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Abstract:

Many animal species exist in fission-fusion societies, where the size and 
composition of conspecific groups change spatially and temporally. To 
help investigate such phenomena, social network analysis (SNA) has 
emerged as a powerful conceptual and analytical framework for 
assessing patterns of interconnectedness and quantifying group-level 
interactions. We leveraged behavioral observations via radiotelemetry 
and genotypic data from a long-term (>10 years) study on the pitviper 
Crotalus atrox (western diamondback rattlesnake) and used SNA to 
quantify the first robust demonstration of social network structures for 
any free-living snake. Group-level interactions among adults in this 
population resulted in structurally modular networks (i.e., distinct 
clusters of interacting individuals) for fidelis use of communal winter 
dens (denning network), mating behaviors (pairing network), and 
offspring production (parentage network). Although the structure of each 
network was similar, the size and composition of groups varied among 
them. Specifically, adults associated in moderately sized social groups at 
winter dens but often engaged in reproductive behaviors—both at and 
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away from dens—with different and fewer partners. Additionally, 
modules formed by individuals in the pairing network were frequently 
different from those in the parentage network, likely due to multiple 
mating, long-term sperm storage by females, and resultant multiple 
paternity. Further evidence for fission-fusion dynamics exhibited by this 
population—interactions were rare when snakes were dispersing to and 
traversing their spring-summer home ranges (to which individuals show 
high fidelity), despite ample opportunities to associate with numerous 
conspecifics that had highly overlapping ranges. Taken together, we 
show that long-term datasets incorporating SNA with spatial and genetic 
information provide robust and unique insights to understanding the 
social structure of cryptic taxa that are understudied.
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26 Abstract
27 Many animal species exist in fission-fusion societies, where the size and composition of 
28 conspecific groups change spatially and temporally. To help investigate such phenomena, social 
29 network analysis (SNA) has emerged as a powerful conceptual and analytical framework for 
30 assessing patterns of interconnectedness and quantifying group-level interactions. We leveraged 
31 behavioral observations via radiotelemetry and genotypic data from a long-term (>10 years) 
32 study on the pitviper Crotalus atrox (western diamondback rattlesnake) and used SNA to 
33 quantify the first robust demonstration of social network structures for any free-living snake. 
34 Group-level interactions among adults in this population resulted in structurally modular 
35 networks (i.e., distinct clusters of interacting individuals) for fidelis use of communal winter 
36 dens (denning network), mating behaviors (pairing network), and offspring production 
37 (parentage network). Although the structure of each network was similar, the size and 
38 composition of groups varied among them. Specifically, adults associated in moderately sized 
39 social groups at winter dens but often engaged in reproductive behaviors—both at and away 
40 from dens—with different and fewer partners. Additionally, modules formed by individuals in 
41 the pairing network were frequently different from those in the parentage network, likely due to 
42 multiple mating, long-term sperm storage by females, and resultant multiple paternity. Further 
43 evidence for fission-fusion dynamics exhibited by this population—interactions were rare when 
44 snakes were dispersing to and traversing their spring-summer home ranges (to which individuals 
45 show high fidelity), despite ample opportunities to associate with numerous conspecifics that had 
46 highly overlapping ranges. Taken together, we show that long-term datasets incorporating SNA 
47 with spatial and genetic information provide robust and unique insights to understanding the 
48 social structure of cryptic taxa that are understudied.
49
50 Keywords. Annual migrations; communal living; Crotalus atrox; kinship; modularity; non-
51 random associations; rattlesnake; social environment
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52 1 Introduction
53 Since the pioneering works and influential insights of Darwin [1], Lorenz [2], Tinbergen [3], 
54 Goodall [4], and others [5–13], the importance of social behavior, from mate choice, male 
55 combat, and territoriality to group hunting, parental care, cooperation, and even play (in humans 
56 and other animals), has been inextricably embedded into the foundations of ecological and 
57 evolutionary theory [9, 14–16]. Taken to its broadest extent, social behavior in natural 
58 populations is defined as any interaction that occurs between two or more conspecific or 
59 heterospecific individuals [17, 18]. Accordingly, social interactions are not only proximate 
60 events, but also include those occurring at greater distances among individuals.
