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Abstract 18 

Developmental studies of sociality in non-human animals can offer important insights into the evolution, 19 

function, and plasticity of social behavior, especially in understudied species. We examined the development of 20 

social behavior in gartersnakes. We hypothesized that social interactions change as snakes age, but are relatively 21 

stable in the short-term. To assess developmental changes in social patterns, we examined the social tendencies of a 22 

group of 6 eastern gartersnakes over the first year and a half of their lives. We placed the snakes in an arena for 8 23 

days and recorded the time that they spent in physical proximity to each other. We repeated this 8-day process 7 24 

times across the snakes’ development. We looked at changes in association patterns and individual differences in 25 

sociality (i.e., network position), and examined the effect of group size reduction on social behavior. We found that 26 

individuals tended to show repeatable network position across time, but there was a behavioral divide between 27 

younger snakes and mature snakes. When male snakes reached sexual maturity, they began initiating most social 28 

interactions. Additionally, group member attrition caused the networks to tighten, and the population reduction in 29 

combination with sexual maturity created stable social networks. This research shows that social context can have 30 

important effects on sociability, and that even a species without permanent social groups will be influenced by its 31 

social environment.  32 
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Stability and change in gartersnake social networks across ontogeny 35 

Introduction 36 

Social network stability can be brought about through stable social preferences (Smith et al., 2018) and/or 37 

through consistent social interaction patterns (i.e. social personalities; Kulahci et al., 2018). For animals, stability in 38 

social interactions can offer a variety of benefits such as reduced conflict and stress (Capitanio & Cole, 2015), 39 

improved cooperation (Gerber et al, 2019), and reducing uncertainty during interactions (Dall et al., 2005). Although 40 

stability is important, social groups are rarely completely stable, especially when the group’s members lack features 41 

that encourage cohesion such as kinship (Silk et al., 2014). For example, animal communities shrink and grow, and 42 

animals actively respond to such changes in group composition (Farine, 2019). Additionally, certain situations may 43 

support behavioral plasticity and override previous social interaction patterns such as conformity (Franks et al., 44 

2020), changing environmental conditions (Taborsky & Oliveira, 2012), and ontogenetic changes (Guenther et al., 45 

2014). This balancing act between stability and change is an active area of research in animal behavior (Bell & 46 

Stamps, 2004; Sih et al., 2004; Riley et al., 2018). 47 

Social network analysis provides a method for quantifying stability and change in social behaviors and 48 

interactions (Krause et al., 2015). The behaviors quantified vary based on the analysis with some examples being 49 

time spent together, grooming behavior, aggressive actions, or coordinated foraging (Stanley et al., 2018; Canteloup 50 

et al., 2021; Jones et al., 2020). As social networks quantify social interactions, consistency in social network 51 

measures across time and/or context can provide evidence for social personalities. In this context, social personality 52 

refers to individual differences in at least one social behavior. For this behavior to be considered a personality trait, 53 

individual animals should be consistent in the behavior across time and/or context but different from each other 54 

(Bell et al., 2009). For example, one individual may be consistently attracted to social interactions, whereas another 55 

may consistently avoid them (Gartland et al., 2021). Previous work on consistency in ring-tailed lemur (Lemur 56 

catta) social networks found that individuals displayed consistency across time in a suite of social behaviors 57 

(Kulahci et al., 2018), and similar findings have demonstrated temporal consistency in social measures for wild 58 

vervet monkeys (Chlorocebus pygerythrus; Blaszczyk, 2017) even with changing group membership (Canteloup et 59 

al., 2021). Along with temporal consistency, context consistency has also been demonstrated in social network 60 

measures. For example, below and above ground consistency in social interactions was found in California ground 61 



squirrels (Smith et al., 2018), and consistency in social network measures has also been found across environments 62 

in Trinidadian guppies (Poecilia reticulata; Krause et al. 2017) and cat sharks (Scyliorhinus canicular; Jacoby et al. 63 

2014). In addition, consistency in social network statistics between particular individuals can provide evidence for 64 

social bonds. In the studies mentioned above on ring-tailed lemurs (Kulahci et al., 2018) and California ground 65 

squirrels (Otospermophilus beecheyi; Smith et al., 2018), social bond consistency was found in addition to social 66 

interaction consistency. In semi-feral ponies (Equus caballus), social bond consistency has been found across years 67 

but flexible social bonds were found across seasons (Stanley et al., 2018).  Although both social interaction 68 

consistency and social bond consistency can be considered part of a social personality (Kulahci et al., 2018), these 69 

two consistencies are not always found together. For example, in Australasian gannets (Morus serrator), individuals 70 

demonstrate consistent social behavior but flexible social bonds across time (Jones et al., 2020). 71 

           Maturation has been suggested to be a period of behavioral instability (Bells & Stamps, 2004). One 72 

explanation for this behavioral instability is that behavioral reorganization allows individuals to contend with 73 

different selection pressures at different stages of development (Bells & Stamps, 2004). A meta-analysis of 74 

personality development across ontogeny found that in the majority of situations, animals tended to be consistent 75 

within a developmental stage but changed across milestones (Cabrera et al., 2021). Although a minority of studies 76 

did find stability in some traits such as boldness and aggression, none of the examined studies found consistency in 77 

sociability across life stages (Cabrera et al., 2021). As maturity seems to have a transitory effect on personality, 78 

research on social network stability that bridges maturity should offer valuable insight into the factors that may 79 

influence stability and change in social networks.   80 

Research on social network stability and change is still an emerging field of research. The work that has 81 

been done has mostly studied mammals and birds with long-term and/or complex social interactions (Kulahci et al., 82 

2018; Jones et al., 2020). Little is known about social network stability in reptiles and other animals that are 83 

typically considered non-social (Doody et al., 2012).  Although the social lives of snakes are still poorly understood, 84 

they are not typically considered social animals and are not known to inhabit long-term stable social groups. 85 

However, snakes do display complex patterns of social behavior that offer a variety of benefits. Several species of 86 

snake have been shown to form aggregates both in the wild (Larsen et al. 1993; Reichenbach 1983) and in the lab 87 

(Dundee & Miller, 1968; Burghardt 1983; Heller & Halpern 1982; Aubret & Shine 2009; Skinner & Miller 2020). It 88 



has been hypothesized that grouping offers snakes a variety of benefits such as reduced water loss (Noble & Clausen 89 

1936), thermoregulation (Aubret & Shine 2009), protection from predation (Graves & Duvall 1995), and access to 90 

mates (Gregory 1984), in addition to more general mechanisms that have been proposed for other taxa, such as 91 

protection from predation (Krause & Ruxton, 2002). Furthermore, attraction to conspecifics, by following scent 92 

trails, can allow snakes to find preferred overwintering locations (Costanza, 1989). Improved foraging success - 93 

often considered one driver of aggregation - likely plays no role in snake aggregation, as they cannot share food 94 

(suggesting that foraging competition and kleptoparasitism may actually favor solitary living in snakes; Devine 95 

1977; Yeager & Burghardt 1991). Snakes, like other taxa, do not aggregate at random: relatedness, familiarity and 96 

even diet can influence aggregation patterns in juvenile Butler’s gartersnakes (Thamnophis butleri; Lyman-Henley 97 

