subtle social networks in certain contexts. We tested for the presence of social buffering against an acute stressor in 25 wild-caught adult southern Pacific rattlesnakes (Crotalus helleri) by measuring heart rate increase during a standardized disturbance when alone, in the presence of a rope (inanimate object control), and in the presence of a same-sex companion. We further tested for a greater proclivity of social buffering in montane snakes, which overwinter communally, than in lowland snakes, which mostly overwinter alone; and for a greater proclivity in females, which often aggregate during gestation and maternally attend their offspring. Results indicated that the presence of a companion significantly reduced emotional tachycardia (change in heart rate) after disturbance compared to the other treatments. We detected no difference in social buffering proclivity between montane and lowland populations, but lowland snakes exhibited a subdued acute stress response across treatments and had a longer heart rate recovery time. No difference in emotional tachycardia existed between the sexes. This novel study can benefit our understanding of social buffering, including its expression, adaptive roles, and practical applications for captive animals.
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Introduction

Stress occurs when organisms experience unpredictable or adverse conditions in their environment (Wingfield, 2005). During these events, the hypothalamic-pituitary-adrenocortical (HPA) axis becomes activated, releasing glucocorticoid hormones such as cortisol and/or corticosterone (CORT) into the blood (Wingfield and Romero, 2001). Elevation of these hormones modulates the stress response, resulting in shifts in the function of the autonomic nervous system, neuroendocrine responses, and immune responses, and behavioral shifts that promote antipredator behavior (Silvestre, 2014). The amount of stress an animal is experiencing can be indicated by measuring CORT levels and/or other physiological responses such as elevation in heart rate (HR), or certain behavioral responses (Sapolsky et al., 2000).

Stress responses can comprise two categories: acute and chronic (Dickens and Romero, 2013). Acute stressors are short-term, such as a storm, or an encounter with a predator or aggressive conspecific, resulting in immediate physiological or behavioral responses (Sapolsky et al., 2000; Dickens and Romero, 2013) modulated by the sympathetic nervous system (Silvestre, 2014), which temporarily suspend normal life functions (Wingfield et al., 1998). Chronic stress occurs over a longer duration under unfavorable conditions, leading to extended exposure to high levels of glucocorticosteroids (Wingfield et al., 1998; Dickens and Romero, 2013). During this lengthy period, systems nonessential to long-term survival become suppressed, which can result in increased risk of disease due to reduced immune function and decreased reproductive success (Wingfield et al., 1998; Sapolsky et al., 2000; Bonier et al., 2009).

The presence of a conspecific during an encounter with a stressor can modulate the response of the HPA axis, which comprises a health-promoting effect called social buffering (Hennessy et al., 2009). Social buffering is well documented in highly social animals, such as fishes, birds, mammals, non-human primates, humans, and a single invertebrate group, termites (reviewed by Kikusui et al., 2006; Tian et al., 2017; Culbert et al., 2019). Various factors influence the ability of a partner to buffer stress, including relationship to the partner, group organization within a species, nature and presentation of the stress cue, number of individuals present, and emotional status of the partner (Hennessy et al., 2009). Companions can buffer various stress responses, such as HR, fear-related behaviors, changes in CORT levels, and immunoreactivity (Kikusui et al., 2006). A similar response has not been reported in reptiles, and to our knowledge, no documentation exists of asocial organisms or solitary foragers exhibiting social buffering.