61
62 Historically, social interactions have been analyzed as dyadic interactions, quantified in myriad 
63 ways [19, 20]. The advent of modern network ecology has provided the requisite tools for more 
64 nuanced analyses via network theory [17, 21]. Although originally developed for studies of 
65 human behavior and physics [17, 22], the conceptual and analytical framework has advanced our 
66 understanding of social networks in wild animals [17, 21, 23–27]. These networks are composed 
67 of nodes denoting individuals, groups, or other entities, and edges representing interactions (e.g., 
68 behavior) between or among nodes (Appendix). Importantly, because social network analysis 
69 (SNA) provides a conceptual and analytical framework to explore patterns of interconnections 
70 amongst biological entities, it allows researchers to identify emergent group-level interaction 
71 patterns and quantify individuals’ contributions to network connectedness. SNA can therefore 
72 reveal otherwise unobservable ecological patterns and the processes underlying them [17, 21, 
73 23]. Furthermore, by using null models, robust statistical testing can be achieved to assess 
74 whether such emergent group-level patterns differ from random association among individuals 
75 [21, 26, 27]. 
76
77 SNA has elucidated many insights on the social structure of animals, from insects and fishes to 
78 primates and cetaceans [17, 21–23]. Yet, despite such advances, there are important gaps, 
79 particularly in several specious lineages of vertebrates historically considered to not be highly 
80 social [18, 28, 29]. Among these lineages, reptiles in general [but see 30, 31] and snakes 
81 specifically have received particularly short shrift, with scant studies exploring social behavior 
82 under the network perspective [18]. To our knowledge, of the ~4,000 extant species, only one 
83 snake (Crotalus cerberus) has been studied in the wild with these tools [29]. Most terrestrial 
84 snakes have cryptic lifestyles, and structure of their social networks is largely unknown [18, 28]. 
85 Yet, some species—such as large vipers, boids and pythonids—are excellent candidates for 
86 models of SNA. For example, in many moderate- to large-sized rattlesnakes (e.g., Crotalus 
87 atrox, C. cerberus, C. oreganus, C. stephensi, and C. viridis), a variety of factors including large 
88 population size and communal winter denning render them desirable subjects to study in nature. 
89 Based on prior field research [18, 28, 29, 32, 33], it appears most snakes likely form distinct 
90 clusters of individuals interacting (i.e., modular networks) which should be defined to some 
91 extent by relatedness, but these predictions have yet to be quantitatively tested [18, 28, 33]. 
92 Nonetheless, behavioral evidence strongly suggests the existence of fission-fusion dynamics 
93 (spatial and temporal changes in the size and composition of conspecific groups) in the social 
94 networks of many temperate rattlesnakes [28, 29, 34].
95
96 Here, we leveraged long-term datasets for a population of a large-bodied North American 
97 pitviper, the western diamondback rattlesnake (Crotalus atrox), to test hypotheses of social 
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98 network structure and fission-fusion dynamics [28, 29, 35]. We asked three main questions: 
99 First, do group-level patterns emerge from distinct social interactions? Second, do individuals’ 

100 traits influence their connectivity within social networks? Lastly, does genetic relatedness 
101 undergird social interactions in this system? We investigated three bipartite interactions 
102 (denning, sexual pairing, and parentage) and the drivers of individuals’ centrality (Appendix). 
103 Specifically, we tested (a) whether these three bipartite networks presented non-random modular 
104 or nested structure (Appendix); (b) which attributes (body length, sex, and home range size) are 
105 associated with individuals’ centrality in these three networks, and (c) whether interactions 
106 occurrence and or frequencies in the three social networks and home range overlap are 
107 significantly correlated with genetic relatedness among individuals (e.g., kin-based). 