& Burghardt 1994); brown snakes (Storeria dekayi) and gartersnakes (Thamnophis sirtalis), when placed together, 98 

show preferential aggregation with conspecifics (Burghardt 1983); and both timber rattlesnakes (Crotalus horridus; 99 

Clark et al. 2012) and cottonmouths (Agkistrodon piscivorus; Hoss et al. 2015) have demonstrated kin recognition in 100 

their grouping patterns. Arizona black rattlesnakes (Crotalus cerberus) at their den sites preferentially associate with 101 

specific members of their group (Schuett et al. 2017), as we have also recently demonstrated for juvenile eastern 102 

gartersnakes (Thamnophis sirtalis sirtalis; Skinner & Miller 2020). 103 

In addition to complex patterns of social behavior, some studies have found that reptiles display 104 

personalities that change across ontogeny. For example, decreases in boldness and exploration across the transition 105 

from juvenile to adult were found in mourning geckos (Lepidodactylus lugubris; Sakai 2018). In snakes, long-term 106 

individual consistency in predator defense behavior has been observed in Mexican black-bellied gartersnakes 107 

(Thamnophis melanogaster; Herzog & Burgardt 1988) and northwestern gartersnakes (Thamnophis ordinoides; 108 

Brodie 1993; see Waters 2017 for review). More recently, long-term consistency in both foraging and feeding 109 

behaviors, with a period of instability during the subadult phase, has been demonstrated in the northern common boa 110 

(Boa imperator; Simkova et al. 2017).  In eastern gartersnakes (T. sirtalis sirtalis), we have found consistent 111 

individual differences in sociability along with a reduction in aggregation tendency with increasing age (Skinner & 112 

Miller 2020). Taken together, these data suggest that snakes, like other vertebrates, display individual differences in 113 

sociability akin to a “social personality” (Cote & Clobert 2007), which vary across their lifetimes, possibly in a 114 

systematic manner that has not yet been mapped in detail. As in some fish species (Shaw 1978), some snakes may 115 
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only aggregate as juveniles and lead solitary adult lives. Alternatively, the social structures that snake populations 116 

form may change with the ages of their constituent members. 117 

           Eastern gartersnakes (T. sirtalis sirtalis) occupy a large range of habitats from northern Canada to the 118 

southern United States and Mexico (Rossman et al. 1996). The gartersnakes used in this study were from Ontario, 119 

Canada. As such, they experience cold winters and are known to aggregate for hibernation and for mating. Eastern 120 

gartersnakes also display trailing behavior (following other snakes’ scent trails) which may be used for finding 121 

mates (LeMaster & Mason 2001) or the communal hibernation site (Costanzo 1989). After mating in the spring, it is 122 

thought that gartersnakes disperse for the summer months (Larsen et al. 1993) – although birthing aggregations 123 

during the summer months have been recorded (Reichenbach 1983). Gartersnakes give birth to live young and do 124 

not provide parental care. Vulnerable neonate and juvenile snakes therefore face unique ecological challenges not 125 

shared by larger, less vulnerable adults. Thus, these snakes may display changes in aggregation patterns over the 126 

first year or two of their lives, as a result of gradually decreasing vulnerability to predation and increasing mating 127 

drive. To explore these changes, we performed a longitudinal analysis of aggregation behavior on a group of 6 128 

eastern gartersnakes from ~2 months of age until ~16 months of age. We quantified the snakes’ interactions using 129 

social network analysis. We primarily used weighted degree and dyad strength as measures of sociality and partner 130 

preferences respectively. We looked for both consistency and change in these measures to quantify social 131 

interactions across development. We hypothesized that: 1) social behavior would remain relatively consistent but 132 

would demonstrate a shift across maturity; 2) overall network structures would remain stable across time, despite 133 

behavioral shifts; and 3) males and females would differ in social behavior post maturity. Based on these hypotheses 134 

we made the following predictions about the relationship between social behavior and network structure: 1) Snakes 135 

would display preferential associations (consistency in dyad strength) that would change as they transitioned into 136 

maturity. This change would be reflected through increased associations between opposite sex snakes; and 2) snakes 137 

would display consistent individual differences in sociability (weighted degree) as juveniles and as adults, but there 138 

would be a behavioral shift as they transitioned to maturity.  139 

 Due to the death of one snake and the removal of another individual during the final testing period, we also 140 

tested the response of the snakes’ social network to node removals. As these removals were unplanned, we had no 141 

particular a priori hypotheses regarding their effects on the network. However, the experimental removal of nodes 142 
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from a network has often resulted in behavioral changes that were not predicted by simulations, possibly as a result 143 

of social networks rewiring to meet the social needs of the remaining individuals (Farine 2019). Our two 144 

consecutive reductions of the group allowed us to examine whether gartersnakes’ social networks adjust to node 145 

removal through a form of structural rewiring, as predicted by some theoretical work (Farine, 2019). 146 

           Material & Methods 147 

Subjects and Housing 148 

Subjects were six neonate eastern gartersnakes (3 males and 3 females; T. sirtalis sirtalis). They were 149 

collected from field sites in Ontario, Canada, in August 2018. Upon collection, neonate status was assessed visually, 150 

and age was approximated based on the reproductive cycle of eastern gartersnakes in northern climates (Rossman et 151 

al., 1996). The snakes were housed in pairs. until ~8 months of age. Two pairs consisted of same-sex snakes, and 152 

one pair consisted of opposite-sex snakes (Table S1).  At 8 months of age the snakes were separated into individual 153 

terrariums. Snakes were housed in glass terraria (21 cm x 10.5 cm x 31 cm high). They had access to belly heat 154 

(30℃) provided by heat tape (THGTape), and clean water was provided daily. The snakes were fed chopped 155 

nightcrawlers (Pagonis live bait, Toronto) with vitamin supplements (Zilla) as needed. The housing facility was 156 

maintained at 22℃ with a 12h day-night cycle. All of the snakes were sexed by probing. The snakes were tested 157 

seven times over approximately 16 months, starting when they were about 2 months old. Between replications of the 158 

experiment, we controlled snakes’ diets, social contacts, and physical environment. We refer to each 8-day test as a 159 

session (sessions are numbered 1 – 7). One female died between sessions 5 and 6, and on day 3 of session 7 there 160 

was a successful mating between two snakes. As such, on the morning of day 4 of session 7, the mated female was 161 

removed from the experiment for health monitoring. The female snake did not give birth. Snakes were weighed 162 

before the start of each session (Table S1). 163 

Apparatus 164 

The experiments were conducted in two separate arenas. The first five sessions were conducted in a 165 

juvenile arena (identical to the one in Skinner & Miller 2020). Sessions 6 and 7 were conducted in an adult arena. 166 