As solitary foragers, snakes are typically considered asocial (Burghardt et al., 2009; Doody et al., 2013). However, mounting evidence suggests that snakes, including pitvipers, exhibit cryptic and sometimes complex behaviors indicative of social interactions (reviewed in rattlesnakes by Schuett et al., 2016; Doody et al., 2021). During the mating season, males engage in male-male combat to establish dominance, with the dominant male gaining priority access to mate with the female (Shine, 1978; Gillingham et al., 1983; Carpenter, 1984). Male western diamondback rattlesnakes (Crotalus atrox) have been observed mate-guarding females (O’Leile et al., 1994; Clark et al., 2014), which likely occurs in other rattlesnake species as well (Bishop et al., 1996; Goode and Wall, 2002; Glaudas and Rodriguez-Robles, 2011). Female pitvipers frequently aggregate during gestation (Graves and Duvall, 1993; Graves and Duvall, 1995; Greene et al., 2002), with at least one species (Crotalus horridus) forming aggregations consisting of relatives (Clark et al., 2012), as pitvipers are capable of kin recognition (Clark, 2004; Hoss et al., 2015). However, female aggregation during gestion appears to be absent in some well-studied rattlesnake populations (Schuett et al., 2016). After birth, female pitvipers frequently maternally attend their young until the neonates shed their skin the first time (reviewed by Greene et al., 2002; Schuett et al., 2016). During maternal attendance, neonates may develop sex-specific affiliative behavior with their kin (Hoss et al., 2015). In cold regions, snakes often aggregate at denning sites for overwintering (Graves and Duvall, 1995; Schuett et al., 2016), and neonate rattlesnakes appear capable of following the scent trails of adults to locate dens (Brown and MacLean, 1983; Reinert and Zappalorti, 1988; Cobb et al., 2005; Hileman et al., 2015; Martin, 2019). Arizona black rattlesnakes (Crotalus cerberus) form social networks when aggregating at these communal denning sites (Amarello, 2012), and the existence of social networks in other snakes (Skinner and Miller, 2020; Skinner and Miller, 2022) highlights their potential importance.

Heart rate has been a standard measure of vertebrate stress and is a sensitive indicator of stress levels in reptiles, particularly for acute stress responses, and could therefore be used as an indicator of social buffering (Silvestre, 2014). Elevation in HR, referred to as emotional tachycardia, has been observed after human handling of turtles, lizards, and alligators (Cabanac and Bernieri, 2000; Cabanac and Cabanac, 2000; Young et al., 2020). These studies concluded that handling elicited a fear/startle response, which caused elevation in HR. Snakes also exhibit an increase in HR when handled (Stinner and Ely, 1993; Hayes et al., 1994) or exposed to a threatening stimulus, such as being tapped on the mid-body or exposed to conspecific musk secretions (a common defensive reaction) followed by human breath (Graves and Duvall, 1988). Defensive behavior can also be used to indicate the level of acute stress and can be readily measured in rattlesnakes, which are known for their elaborate defensive displays that include head-elevated coiling, tail-rattling, striking, and venomous bites (Greene, 1988; Shipman, 2002). Free-ranging cottonmouths (Agkistrodon piscivorus) that had elevated levels of baseline CORT were more likely to strike than to perform a threat display when approached, indicating that baseline stress levels influenced defensive behavior (Herr et al., 2017; but see Claunch et al., 2017). Due to their defensive displays and extensive social behaviors, especially in the vicinity of dens, rattlesnakes are ideally suited to answer many questions regarding social buffering in reptiles, a relatively unstudied group.

In this study, we used HR and defensive behavior to evaluate the ability of southern Pacific rattlesnakes (C. helleri) to use social buffering to alleviate acute stress. Southern Pacific rattlesnakes occur commonly in Southern California and occupy diverse habitats from sea level to high mountain elevations (Klauber, 1972). Proclivities toward communal overwintering at denning sites appear to be greater in C. helleri populations at higher elevations (Klauber, 1972; Dugan et al., 2008; Hayes, pers. obs.; Brian Hinds, pers. comm.), presumably resulting in higher levels of conspecific behavioral interactions during fall ingress and spring egress (Fitch, 1949; Clark et al., 2014) compared to populations at lower elevations that more often overwinter alone. This population difference provides a unique opportunity to examine whether increased interactions resulting from denning behavior has an impact on social buffering.

We experimentally tested three hypotheses. First, because rattlesnakes possess cryptic sociality, we predicted that snakes exhibit social buffering, as inferred by a reduction in defensive behavior along with a decreased change in HR after exposure to an acute stressor when in the presence of a conspecific. Second, if denning behavior influences social buffering proclivities, we predicted that snakes from denning populations (montane) will have a greater social buffering response than those from non-denning populations (lowland). Third, because females tend to aggregate during gestation, we predicted that females have a greater social buffering response than males.