108
109 2 Materials and methods
110 2.1. Study system 
111 A single population of western diamondback rattlesnakes in the Suizo Mountains (Pinal County, 
112 Arizona, USA) was studied for 15 consecutive years from 1 March 2001 to 31 December 2015 
113 [28, 29, 33, 36]. The research site is 40 km SSE of the city of Florence, 8 km W of State Route 
114 79. This region is designated as Sonoran Desert, Arizona Upland Desert-Scrub subdivision [33].  
115 Data accumulated for this C. atrox population has contributed substantially to our understanding 
116 of the species’ behavior, reproductive ecology, and life history in Arizona [28, 29, 37]. Key 
117 events of the annual cycle are summarized in Figure 1, but the typical phenology of this 
118 population is described for further clarity. Egress from communal dens is centered in late March 
119 to early April [28, 29, 33, 37]. In most cases egress lingers—from days to several weeks—and 
120 occurs in several phases, including basking at the den entrance (often in groups), making short-
121 range movements, and returning to the den. The spring mating period (second mating season) 
122 occurs before migration movements to their spring home range areas. Courtship and coitus may 
123 occur at the den itself or in the general area. Male combat for priority-of-access to females also 
124 may occur but is rarely observed [28, 29]. Migration movements in March and April bring 
125 individuals to their spring and summer home ranges. Furthest straight-line distances traveled 
126 from communal dens to home ranges are from several dozen meters to over 2 km [28, 29, 33]; 
127 mating (first mating season), skin shedding, and hunting prey are the primary behavioral 
128 activities during this time [28, 29, 33], and except for the two distinct mating seasons, there is 
129 generally little contact observed among adults, especially males. In fall (late October through 
130 November) adult individuals initiate migration to return to their respective communal dens to re-
131 establish long-term social groups (networks) lasting for up to five months (November through 
132 March). The most common social activity at the communal dens which can be observed in all 
133 winter months is termed “sun basking” and occurs at the entrance or alongside the den itself [28, 
134 29, 37]. Females will sometimes alternate year-to-year from communal dens to overwintering 
135 singly in shelters such as rodent middens and small mammal burrows [28, 29]. Males show near 
136 absolute fidelity to communal dens but rarely overwinter privately in granitic rubble.
137
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138

139 Figure 1. Annual cycle and phenology of behavioral, physiological, reproductive, and life history events 
140 for adult Crotalus atrox at Suizo Mountains (Pinal County, Arizona), and nearby areas, based on 15 
141 consecutive years (2001–2015) of research [28, 29, 36–40]. Note: Shed Cycle refers to skin shedding 
142 (ecdysis).

143
144 2.2 Collecting and processing subjects
145 Animals selected for this study were either collected at or near known communal dens during 
146 egress in spring (March–April) or found in their spring-summer home range. Animals were 
147 captured and processed as detailed in previous studies [28, 29, 36–39]. At capture, Global 
148 Positioning System (GPS) coordinates were obtained, and subjects were measured (snout-vent 
149 length, tail length, head dimensions to the nearest millimeter; body mass to the nearest 1.0 g) and 
150 sex confirmed (via probing) while under light anesthesia (isoflurane). Individuals were 
151 photographed, implanted with a unique passive integrated transponder (PIT) tag (AVID, Inc., 
152 Norco, California, U.S.A.), and their proximal rattle segments were colored via marker. A focal 
153 group of adult C. atrox collected from 2001–2010 were used in social network analyses (n = 50 
154 focal animals: 22 males 28 females). Subjects were selected for radio-tracking based on size ( 
155 700 mm SVL) and good state-of-health. Each animal had an appropriately sized ( 5% body 
156 mass) temperature-sensitive radio-transmitter (models SI-2T and AI-2T, 11-16 g; Holohil Inc., 
157 Carp, Ontario, Canada) surgically implanted within the coelom following general procedures 
158 used for snakes [46]. After processing, all subjects were released at their exact capture site.