The juvenile arena was 73 cm x 73 cm x 36 cm high, constructed of polyethylene walls, and was placed on a table 167 

covered with waterproof white paper (Figure S1A). The arena contained one black plastic shelter (14 cm x 10 cm x 168 
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5 cm high; Cornel’s World) and one water dish (a 15 cm x 15 cm x 8 cm clear plastic tub) for each snake. The center 169 

of the arena was covered with 12 tumbled sandstone squares. The adult arena was a scaled-up replica of the juvenile 170 

arena, made of 120.5 cm x 112 cm x 24 cm PVC walls with the height reinforced by 119 cm x 111 cm x 32 cm clear 171 

acrylic walls (Figure S1B). The shelter and water dish layout was identical, but the shelters were increased in size to 172 

accommodate the increased size of the snakes (23 cm x 16 cm x 6.5 cm; Cornel’s world). The water dishes were 173 

square plastic containers (15 cm x 15 cm x 6 cm; Ziplock). The centre was covered by 16 sandstone squares. In both 174 

arenas, white paper towels were placed under each shelter for ease of cleaning. A high resolution camera (Canon 175 

EOS Rebel T5i DSLR) was mounted above the arena and took a picture every 5 seconds for all 12 hours of daylight. 176 

Individual snakes could be identified in the pictures. 177 

Procedure 178 

Before testing, each snake’s head was marked with colored dots of non-toxic nail polish (Adrianne K). 179 

Color combinations were unique within each session. Snakes were re-marked whenever they shed. The snakes were 180 

tested at the following ages: session 1, ~2 months; session 2, ~4 months; session 3, ~6 months; session 4, ~8 181 

months; session 5, ~10 months; session 6, ~14 months; session 7, ~ 16 months. As we removed one snake midway 182 

through session 7, this session is divided into two parts, sessions 7.1 and 7.2, for some analyses.  183 

To begin each session, the snakes were released into the enclosure on the evening before the first full day 184 

of the experiment. Data from this time period were only used to record courtship behavior (see below). Following 185 

this, snakes remained in the experimental apparatus for 8 full days. Each day, at approximately 10 am and 2 pm, all 186 

the snakes were removed from the arena and replaced into it, either as a group in the center of the arena (Center 187 

shuffle), or each snake individually into its designated shelter (Placed shuffle). The Center shuffle pattern was used 188 

for both morning and afternoon shuffles on odd-numbered days (days 1,3,5,7) and the Placed shuffle was used on 189 

even-numbered days (days 2,4,6,8). As there were 6 shelters for the 6 snakes, the snakes did not need to aggregate at 190 

all. Once a day, during the morning shuffle, the water dishes, paper towels, and shelters were replaced, and the areas 191 

around the shelters were cleaned with 70 % isopropyl alcohol, and washed and dried thoroughly. On the mornings of 192 

Days 3 and 7 the entire arena was cleaned with water and isopropyl alcohol. During this time, snakes were placed in 193 

individual holding containers and fed nightcrawlers (chopped or whole, depending on their age). 194 



All methods followed the Canadian Council on Animal Care guidelines and were approved by the Wilfrid 195 

Laurier Animal Care Committee. Subjects were collected from the Waterloo, Ontario, area under a Wildlife 196 

Scientific Collector’s Authorization from the Ontario Ministry of Natural Resources (No. 1090896). 197 

Coding 198 

To codify snake social interactions, a high-resolution image was taken of the testing arena every 5 seconds 199 

during the testing period. These images were coded using a custom ethologger program (Figure S1; see Skinner & 200 

Miller 2020). The ethologger divided the image of the arena into seven zones: one for each of the six shelters, and 201 

one zone to represent all the space outside the shelters. We recorded the location of each snake whenever they 202 

crossed zone boundaries. We used time sharing the same shelter/zone to construct the social networks used in most 203 

of our analyses. In addition to these networks, we also coded courtship behavior. To quantify courtship, we looked 204 

for the characteristic chin rubbing behavior demonstrated by males who are courting a female snake (Rossman et al. 205 

1996). Courtship behavior was only coded when the snakes’ heads could be seen (i.e., when snakes were outside the 206 

shelter). We totaled the number of frames in which males demonstrated courtship, stopping when the snakes 207 

separated. One experimenter coded the data, and all data was checked for errors before analysis. Although the 208 

ethologger kept track of the snakes’ locations, the coder was essentially blind to a snake’s location after it entered a 209 

shelter.  210 

Statistical analysis 211 

All statistical analyses were conducted in R (R Core Team 2017) using the DescTools, lme4, rcompanion, igraph, 212 

asnipe, and ANTs packages. We used mixed-effect linear and general linear models to analyze repeated measures 213 

data. All of our models contained a random intercept for subjects and either session or day as a fixed effect, 214 

depending on the analysis timescale. For some models, we also included session as a random intercept or random 215 

slope. As the snakes were tested 7 times, long-term analysis was on the scale of session (between-session) and short-216 

term analysis was on the scale of days (within-session). When the residuals of our models were not normally 217 

distributed, we applied data transformations. For proportional data, we used arcsine transformation. For all other 218 

variables, we used Tukey’s ladder of powers to find the appropriate transformation (Tukey 1977). As rank-order 219 

consistency is effective for measuring snake behavior (Šimková et al. 2017; Skinner & Miller 2020; Waters et al. 220 
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2017), we used Kendall’s test of concordance to test if individuals had consistent ranks. We examined rank-order 221 

consistency across sessions and within each session. In all situations in which we found significant p-values, we 222 

confirmed these values by comparing our data to 10,000 permutated networks in which individual ranks were 223 

randomized (Wilson et al. 2013, Krause et al. 2017). In all situations, we report the more conservative p-value. As 224 

session 7.2 only had 4 individuals we dropped it from this analysis. Since snakes were shuffled (removed from and 225 

then returned to the arena) twice a day, data for most analyses were subdivided into three periods: Morning (from 226 

lights-on to the first shuffle), Midday (first shuffle to second shuffle), and Afternoon (second shuffle to lights-out). 227 

           To quantify social interactions, we primarily used ‘weighted degree’. We quantified the time snakes spent 228 

with others using their average weighted degree (the cumulative proportion of time they spent in the same zone as 229 

others). Gartersnakes demonstrate repeatable individual differences in the time they spend with other snakes in a 230 

group environment. These individual differences have been shown to correlate with individual tests of sociability, 231 

and appear to be a consistent measure of social behavior in these snakes (Skinner & Miller 2020). We therefore used 232 

‘weighted degree’ and ‘average weighted degree’ to look for consistency in aggregation behavior over time. To 233 

examine the snake’s social preferences for particular individuals, we looked at variability in the snakes’ rank order 234 

preferences for each other individual within each session compared to randomized preferences.  235 

Finally, we developed a method for comparing the amount of time snakes spent in a particular network 236 

configuration to the probability of that configuration occurring if snakes only controlled their dyadic interaction 237 

strengths. We first calculated all possible unweighted undirected networks of a certain size. We then weighted those 238 

networks such that the averaged (weighted) network matched the strengths of all the dyadic interactions observed in 239 

our data. In other words, we set the probability of any particular network to be equal to the social preferences of our 240 

snakes. We could then compare our actual networks against these predicted networks (see SI Text A for details). We 241 

used this to determine whether or not snakes controlled for large-scale features (i.e., more than dyads) of their 242 

association networks.  243 

Results 244 

The snakes spent the vast majority of their time in the shelters (88 ± 10 % of the time; Figure S2). 245 