Methods




Experimental animals

The subjects comprised 25 C. helleri from Southern California, including 11 montane (eight males and three females) and 14 lowland (nine males and five females) wild-caught “nuisance” animals donated to the lab by local snake removal services. These snakes had spent 8–201 days in captivity prior to testing. We classified animals as lowland (142–991 m elevation, in areas where snakes generally overwinter individually) or montane (1077–1986 m elevation in the San Bernardino and San Jacinto mountains, in habitats near or similar to known communal hibernaculum sites). The two exceptions were snakes classified as lowland from a high plateau in Anza (1190, 1306 m) where the chaparral habitat resembles that of lower elevations. We housed the snakes individually in 50 × 40 × 18 cm (L × H × W) plastic containers lined with butcher paper and kept at 26–28°C with a 12:12-h light: dark cycle. Snakes were fed rodents once every two weeks, had daily access to water, and were given at least one week to acclimate to captivity before trials began. After feeding, snakes were given at least one week to digest before being tested. We hibernated captive snakes in a cold room (12–13°C) during the winter months (December–March) to duplicate the natural pattern of activity.





Testing procedure

We tested snakes individually in a 19-L plastic bucket by exposing them to three treatments: alone (negative control), with a rope (inanimate object control), and with a same-sex companion. The rope was 4 cm thick and 95 cm long and cleaned by soaking in a 10% bleach solution between trials. We used one male rattlesnake and one female rattlesnake of similar size as the companion animals for all trials to maximize consistency among trials. We painted the rattles of companion animals with non-toxic nail polish to help distinguish the companion animal from the tested animal during trials. We tested each snake three times, once in each of the three treatment conditions, with the order of trials randomized (but balanced in sequence) and a one-day interval between trials to minimize stress. Testing took place during three successive periods: fall (October-November), summer (June-July), and fall again (October-November). We avoided testing during the early spring and late summer/early fall reproductive periods when antagonistic male-male interactions occur (Klauber, 1972; Dugan et al., 2008). We subjected individual snakes to the three treatments twice, once during the summer and once during one of the fall periods, for a total of six trials. One individual died and was only tested during the summer.

To measure HR, one of us removed a snake from its home enclosure and temporarily restrained it in a tube for safety, while a second investigator affixed button electrodes with conductive gel to the snake using medical tape. We positioned two leads near the heart on the right and left side (ca. 30% of SVL from snout), and one lead caudal to the heart on the left side (ca. 50%). We then attached the leads to a heart rate monitor (Heal Force Prince180B Easy ECG Monitor, Heal Force Bio-meditech, Shanghai, China). Once outfitted with electrodes, the snake was then placed in the bucket with a screw-on lid, along with the treatment stimulus (conspecific or rope) if applicable. The lid had a hole in the center to accommodate the electrode wires and a small acrylic window through which we recorded the snake’s behavior using an iPhone 11 Pro (Apple, Inc., Cupertino, California, USA).

We recorded both handling time and temperature to ensure consistency across trials. Handling can induce stress, so we recorded time to set up trials (3.5–9 min; mean ± 1 SD = 4.8 ± 0.8 min) to assess whether snakes in different groups experienced stress over similar periods of time. Temperature can also influence behavioral responses of ectotherms, so we recorded room temperature (24.9–27.0°C; 25.2 ± 0.4°C) and each snake’s external body temperature (24.4–28.0°C; 26 ± 0.7°C) via a thermal gun (Helect Infrared Laser Thermometer, Shenzhen JEWY Tech Co., Shenzhen, China) before and after trials and calculated the average.