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159
160 2.3 Radio-tracking
161 Focal animals were radio-tracked minimally 2–4 times per month during winter. Tracking was 
162 increased substantially—sometimes daily or twice daily—from early August through mid-
163 September, the period of birthing. During spring and fall, snakes were tracked weekly on 
164 average. For each animal location, UTM coordinates were recorded using along with behavioral 
165 data (particularly if associating with conspecifics), body and environment temperatures, feeding 
166 and ecdysis status, plant associations, subject location (above or below the ground surface), 
167 visible or not visible, and health status [28, 29, 36–39]. 
168    
169 2.4 Spatial analyses
170 We estimated home range sizes by creating 100% minimum convex polygons (MCPs) around 
171 the outermost radiotelemetry locations for each snake in ArcGIS Pro 2.6.1. To produce a single 
172 value for the degree of overlap for each possible pair combination of telemetered snakes, we 
173 calculated the average overlap for the two individuals in each pair as (AB/A + AB/B)/2, where A 
174 is the home range size of individual A, B is the home range size of individual B, and AB is the 
175 area shared by both A and B. Using this method, we generated a pairwise matrix of average 
176 home range overlap values [33]. 
177
178 2.5 Genotype Data
179 All social network analyses performed in this study that incorporated DNA-based information 
180 was accomplished using previously published data [28, 29, 33]. See these studies for all 
181 procedures used in DNA sampling, extraction, genotyping, and parentage and relatedness 
182 analysis.
183
184 2.7 Social network analysis 
185 We built an interaction matrix for each social interaction considered (denning, pairing, and 
186 parentage; Appendix). The denning network was a matrix of all male and female study subjects 
187 as rows and columns containing 1s and 0s indicating whether a given pair of all possible pair 
188 combinations of snakes from either sex were observed sharing the same den (Fig. 2a) or not, 
189 respectively. The pairing network was a matrix with females represented in columns and males 
190 represented in rows, containing a series of 1s and 0s indicating whether each possible male-
191 female pair combination was observed engaging in any behavior associated with mating or not, 
192 respectively; examples of pairing behavior included male-female pairs in copulation (Fig. 2b) or 
193 whose bodies were in contact (e.g., males lying on females) or proximity during either mating 
194 season. The parentage network was a matrix with females represented in columns and males 
195 represented in rows, containing a series of 1s and 0s indicating whether each possible male-
196 female pair combination produced offspring or not, respectively; relatedness among individuals 
197 was determined from tissues such as blood or shed skins from adults and neonates (Fig. 2c and 
198 2d).
199
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200
201
202 Figure 2. Examples of interactions used to quantify social network structures for western 
203 diamondback rattlesnakes (Crotalus atrox) inhabiting the Suizo Mountains in Arizona, USA: A) 
204 Adults occupying a communal den, B) male and female copulating, C) mother with neonates and 
205 D) shed skins used to genotype individuals. Photos A, C, and D taken by Roger Repp, and B 
206 taken by Brendan O’Connor.
207
208 We tested whether the distribution of interactions among individuals presented modular or nested 
209 structure. Modularity was calculated using the metric Q and the algorithm DIRTLPAwb+ which 
210 searches for the optimum division of the observed interaction matrix into modules [41]. Q ranges 
211 from 0 to 1 (perfectly modular). Nestedness was estimated using the NODF metric which 
212 calculates the non-overlap and decreasing fill of the interaction matrix [42] or WNODF, which is 
213 the equivalent for quantitative matrices, i.e., interaction frequencies measured [43]. Both NODF 
214 and WNODF ranges from 0 (no nestedness) to 100 (perfectly nested). We used a null model to 
215 test the significance of the observed Q and NODF/WNODF by comparing the metric calculated 
216 for the observed interaction matrix with the metric calculated from random matrices generated 
217 with a null model. Specifically, we used the vaznull null model which reshuffles interaction 
218 within a matrix while keeping the number of individuals and connectance (i.e., the proportion of 
219 realized links in relation to the total possible) the same as the observed matrix. We considered 
220 the metric significant when the observed value was higher than the 95% confidence interval 
221 produced by the null model. To quantify individuals’ connectivity within each network, we 
222 calculated their closeness centrality (CC; Appendix). This metric quantifies the proximity of a 
223 node (individual, in this case) to all other nodes in the network [44, 45] indicating nodes that are 
224 more connected and, therefore, are highly influential in the network. All analyses were 
225 conducted using the bipartite package [46] in R version 4.0.5 [47].