Therefore, the reported networks primarily describe the time each snake spent in the same shelter as another (see 246 



Figure S3 for networks). We did not observe any systematic changes in behavior across the 8 days of each session, 247 

as we might have expected if some of our effects resulted from social or environmental habituation (Figure S2).  248 

  Partner preferences 249 

We examined whether snakes preferentially associated with specific partners, as we have previously observed 250 

in this species (Skinner & Miller 2020). In order to test for preferred associations with particular individuals, we 251 

ranked each snake's associations with all possible partners and then performed a ranked test looking for consistency 252 

in the rank of associates across days for each session (Stanley et al., 2018). To perform these tests, we tested the 253 

observed network ranks compared to 10000 random networks, using the network consistency function from Wilson 254 

et al. (2013). The rank order test suggested that preferences for particular partners increased as snakes aged with the 255 

highest proportion of snakes showing significant preferences in session 6 (p’s < 0.01 for 5 of 6 snakes) and session 256 

7.2 (p’s < 0.05 for 3 of 4 snakes) and session 4 (p’s < 0.01 for 4 of 6 snakes). No snake demonstrated a preference for 257 

particular individuals in session 1 or session 5 (all p’s > .15; Table S2).   258 

The solidification of aggregation preferences resulted in snakes spending an increasing amount of time in 259 

particular social network configurations. To quantify these preferred networks, we examined the proportion of time 260 

spent in each configuration, and compared it to the predicted probability of that configuration occurring, while 261 

controlling for overall sociability and for the strength of the connection between each pair of snakes (see SI Text A 262 

for details). The most common configurations often accounted for a large proportion of session time (e.g., in session 263 

6, snakes spent 63% of their time in their most preferred network). Snakes spent more time than predicted in their 264 

preferred networks (Figure S4A) and less time than predicted in their less preferred configurations (Figure S4B), 265 

strongly suggesting that they consider more than just dyadic interactions in their affiliative behavior decisions (i.e., 266 

if snakes only cared about the time they spent with specific single partners, all the points in Figure S4 should cluster 267 

around the diagonal).  268 

 Since each snake was frequently released into its designated shelter, it is possible that snakes developed a 269 

stereotypical response performed after release which re-formed the same networks each time, independent of social 270 

considerations. We therefore tested whether preferred network formation depended on release pattern. We found 271 



that release patterns (Central or Placed) had no effect on the formation of preferred networks (F(1, 22.3) = 0.004, p = 272 

0.95). 273 

Thus, over the course of their development, young gartersnakes become more selective in their 274 

associations, and increasingly spend the majority of their time in networks that reflect both partner and larger-scale 275 

preferences. However, a particular configuration may not be preferred by all the members of that network. More 276 

social individuals may initiate and maintain contact, and thus play an outsized role in determining the form of the 277 

network. Therefore, we next examined individual differences in sociality and interaction initiation.  278 

Sociality 279 

To explore the development of consistent aggregation behavior, we used snakes’ rank-order consistency in 280 

weighted network degree. In other words, were snakes’ positions within the network, or overall levels of social 281 

contact, consistent across time? All significant values were confirmed using network permutations (see Methods). 282 

Between-session rank-order consistency was significant (Kendall’s W = 0.54, p = 0.02). When broken down by time 283 

period, consistency was significant for mornings (W = 0.39, p = 0.03) and midday (W = 0.51, p = 0.008) but not for 284 

afternoons (W = 0.36, p = 0.07). Visual inspection of the data suggested that individual differences in average 285 

weighted degree began to emerge in session 2 and tended to strengthen and stabilize over time (Figure 1). This was 286 

particularly true for the least (‘R’) and most (‘GG’) social snakes. We compared each pair of sessions to each other 287 

using Spearman’s rank order correlations. Although it was difficult to reach significance with our small sample size, 288 

the coefficients provide an effect size for the number of individuals that occupied the same rank-order across any 289 

two sessions. We found an ontogenetic shift, with earlier sessions being more similar to each other and later sessions 290 

being more similar to each other (Table S3). This shift occurred between sessions 3 and 4, when at least one male 291 

snake hit sexual maturity (see below). 292 

 293 



Figure 1. Weighted degree for each subject across 294 
sessions. Rank order consistency emerged early, 295 
especially at the extremes. For example, snake “R” 296 
is the least social snake from session 2 onwards; 297 
snake “GG” is the most social from session 3 298 
onwards. 299 

 300 

 301 

 302 

 303 

           Within-session rank-order consistency in degree (across the 8 days of each session) began to emerge in 304 

session 3 and reached significance in sessions 4, 6, and 7.2 (Figure S5; Table S4). Sex differences in social 305 

interactions emerged in session 4. To quantify this, we apportioned a dyad’s shared weighted degree (how much 306 

time two snakes spent together) by the proportion of times each snake initiated an interaction. For example, if two 307 

snakes spent 100 minutes together and they equally initiated the interactions, then each snake owned (was 308 

responsible for) 50 minutes (or half the total time). As snakes regularly visited shelters, sometimes for only a few 309 

seconds, we counted an ‘initiated interaction’ as initiated time spent with a snake, or group of snakes, which was 310 

longer than the initiating individual’s average stay length. We found a significant main effect of session (F(7, 1480) 311 

= 4.74, p < 0.001), no effect of sex (F(1, 4) = 0.10, p = 0.763), and a significant interaction between session and sex 312 

(F(7, 1480) = 10.74, p < 0.001; Figure 2). The association pattern began to change in session 4 and by session 6 313 

males were primarily initiating long-term interactions. To test this, we compared the results of the mixed-effect 314 

model to the results from 10000 generated networks in which the sex identities of the nodes were randomly 315 

permutated. The interaction was significant for session 4 (p = 0.04), marginal for session 5 (p = 0.05) and significant 316 

for sessions 6, 7.1, and 7.2 (all ps < 0.001). Although courtship behavior also emerged in session 4, it does not alone 317 

explain the network patterns that emerged in later sessions (SI text B).  318 

 319 



Figure 2. Owned weighted degree across sessions by sex. 320 
Male snakes primarily drive social interactions from 321 
session 6 onwards. Error bars show ± SEM. 322 

 323 

 324 

 325 

 326 

 327 

Node removals 328 

As one female snake died between sessions 5 and 6, and another female snake was removed during session 329 

7, we compared our social network data to node deletion simulations. As we had detected effects of sex on 330 

association patterns, we simulated both random deletions and targeted deletions of females. To reflect our data, we 331 

simulated the deletion of one snake for sessions 6 and 7.1, and two snakes for session 7.2. For both random and 332 

targeted deletions, the simulation calculated the network diameter and global efficiency. Network diameter is the 333 

longest path between two individuals (nodes). Global efficiency is a statistic that captures the spread of information 334 

(or a pathogen) through a social network, with high values indicating faster spread (Romano et al. 2018). The 335 

simulated node removals predicted a decrease in network diameter and stable global efficiency. In agreement with 336 

the simulations, our actual networks showed a decrease in diameter. However, unlike the simulations, the global 337 

efficiency values for our data demonstrated a large increase after the removal of each snake (Figure S6).  338 