We exited the testing room and gave the snakes 20 min to acclimate to the testing setup, with the HR of the last 30 sec averaged to determine a baseline-period HR. We chose to use 20 min based on observations of the snake’s behavior (i.e., termination of rattling and settling into a coil). After the 20-min acclimation we disturbed the bucket by releasing two hinged rubber band-propelled polyvinyl chloride (PVC) pipes (Figure 1), which struck the side of the bucket 3 sec apart with a standardized force to cause a disturbance. During the next 20 min, we recorded the increase in HR from baseline for 30 sec after the disturbance, time until HR returned to baseline levels, and time spent rattling (via videotape review). We cleaned the bucket between trials with a 10% bleach solution and wiped down the electrode cables with 70% alcohol before rinsing them with deionized water. One of us (CEM) analyzed the electrocardiogram record while blinded to treatment, and videos of behavior using JWatcher (v 1.0) while blinded to snake identity (i.e., source location and sex).




Figure 1 | (A) Snakes were individually tested in a 19-L plastic bucket with a screw-on lid outfitted with an acrylic window in the center to view the snake during a trial. An iPhone 11 pro was attached to the lid to record behavior along with an electrocardiography monitor to record heart rate. Wires were fed through a hole in the lid and attached to the snake in the bucket. The bucket was attached to a standardized disturbance apparatus with two hinged rubber band-propelled polyvinyl chloride (PVC) pipes. (B) Southern Pacific rattlesnake (Crotalus helleri) attached to the heart rate monitor via electrodes in the testing bucket with a rope (non-animal control) stimulus.







Statistical analysis

We conducted four tests using R Statistical Software (v4.1.1; R Core Team, 2019), with alpha set to 0.05 and p-values calculated via the ANOVA function in R (car package). Prior to data analysis, we tested variables to ensure that parametric assumptions were met. Percent change of HR and time to baseline HR failed to meet normality assumptions and were therefore square-root-transformed and log-transformed, respectively. Initial analyses revealed that SVL and time in captivity showed no association with any of the dependent variables, and therefore were excluded from all models. We found no difference between the average handling time and temperature of snakes among treatments, so we excluded those variables as well. We further removed non-significant interactions from the final models.

To analyze percent change of HR, we used a linear mixed model (LMM) with the lme4 package (Bates et al., 2015), with treatment (alone, rope, or companion), region (montane or lowland), sex, and baseline HR as fixed factors. We included trial order and snake identity (ID) as random factors to account for repeated measures, and two-way interactions between treatment and baseline HR and between region and baseline HR. Because of a significant interaction between treatment and baseline HR, we conducted three additional post-hoc LMMs to test for pairwise interactions between the treatment combinations and baseline HR and adjusted the p-values for false discovery rate (Benjamini and Hochberg, 1995). We calculated the intraclass correlation coefficient (ICC) for the effect of snake ID (i.e., repeatability of responses within individuals) using the equation ICC = (variance from snake ID)/(variance from snake ID + variance from trial order + residual variance) to estimate how strongly responses varied among individuals. We interpreted ICC values <0.5 to be indicative of low reliability among repeated tests (Koo and Li, 2016).

We used an LMM to examine time to return to baseline HR, with higher values indicative of higher stress. Trial order and snake ID were included as random factors to account for repeated measures, with treatment, region, sex, and percent change in HR included as fixed factors. We also calculated ICC for the effect of snake ID as explained above.

For time spent rattling, we used a generalized LMM with a negative binomial distribution through the glmmTMB package (Brooks et al., 2017) to account for zero inflation from snakes that did not rattle. We included trial order and snake ID as random factors to account for repeated measures, and treatment, region, and sex as fixed factors. Due to a significant main effect of treatment, we conducted a post-hoc analysis and adjusted the p-values for false-discovery rate.

For the companion trials only (49 out of 148), we investigated whether the conspecific partner’s rattling behavior affected the rattling behavior of the focal individual. We analyzed time spent rattling by the focal individual using a generalized LMM with a negative binomial distribution, as above, with trial order and snake ID as random factors to account for repeated measures, and partner time spent rattling included as a fixed factor.