 To test the significance of these differences, we extracted each simulated network, and permuted the links 339 

between individuals 10000 times using the function provided in the ANTs R package for network analysis (Sosa et 340 

al. 2020). We then calculated the global efficiency and network diameter for each random network (see Methods). 341 

The increase in global efficiency in our data was significantly larger than in the randomized simulated networks (all 342 

ps < 0.001). For network diameter, there was no significant difference between the data and the permuted networks 343 

for one deletion (all ps > 0.43) but the network diameter was smaller than would be expected by chance for two 344 

deletions (all ps < 0.001). In other words, when snakes were removed from our networks, the diameter of the 345 
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network shrank, as expected. However, the efficiency of the network also increased significantly more than would 346 

have been predicted, even by targeted removals of females. This result suggests, in line with recent theoretical 347 

predictions (Farine 2019), that the remaining snakes shifted their interaction patterns, including males shifting their 348 

focus to a new preferred female, and creating a more connected network. 349 

Discussion 350 

By repeatedly placing the same 6 young eastern gartersnakes (T. sirtalis sirtalis) into an enclosure where 351 

we could monitor all their social interactions, we show that snakes demonstrate consistency in social behavior, but 352 

that its structure changes across development. As they aged, snakes became more selective in their associations 353 

(Table S2), leading to the group spending more time in their most preferred configurations (Figure S4) and 354 

individual differences in sociability solidified over the first few months of life (Figure 1). As the snakes crossed into 355 

maturity, the male snakes began initiating more social interactions than female snakes (Figure 2). Along with this 356 

shift in interaction pattern, the consecutive removal of two female snakes caused the remaining snakes to “rewire” 357 

their associations, increasing the connectivity of the networks (Figure S6). 358 

Preferential associations 359 

The snakes in our experiment demonstrated no association preferences as neonates (at 2 months old), weak 360 

association preferences during their early development, and strong preferences after maturity. This change in 361 

association pattern could be the result of changes in recognition. It is possible that snakes, like some species of fish 362 

(see Griffiths, 2003, for review), may require a particular amount of contact time before they can recognize each 363 

other. To complicate the challenges of recognition, previous research on young gartersnakes has shown that 364 

familiarity and diet can influence grouping patterns (Lyman-Henley & Burghardt, 1994). As the snakes in this 365 

experiment were equally familiar with each other and were all on the same diet, we may have removed the most 366 

important perceptual cues for sorting in young snakes. Aggregation can offer a variety of important survival benefits 367 

such as thermoregulation (Graves & Duvall 1987), protection from water loss (Nobel & Clausen 1936), and 368 

protection from predation (Graves & Duvall 1995). As a result, for particularly vulnerable young snakes, finding a 369 

group may be more important than finding any particular group. A similar lack of preference for phenotypic sorting 370 

while shoaling has been found in small Trinidadian guppies (whereas large guppies choose size matched groups; 371 



Rodgers et al., 2011). It has been suggested that reduced sorting preferences when grouping may be the result of 372 

learning, with younger individuals improving in their decision making over time. An alternative explanation is that 373 

quickly choosing a group, rather than choosing the ideal group, may be more important for reducing the risk of 374 

predation in more vulnerable populations (Rodgers et al., 2011). It has been suggested that speed of decision making 375 

is an important trait in snakes (Simkova et al., 2017) and in a comparison of three species of gartersnakes, it was 376 

found that the common gartersnake (Thamnophis sirtalis) was the quickest to make decisions in an open-field task 377 

(Herzog & Burghardt, 1986).  In summary, young snakes need time to either develop or demonstrate individual 378 

recognition of conspecifics. We suggest that young gartersnakes may use different cues for recognition compared to 379 

older snakes, may quickly choose any group over specific individuals due to safety concerns, or may be incapable of 380 

individual recognition. Future research should attempt to parse out which factors influence the reduced preferential 381 

associations we found in younger compared to older snakes.  382 

In contrast to their younger selves, the snakes in our experiment demonstrated strong preferences for 383 

particular individuals as they transitioned to maturity. As snakes age, the primary functions of aggregation change. 384 

Access to mates may drive aggregation in some species (Gregory 1984), something that may be especially important 385 

for species with short active seasons like gartersnakes in northern climates (Larsen et al. 1993). With the onset of 386 

maturity, larger females become more attractive, increasing their reproductive output (Shine et al. 2006). This may 387 

have led to the increase in preferential associations we saw between male and female snakes as they passed maturity, 388 

even when courtship behavior was not observed (as in our session 6). An ontogenetic shift in preferential 389 

associations has also been found in Arizona black rattlesnakes (C. cerberus) with juvenile-juvenile preferred 390 

associations being less common at a den site than associations between adults or between adults and juveniles 391 

(Schuett et al. 2017). Additionally, in some groups of wild vervet monkeys (Chlorocebus pygerythrus), adults have 392 

more stable relationships than juveniles (Borgeaud et al., 2016) and in wild olive baboons (Papio anubis) juveniles 393 

have fewer social bonds than adults (Fedurek & Lehmann, 2017). In gartersnakes, the changing strengths of 394 

preferential associations that we observed across development may therefore be the result of changing ecological 395 

demands and the differential utility of associating with particular conspecifics. In our snakes, male-female 396 

preferential bonds appeared to override any pre-existing preferences among the snakes. Future research should test 397 

same-sex groups of mature snakes to see if same-sex bonds can be maintained (and are equally strong) among 398 



adults. As adult female snakes are known to aggregate for gestation (Graves & Duvall, 1995), preferential 399 

associations in adults may be limited to females.  400 

Consistency in sociability 401 

Our snakes demonstrated consistent individual differences in the time they spent with others (their 402 

weighted degree), suggesting that sociality is a personality trait (Bell et al. 2009). The study of social network 403 

statistics as personality traits is a growing field (Krause et al. 2010; Krause et al. 2017), but consistency in social 404 

network measures has been found in giraffes across seasons (Giraffa camelopardalis; Prehn et al. 2019), house 405 

sparrows across time (Passer domesticus; Plaza, et al. 2020), and both cat sharks (Scyliorhinus canicular; Jacoby et 406 

al. 2014) and guppies across contexts (Poecilia reticulata; Krause et al. 2017). Thus, our data add to a growing body 407 

of literature that suggests that social network statistics show repeatability similar to other measures of animal 408 

personality. In our data, young snakes were more variable in sociality within a session (on short timescales) but 409 

consistent across sessions. As they aged, snakes became more consistent at shorter timescales (days). These results 410 

suggest that consistency in network measures may be driven by several distinct processes that operate and vary on 411 

different timescales. 412 

 Snakes began to demonstrate individual differences in sociality early in their development, showing 413 

moderate to high rank-order consistency across the first three sessions of our data (~2 – 6 months of age). Social 414 

patterns changed as the group transitioned to maturity/sub-adulthood (in session 4, ~8 months of age; Table S4). 415 

Some individuals increased in behavioral consistency across time, while maintaining their individual differences 416 

(e.g., snake ‘R’ was the least social individual across almost all sessions, and became increasingly asocial as he 417 

aged). A similar pattern has been found in humans, with personalities tending to strengthen with age (Caspi, et al. 418 

2005, Roberts & DelVecchio 2000) and has also been observed in mice (Mus musculus; Brust et al. 2015) and 419 

mosquito fish (Gambusia affinis; Polverino et al. 2016). Past social experiences may result in snakes finding a social 420 

niche which they continue to exploit as long as there are benefits (e.g., non-social snake R continues to avoid 421 

competition, whereas social snake GG gets access to a possible mate). 422 

Sex-related effects 423 



Before maturity, in this group of snakes, males and females were approximately equal in their tendency to 424 

initiate lengthy social interactions. However, as the male snakes matured, they became the primary initiators of 425 

social interactions (Figure 2), creating stable social networks between interested males and their preferred female(s). 426 

Female snake size – a key factor in determining female quality in gartersnakes (Shine et al. 2001; Shine et al. 2006) 427 

– probably drove these preferences. Although size differences in our age-matched snakes were small, the preferred 428 

females tended to be slightly larger (Table S1). For these female snakes, consistency in post-maturity sociability was 429 

contingent on their popularity. As the male snakes began aggressively pursuing female snakes, the females had little 430 

control over their socialization. This shift to male-initiated social interactions could be a strategy used be male 431 

snakes to improve reproductive success in a highly competitive mating system. In the gartersnake mating system, 432 

numerous male gartersnakes will often simultaneously court a single female snake.   In this situation, it may benefit 433 

male snakes to associate with particular females outside of mating season if it influences female mate choice.  434 

Although familiarity appears to have little effect on the mate choices of male gartersnakes (Shine et al. 2012), 435 

further research could examine if social contact outside of mating times (e.g., our session 6) influences female mate 436 

choice. Additionally, future research should test if these observed patterns generalize to larger aggregates of mixed-437 

sex snakes. 438 

Node Removals 439 

           Despite our removals of snakes from the experiment being accidental and random, their effects were 440 

extreme, causing a structural rewiring of the social network, as predicted by some recent theories (Farine, 2019). 441 

Sociable male snakes collapsed their social interactions around particular female snakes, resulting in a significant 442 

increase in preferred associations (Table S2). Global efficiency, a measure of information flow through the network, 443 

increased with the removals (Figure S6), probably as a result of male snakes searching for a preferred female. This, 444 

combined with the shrinking number of acceptable females, resulted in an increase in overall network connectivity, 445 

as male snakes searched more widely. Overall, the removal of nodes stabilized social networks and increased the 446 

amount of time spent in preferred social groups. Future work should try removing individuals that are either central 447 

or on the periphery of the network to see how network position affects this rewiring process. Animal networks have 448 

been shown to adjust to the removal of individuals by forming new associations (Firth et al. 2017), changing their 449 
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association patterns (Naug 2009), or changing their behavior to compensate for the missing individual (Annagiri et 450 

al. 2016). 451 

The collapse of social networks in snakes may have important consequences. Along with many other taxa, 452 

reptiles are experiencing severe population decline due to environmental change and human-animal conflict (Böhm 453 

et al. 2013). For example, Snake Fungal Disease (SFD) – a contagious and often fatal illness – is of growing concern 454 

(Lorch et al. 2016). Our data suggest that the removal of key individuals could exacerbate the spread of contagious 455 

pathogens, such as SFD, through already vulnerable populations. Identifying social tendencies across snake species, 456 

and the structures of their social networks, may help identify populations that are particularly vulnerable to SFD. 457 

Our data also suggest that it is important to consider social interactions in conservation efforts. Even outside of 458 

mating times, male access to females appears to be important for eastern gartersnakes (T. sirtalis sirtalis). If this 459 

social access is equally important in other species of snake, it could help explain the concerning lack of site fidelity 460 

frequently observed in male snakes after translocation (Nash & Griffiths 2018). 461 

We note that the conclusions we can draw from these data are limited due to our small sample size. In 462 

addition, we carefully controlled the environmental conditions and feeding schedules of our lab-housed snakes. This 463 

eliminated extraneous variables but meant that the snakes did not experience brumation or seasonal fluctuations 464 

(e.g., in resource availability) that might have otherwise influenced their social behaviors and/or growth rate. This 465 

should be considered when interpreting our findings, and future research should attempt to verify these findings 466 

under more naturalistic conditions. However, as long-term studies of both personality and social network structure 467 

are rare in any species, this study offers important insights into the changes that occur in social behavior over time. 468 

Further work on developmental changes in snake sociability will help flesh out our understanding of this neglected 469 

taxon.   470 
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Supplementary Materials 689 

SI Text A: Comparing network configurations to random choice 690 

In order to determine whether snakes displayed a preference for some network configurations over others, 691 

we developed a method to compare the proportion of time spent in a specific network configuration to the 692 

proportion of time that configuration would be expected to occur by chance. Most importantly, in our comparison 693 

we want to control for both the total degree (overall sociability) of each individual, as well as for the strength of 694 

each dyadic connection. In other words, we are not interested in the effects of specific dyadic interactions, but rather 695 

in whether or not groups of snakes prefer certain global network configurations. We therefore generate our model 696 

networks (which we call prediction networks) in such a way that they preserve each individual’s total degree and the 697 

weight of each dyad’s edge, but not any larger features of the network structure. We compare the data networks to 698 

these predictions. 699 

We first generate all possible (unweighted, undirected) network configurations for N individuals (in our      700 

data, N = 6 in sessions 1-5, 5 in sessions 6 and 7.1, and 4 in session 7.2). We then weight the probability that each 701 

possible configuration occurs in such a way that the average network matches the strength of all the dyadic 702 

connections in the data network. Finally, we compare the reweighted probability of each prediction network 703 

occurring to how often that configuration occurred in the data. All calculations were done in Mathematica (version 704 

12.0, Wolfram Research), and the code is available in our OSF repository (see main paper for link). 705 

Step 1: reweighting network configurations 706 

The number of possible configurations of a network of size N is given by the Nth Bell number, BN. We 707 

generate all the possible network configurations, our prediction networks, and assign each one an initial probability 708 

of occurring, which = 1/BN. We label the set of prediction networks M. 709 

In order to describe our weighted data network using M, which is a set of unweighted networks, we attempt 710 

to make the probability of finding a particular edge in M equal to the weight of that edge in the data. We do this by 711 

reweighting the probability of occurrence of each member of M. If some individuals in our data are more social than 712 



others (some nodes have higher degree than others), then members of M that contain an edge between those 713 

individuals should be more likely to occur. This process is performed separately for the data from each session. 714 

The main challenge here is that reweighting members of M to account for one dyad’s edge will, of 715 

necessity, alter the probability of finding edges between other dyads. We sidestep this problem by performing the 716 

reweighting many times, shuffling the order in which dyads are considered each time, and averaging the resulting 717 

probabilities. We find that running the reweighting 1000 times suffices, for our data, to bring the networks in M to 718 

within about 1% of the data networks (see below). The process is as follows: 719 

1. For each possible dyad in the network: 720 

a. Find the weight of the edge connecting that dyad in the data, denoted E. 721 

b. Find the set of members of M in which that dyad is connected by an edge, which we denote C. 722 