Results

For percent change of HR, baseline HR exerted a significant main effect (F(1,144.79) = 168.89, p < 0.001), with the cardiac response to disturbance becoming weaker at higher baseline HR values. More important, a significant interaction existed between treatment and baseline HR (F(2,124.53) = 4.42, p = 0.014; Figure 2). Post-hoc models examining this interaction with pairwise treatment combinations revealed that snakes at lower baseline HR had a reduced percent change in HR in the companion treatment when compared to the control (p = 0.009) and to the rope (p = 0.004), and no difference occurred between the control and rope treatments (p = 0.650). There was also an interaction between region and baseline HR (F(1,145.32) = 13.60, p < 0.001; Figure 3), with lowland snakes exhibiting a subdued cardiac response to the stressor compared to the montane snakes. There was no significant effect of sex (F(1,24.33) = 0.067, p = 0.797). The ICC showed relatively low repeatability in HR responses within individuals (ICC = 0.34).




Figure 2 | Emotional tachycardia (percent change in heart rate [HR] beats per minute [bpm], with 95% confidence intervals) in adult southern Pacific rattlesnakes (N = 25, each tested three times) following a brief disturbance. An interaction existed between baseline HR and the three treatment conditions for snakes tested alone (negative control), with a rope (inanimate object control), and with a same-sex companion. Snakes at lower baseline HR had a reduced cardiac response in the companion treatment compared to the control and rope treatments, suggesting social buffering.






Figure 3 | Emotional tachycardia (percent change in heart rate [HR] beats per minute [bpm] with 95% confidence intervals) in adult southern Pacific rattlesnakes (each tested three times) following a brief disturbance. The interaction between region and baseline HR suggests that snakes from lowland populations (N = 14) experienced a more subdued cardiac response than those from montane populations (N = 11).



For time to return to baseline HR, region (F(1,24.465) = 6.55, p = 0.017) and percent change in HR (F(1,133.03) = 48.03, p < 0.001) were significant factors. Montane snakes returned to baseline heart rate more quickly than snakes from lowland populations (Figure 4), and snakes that had a higher percent change in HR took longer to return to baseline than snakes with lower percent change in HR. There was no significant effect of sex (F(1,22.71) = 0.299, p = 0.589). The ICC showed a low amount of repeatability within individuals (ICC = 0.20).




Figure 4 | Time for heart rate (HR) to return to baseline (with 95% confidence intervals) of adult southern Pacific rattlesnakes (each tested three times) following a brief disturbance, with snakes from lowland populations (N = 14) taking longer than those from montane populations (N = 11) while controlling for change in HR.



For time spent rattling, treatment was a significant factor (χ2 = 7.12, df = 2, p = 0.028; Figure 5), but post-hoc multiple comparisons indicated that adjusted p-values only approached statistical significance, with snakes rattling less in the presence of the rope and a companion compared to the control (control vs. rope: p = 0.061; control vs. companion: p = 0.056; rope vs. companion: p = 0.80). There was no significant main effect for region (χ2 = 1.32, df = 1, p = 0.250) or sex (χ2 = 1.26, df = 1, p = 0.260).




Figure 5 | Amount of time spent rattling (mean ± 1 SE) by 25 adult southern Pacific rattlesnakes following a brief disturbance. Snakes tested with a rope or a companion in the bucket rattled less than those tested alone in the bucket.



For the companion trials, partner rattling behavior did not influence time spent rattling by the focal individual (χ2 = 0.001, df =1, p = 0.974).





Discussion

We sought to determine whether a companion’s presence during an acute stressor would buffer the stress response of wild-caught rattlesnakes. Our results supported just one of the three hypotheses tested: emotional tachycardia (change in HR) after exposure to an acute stressor was reduced in the presence of a conspecific, suggesting that social buffering exists in the species. We failed to detect a difference in the social buffering response between montane and lowland populations despite differences in overwintering strategy and social structure, and between the sexes despite the tendency of females to aggregate during pregnancy and remain with newborn offspring.

The subdued cardiac response to an acute stressor when in the presence of a companion supported our first hypothesis that social buffering exists in the species. However, while the effect was significant at lower levels of baseline HR, we could not detect it at higher levels of baseline HR. In retrospect, a longer acclimation period allowing baseline HR to drop further might have strengthened the social buffering effect we observed. We only allowed snakes a 20-min period to return to baseline and this oftentimes was not long enough. Similar cardiac responses to stress have been demonstrated in mammals. A companion, for example, can decrease HR recovery time of horses (Equus caballus) after a startle event (Ricci-Bonot et al., 2021) and can reduce HR variability of pigs (Sus scrofa domesticus) during a restraint test (Reimert et al., 2014). Social buffering may even occur with a different companion species, as the presence of a dog (Canis lupus familiaris) can attenuate HR of humans (Homo sapiens) during a stress test (Polheber and Matchock, 2014). We conducted our study on wild-caught individuals, demonstrating that social buffering in rattlesnakes likely exists in nature, can persist in captivity, and can be detected despite the stresses of testing in captivity. An increased understanding of how social buffering functions under natural conditions will be important in interpreting the consequences of stress in wild populations, especially those impacted by human development.

The rattling component of the defensive response seemed to be reduced by either the presence of a conspecific or an inanimate object (Figure 5). We interpret the tachycardia subsequent to disturbance to be an emotional response, and the rattling to be adoption of a defensive strategy. Thus, we might expect differences in how the treatments affected these two measures. Defensive behaviors of rattlesnakes are often context dependent, and the perception of cover may influence the adoption of an anti-predatory strategy (Duvall et al., 1985; Robillard and Johnson, 2015). The snakes in the bucket might have perceived less vulnerability when in physical contact with the rope or another conspecific (Chiszar et al., 1987), and therefore rattled less.

The results failed to support our second hypothesis, as no difference existed in the social buffering response between montane and lowland snakes. We thought variation might exist because montane snakes in Southern California generally rely on communal hibernacula for overwintering, which presumably promotes formation of social networks (Amarello, 2012; Clark et al., 2014), whereas lowland snakes generally overwinter alone (Klauber, 1972; Dugan et al., 2008; Hayes, pers. obs.; Brian Hinds, pers. comm.). Prior studies suggest that the form of social organization can influence the expression of social buffering (Hennessy et al., 2009). For example, titi monkeys (Callicebus moloch), which form long-term bonded pairs, experienced dampened stress reactivity when in the presence of a bonded heterosexual partner (Hennessy et al., 1995). Squirrel monkeys (Saimiri sciureus), in contrast, are a closely related species that forms large mixed-sex groups, and they exhibited no stress reduction when in the presence of a bonded heterosexual partner (Hennessy et al., 1995). Similar results were found between several closely related rodent species (genus Peromyscus), wherein physical contact with a conspecific positively affected wound healing in a monogamous species but not in a polygamous species (Glasper and DeVries, 2005). Likewise, in cavies (Caviinae), infants had a lower cortisol response in the presence of their mother compared to an unfamiliar female in a monogamous species but not in a harem-forming species (Hennessy et al., 2006).

At present, it remains unknown and difficult to determine whether non-denning populations of rattlesnakes readily interact and if social networks form, thereby facilitating social buffering. Although Arizona black rattlesnakes (C. cerberus) develop social networks at denning sites (Amarello, 2012), the formation of social networks in captive Eastern garter snakes (Thamnophis sirtalis sirtalis; Skinner and Miller, 2020; Skinner and Miller, 2022), suggests they may exist outside the context of denning. Maternal attendance and gene flow among populations may be sufficient to maintain social buffering in non-denning populations despite the potential lack of a social network. Future studies should examine social buffering more broadly in snakes to understand its evolution and characteristics within the group, including populations and species that do not communally den or maternally attend offspring.