Since M contains all possible configurations, the size of C depends only on N, not on the specific 723 

dyad. We denote the proportion of M that are in C, D. For Ns from 1 to 10, D = {1, 0.5, 0.4, 0.333, 724 

0.288, 0.256, 0.231, 0.212, 0.196, 0.182} (i.e., in the set of all networks of N = 6, any pair of 725 

individuals will be connected by an edge in 25.6 % of them). 726 

c. Reweight all the networks in C so that their summed likelihood of occurring equals E. At the same 727 

time, reweight all the networks that are not in C, so that the summed probability of occurrence of 728 

all networks remains 1: 729 

i. Multiply the current weighting of all networks in C by E/D. 730 

ii. Multiply the current weighting of all networks not in C by (1-E)/(1-D). 731 

2. Shuffle the list of dyads and repeat step 1. After 1000 repetitions, average the weights for each member of 732 

M over the repetitions, resulting in a mean probability of occurrence for each network in M. 733 

We now have a probability of occurrence for each possible network of size N that takes into account the 734 

strength of interaction between each dyad in the data, but not the overall network structure. This can be tested by 735 

deriving the mean (weighted) prediction network. For each possible dyad, we find the set C of networks where that 736 

dyad is connected by an edge. The weight of the edge between that dyad is the summed probability of occurrence of 737 

all the networks in C. As an example, Table SI-A1 shows the data network for session 1 (top half of the table, in 738 

italics) and the corresponding mean prediction network (bottom half, bolded). 739 



To ensure that the prediction networks were sufficiently similar in dyadic weights to our data networks, we 740 

calculated a mean error for each mean prediction network. For each dyad, we subtracted its edge weight in the mean 741 

prediction network from the corresponding edge weight in the data network, and averaged the resulting values. 742 

Table SI-A2 gives the mean error values, none of which exceeded 2.3 %. 743 

  1 2 3 4 5 6 

1   0.219 0.433 0.235 0.363 0.267 

2 0.222   0.186 0.237 0.329 0.303 

3 0.448 0.197   0.241 0.409 0.240 

4 0.242 0.244 0.250   0.290 0.208 

5 0.382 0.313 0.416 0.286   0.272 

6 0.268 0.311 0.247 0.214 0.276   

Table SI-A1 Comparison of data and predicted networks. The table shows the weighted data network for Cohort 1, 744 
session 1 in the top half (numbers in italics) and the mean predicted network for the same session in the bottom half 745 
(bolded numbers). Rows and columns represent individuals. 746 

  1 2 3 4 5 6 7.1 7.2 

Mean error 0.006 0.001 0.011 0.022 -0.002 0.011 -0.001 0.011 

Table SI-A2 Mean error on the comparison between data and predicted networks for each session of Cohort 1. 747 

 748 

Step 2: comparing random to data networks 749 

We can now compare the proportion of time that snakes spent in any network configuration to the predicted 750 

likelihood of that network occurring. Figure S1 shows the proportion of time spent in the 10 most (panel A) and 751 

least (panel B) common network configurations in the data (on the y-axis) compared to the probability of those 752 

configurations occurring in our prediction networks (on the x-axis). The most common networks are almost all (66 753 

of 80) above the diagonal, indicating that snakes spent more time in these configurations than is predicted by our 754 

modelled networks; the least common networks are almost all (69 of 80) below the diagonal, indicating that these 755 

networks occurred less commonly than is predicted by our modelled networks. 756 

Figure SI-A1 shows the cumulative difference in probability between the prediction and data networks for 757 

the 15 most commonly observed network configurations in each session. In most sessions, snakes spent much more 758 



time in their preferred configurations than predicted by the model, even considering the sociability of each snake 759 

and the strength of each dyad’s connection. This suggests that snakes consider more than just dyadic connections in 760 

their affiliative behaviors. 761 

Fig SI-A1 Cumulative distribution of the 762 
difference in probability between occurrence data 763 
and prediction networks for the top 15 ranked 764 
network configurations in the data. Colors 765 
indicate sessions. 766 

 767 

 768 

 769 

 770 

The data from session 6 (mustard yellow line in Figure SI-A1) illustrate this point well. There were 5 771 

snakes in session 6 (B, G, GG, P, and R). The most common network we observed during this session consisted of 772 

B, P, and GG together and the other two apart, which we denote {{B,P,GG},{R},{G}}. This configuration 773 

accounted for 63.3 % of the session time (Table SI-A3). No other configuration accounted for more than 9 % of the 774 

time. However, our reweighted prediction networks suggest this configuration should have occurred about 49 % of 775 

the time, if snakes considered only their dyadic connections. This is because the model we use to weight the 776 

prediction networks does not account for non-dyadic connections, as observed here between the triad B, P, and GG. 777 

The shortfall in prediction weight is made up in the other network configuration that allows for this triad to be 778 

together, {{B,P,GG},{R,G}}, which was only the eighth-most common network we observed, but which the 779 

prediction networks over-emphasize. This explains why the session 6 data in Figure SI-A1 rise quickly (because 780 

snakes spend more time in their most common configuration than expected) and then return suddenly almost to 0 at 781 

the eighth ranked network, since this is where the unaccounted-for time is made up in the prediction networks. This 782 

result strongly suggests that what differences between the data and predicted networks capture are behavioral 783 

choices not determined solely by a simple preference for a particular partner. 784 

In sum, these data show that snakes not only consider the amount of time they spend with a single other 785 

partner (as we demonstrate in the main paper; see also Skinner & Miller, 2020), but also that their collective 786 

behaviour demonstrates preferences for specific larger-scale network configurations. Snakes spend more time in 787 



these preferred configurations than would be expected by chance, even when taking into account their preferences 788 

for specific partners. 789 

Rank Network P(data) P(prediction) 

1 {B,P,GG}, {G}, {R} 0.633 0.492 

2 {B,P}, {GG}, {G}, {R} 0.086 0.047 

3 {B,P}, {GG,G}, {R} 0.069 0.044 

4 {B,P,GG,G}, {R} 0.049 0.042 

5 {B}, {P}, {GG}, {G}, {R} 0.039 0.002 

6 {GG,P}, {B}, {G}, {R} 0.028 0.010 

7 {GG,G,R}, {B,P} 0.021 0.007 

8 {B,P,GG}, {G,R} 0.014 0.268 

Table SI-A3 The top 8 ranked network configurations for session 6. The table shows the 8 most common networks 790 
that occurred, with the proportion of the session they each accounted for in the data (P(data)) and the proportion of 791 
time they were predicted to occur (P(prediction)). The most common network accounted for 63.3% of the session 792 
time. 793 
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SI text B: Courtship behavior 795 

Starting in session 4, when snakes were approximately 8 months of age, one male snake began to display 796 

courtship behaviors (Figure SI-A2). Analysis suggested that there was no significant relationship between the 797 

amount of courtship behavior demonstrated by a male snake and its weight (F(1,5.5) = 0.77, p = 0.42),  nor was 798 

there a significant relationship between a female snake’s size and its attractiveness (F(1,4) = 5.92, p = 0.07). 799 