Although we detected no difference between populations in social buffering, lowland snakes nevertheless exhibited a subdued acute stress response, as inferred from the lower level of tachycardia, and had a longer heart rate recovery time than montane snakes. In rats (Rattus norvegicus), different stress levels do not influence the efficacy of social buffering (Kiyokawa et al., 2018). However, stress responses, such as elevation in CORT levels, can be influenced by various environmental variables such as levels of food and predation (Clinchy et al., 2004; Berger et al., 2007; Sandfoss et al., 2020), habitat structure (Marra and Holberton, 1998; Busch and Hayward, 2009; Owen et al., 2014), latitude (Wingfield et al., 2008), and climate (including elevation and temperature: Romero et al., 2000; Busch et al., 2010; Gangloff et al., 2017; Fabrício-Neto et al., 2019), even among populations of the same species (Herczeg et al., 2009; Angelier et al., 2011). Stress responses to CORT, however, may vary, as baseline CORT may (Herr et al., 2017) or may not (Claunch et al., 2017) influence the defensive responses of vipers. Lowland populations of C. helleri in Southern California may be chronically stressed compared to montane populations, with the latter occupying habitats with lower species richness and presumably reduced predation pressure (McCain and Grytnes, 2010; Domínguez-Godoy et al., 2020), as well as increased vegetation structure (Schoenherr, 2017) and lower levels of human encroachment and activity. When an organism is chronically stressed, a dampening of the tachycardia response during an acute stressor can occur and could explain the difference in stress response observed between populations (Cyr et al., 2009). Future studies should examine if differences exist in the level of chronic stress between montane and lowland populations of C. helleri, and the extent to which human activity might affect defensive behavior (Atkins et al., 2022) and social buffering.

Our results also failed to support the third hypothesis, as no difference existed in social buffering between males and females. This surprised us given the gregarious nature of female rattlesnakes during gestation and maternal attendance of young (Greene et al., 2002; Schuett et al., 2016), as well as the antagonism (including combat) between males during the breeding season (Shine, 1978; Gillingham et al., 1983), with the latter potentially exacerbating an acute stress response. Reproductive status and seasonality may be important factors for detecting social buffering differences between the sexes, but we are unaware of studies that have examined this possibility. The type of social organization (e.g., mating system and group size), however, can influence both the presence of social buffering and which conspecifics demonstrate the ability to buffer (Hennessy et al., 2009). Many species undergo seasonal shifts in social organization (Rowell and Dixson, 1975; Zhu et al., 2018), but it remains untested whether such a shift also modulates the social buffering response. Mating occurs for C. helleri in February-April and August–October, with females giving birth between August and mid-October (Klauber, 1972; Dugan et al., 2008). We conducted our study in June and in October to early November, just outside of the breeding season and parturition time, when we expected to see sex differences if they exist. Three of the eight females tested were gravid during the summer testing session; however, the stimulus animal was non-reproductive. Our gravid females gave birth in August–September, at least one month before fall trials began. Unfortunately, our sample was too small to evaluate female reproductive status on social buffering. Future studies should examine social buffering during reproductively relevant times of the year and with paired breeding and non-breeding females to better assess whether sex and reproductive status influence social buffering.

As human development expands into natural areas, there will be greater human-wildlife conflict (Frank et al., 2019; Bhatia et al., 2020) and habitat loss (Scolozzi and Geneletti, 2012; Güneralp and Seto, 2013). Gaining a better understanding of how reptiles respond to stress can be important for habitat management and conservation (Tracy et al., 2006; Wikelski and Cooke, 2006; Teixeira et al., 2007). Translocation of venomous snakes to reduce human-snake conflict is one management tool that can be successful in some populations and some locations (Fitzgerald et al., 2018; Bradley et al., 2020; Corbit and Hayes, 2022). Snakes translocated at greater distances are less likely to return to their previous location; however, they are more prone to wander and have increased stress levels (Sullivan et al., 2015; Heiken et al., 2016; Cornelis et al., 2021). Reducing stress before translocation and during transportation via a companion’s presence could be beneficial and increase the likelihood of translocation success (Dickens et al., 2010). Paired housing could also provide more comfortable conditions, reduce stress, and help conserve and more successfully breed endangered snake species. Future work should examine how the presence of a partner influences chronic stress levels during housing by measuring changes in CORT over time.

In conclusion, the reduced tachycardia response to an acute stressor when in the presence of a conspecific suggests that social buffering exists in C. helleri. These findings constitute the first study of reptile social buffering and add additional support to the growing evidence that rattlesnakes are cryptically social. Future studies should examine the presence of social buffering in different reptile taxa and contexts to help gain a broader understanding of the function of social buffering in rattlesnakes.
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