However, visual inspection of the data (Figure SI-A2, Table S1) suggests that an effect may be found with a larger 800 

sample size. This corresponded to the emergence of within-session rank-order consistency in the networks. 801 

Although these effects emerged concurrently, courtship behavior alone does not explain the increase in repeatable 802 

social behavior as, for example, male snakes demonstrated mating behavior in session 5 (the session with the lowest 803 

rank-order consistency) and no mating behavior in session 6 (the session with the highest rank-order consistency). 804 

One male snake never demonstrated mating behavior.  805 

Fig SI-A2 Cumulative proportion of frames that a male snake 806 

spent displaying characteristic courting behavior during the 807 

release day of the experiment. When no frames of courting 808 

behavior were observed, the remaining 8 days of that session 809 

were checked to ensure that there were truly no cases of mating 810 

behavior. Snake R displayed no courting behavior. 811 

 812 

 813 

 814 
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Table S1. Weights for all snakes in Cohort 1, in grams, measured before each session. Each row gives the data for 816 

one snake, identified by ID and sex in the first column. NA indicates snakes that were removed from the experiment. 817 

Snakes that are highlighted in the same color were cohabitated between tests. Within a session, starred male snakes 818 

displayed courtship behavior towards starred female snakes. 819 

 820 

Session: 1 2 3 4 5 6 7.1 7.2 

R (M) 7 8 10 14 18 34 37 37 

P (M) 6 11 15 25 31* 44 40* 40* 

B (F) 4.5 7 8 12 17 24 30* NA 

G (F) 3 5 7 9 12 22 26* 26* 

PP (F) 5 9 14 17* 22* NA NA NA 

GG (M) 7 13 16 26* 33* 48 45* 45* 

 821 
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Table S2. P-values for a consistency in dyad strength across days for each session by snake. P-values compare 823 

observed rank order consistency to randomized rank order consistency.  824 

 825 

Session  P-value p-value range 

S 1 

B .44 [.44, .45] 

G .11 [.11, .11] 

GG .59 [.58, .60] 

P .46 [.45, .46] 

PP .16 [.16, .17] 

R .95 [.94, .95] 

S 2 

B .12 [.12,.13] 

G .71 [.68, .71] 

GG .05 [.05, .05] 

P <.001 <.001 

PP .02 [.02,.02] 

R .1 [.1, .1] 

S 3 

B <.001 <.001 

G <.001 <.001 

GG .08 [.08, .08] 

P .78 [.77,.78] 

PP .02 [.02, .02] 

R .34 [.32, .34] 

S 4 

B <.001 <.001 

G .63 [.62,.63] 

GG .01 [.01. .01] 

P <.001 <.001 

PP .005 [.005, .005] 

R .73 [.72, .73] 

S 5 

B .68 [.67, .69] 

G .49 [.49,.50] 

GG .15 [.14, .15] 

P .63 [.62, .63] 

PP .66 [.66, .67] 

R .52 [.52, .52] 

S 6 

B <.001 <.001 

G .08 [.08, .08] 

GG <.001 <.001 

P <.001 <.001 

R .005 [.004, .005] 

S 7.1 

B .22 [.20,.30] 

G .02 [.02,.03] 

GG .34 [.36, .44] 

P .21 [.21,.30] 

R .41 [.37,.45] 

S 7.2 

G .02 [.005, .04] 

GG .02 [.004, .04] 

P .92 [.66, .93] 

R .005 [.004, .04] 
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Table S3. Rank-order correlations in degree across sessions. Each cell shows the Spearman’s rho correlation 827 

coefficient (top, bolded) and p-value (bottom, italicized) for one pair of sessions (rows and columns). Session 7.2 828 

was excluded from this analysis. The background color of each cell highlights the strength of the correlation. The 829 

two red frames highlight the two regions of high correlations between sessions 1-3 (top left) and sessions 4-7.1 830 

(bottom right). 831 

  832 



Table S4. Effect sizes and p-values for within-batch consistency in average weighted degree. 833 

 834 

Session Period Effect size P-value 

1 

Morning 0.16 0.29 

Midday 0.06 0.78 

Afternoon 0.15 0.33 

2 

Morning 0.24 0.09 

Midday 0.28 0.05 

Afternoon 0.36 0.01 

3 

Morning 0.28 0.05 

Midday 0.25 0.08 

Afternoon 0.22 0.12 

4 

Morning 0.37 0.01 

Midday 0.41 0.004 

Afternoon 0.18 0.21 

5 

Morning 0.18 0.21 

Midday 0.09 0.65 

Afternoon 0.15 0.33 

6 

Morning 0.97 < 0.001 

Midday 0.55 0.001 

Afternoon 0.52 0.002 

 

 

7.1 

Morning 0.50 0.09 

Midday 0.64 0.10 

Afternoon 0.64 0.10 

 

 

7.2 

Morning 0.68 0.04 

Midday 0.42 0.10 

Afternoon 0.42 0.10 

 835 



Figure S1. Images of the juvenile (left) and adult (right) experimental arenas. The areas within which snakes were 836 

tracked while outside the shelters are marked in red (Ex), and the 6 shelters are marked in green and each labeled 837 

with their unique IDs. 838 

 839 
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Figure S2. Proportion of time spent in a shelter. Top panel: proportion of time in a shelter by snake, for each 841 

session. Values are averaged over all days of each session. Error bars show ± SEM (across days of the session). 842 

Bottom panel: proportion of time in a shelter by day, for each session. Values are averaged over all snakes. Session 843 

7 is excluded from this panel. Error bars show ± SEM (across individuals). An ANOVA on these data found 844 

significant main effects of session (F(7, 227) = 6.40, p < 0.0001) and of individual (F(5, 227) = 5.10, p = 0.0002) but 845 

not of day (F(8, 227) = 1.02, p = 0.42), nor any interaction involving Day (session x Day: F(43, 227) = 1.21, p = 846 

0.19; individual x Day: F(40, 227) = 0.63, p = 0.96). 847 

848 
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Figure S3. Social networks for each session. Females are in pink; Males are in blue. Line thickness corresponds to 850 
edge weight. 851 
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Figure S4. Proportion of time spent in a particular network configuration (y-axis) compared to the predicted 857 
probability of that configuration occurring (x-axis), for the 10 most common (A) and 10 least common (B) 858 
configurations. Symbol shapes show the rank of the network from most to 10th most (A) or 10th least to least (B) 859 
common. Symbol colors indicate sessions. Symbols above the diagonal line indicate that snakes spent more time than 860 
expected in that configuration. 861 
  862 



Figure S5 Effect size for within-session consistency across sessions broken down by time of day. Except for session 863 

5, within-session consistency tends to strengthen over time, and more so in the morning. Lines show linear fits to the 864 

data. 865 
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Figure S6. A comparison of actual network statistics (red lines), after a snake was removed, to random (blue lines) 868 
and targeted female (green lines) node deletion simulations. Left panel: changes in global efficiency; right panel: 869 
network diameter. 870 
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