226
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227 To investigate whether individual-specific variables were associated with individual’s centrality 
228 in a network, we used generalized linear mixed models (GLMMs) where CC was the response 
229 variable and sex, snout-vent length (SVL), body mass, and MCP were predictors. Since we 
230 detected high correlation between SVL and body mass (Pearson’s r = 0.87), we excluded body 
231 mass from our models, given lower variation in SVL measurements among individuals [22, 27]. 
232 For snakes tracked more than one year, we used mean MCP size as a predictor of CC; adults in 
233 this population have highly repeatable annual MCP sizes (R = 0.83, 95% CI: 0.69–0.90; 
234 unpublished data). For each of the three separate networks, CC was calculated independently, 
235 and used as the response variable in the models. In all models, we included the number of years 
236 an individual was detected as a random factor to control for sampling variation among 
237 individuals. Our analyses followed the general recommendations by Zuur and colleagues [48]. 
238 All predictor variables were scaled by mean centering and dividing by the standard deviation 
239 prior to analysis. Model fitting was performed using the function glmmadmb of the R package 
240 glmmADMB [49] using zero-inflated gaussian distributions. We then used the function dredge of 
241 the R package MuMIn [50] to compare models including all possible combinations of predictor 
242 variables, plus an intercept-only model. We performed model selection based on the Akaike 
243 information criterion corrected for small sample sizes (AICc). Finally, when there was more than 
244 one model including >95% of the model weight [51], we conducted model averaging considering 
245 all these models.
246
247 To test whether genetic relatedness among individuals influenced interactions in any of the three 
248 networks, we performed three Mantel tests contrasting each of the three observed matrices with 
249 the focal-animal relatedness matrix (as above). Statistical significance (α ≤ 0.05) was accessed 
250 through 9999 permutations, using the R package ade4 [52].  
251
252 3 Results
253 3.1 Subjects 
254 From 2001 through 2015, we sampled 299 individuals: 191 were adult individuals and108 
255 neonates from 30 different litters produced by 18 different females [33]. There were 15 
256 additional unmarked males identified via genotyping who sired offspring that were considered in 
257 the parentage network [33]. The denning network was composed of 23 adult individuals (all but 
258 two in the focal group with radio-transmitters), summing up 27 combinations of individuals 
259 sharing a den. Few snakes were given IDs during processing at communal shelters and used for 
260 aspects of this study, (such as relation of relatedness to den choice) but were not radio-tracked 
261 (e.g., CA-99; Table 1). The pairing network was composed of interactions between 19 females 
262 and 28 males, including 43 distinct pairs of individuals. The parentage network was composed of 
263 18 females who sired offspring with 27 males, including 27 distinct pairs of partners siring 46 
264 offspring [see Appendix: Tables A1–A8]
265
266 3.2 Spatial analysis
267 a) Landscape use  
268 Despite considerable individual variation, males had larger and less variable average estimated 
269 spring-summer home range sizes (13.36 ha ± 9.26 SD) than females (5.08 ha ± 4.44 SD). MCPs 
270 for individuals tracked over multiple years were remarkably consistent in size and shape (see 
271 Fig. A1 for an example). We observed substantial overlap of many snakes’ home ranges, 
272 especially for individuals that shared communal dens (Fig. 3a) or were observed engaging in 
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273 reproductive behaviors (Fig. 3c). Males largely overwintered in communal dens but would 
274 sometimes overwinter in isolation, including at sites far from communal shelters (Fig. 3b). 
275 Females often gave birth far from communal shelters and overwintered privately much more 
276 than males (Fig. 3d).

277
278 Figure 3. Spatial data on our focal group (22 males, 28 females) of adult Crotalus atrox. A) Annual 
279 home ranges (minimum convex polygons; MCP) of males (blue) and females (orange) that were 
280 observed overwintering in communal dens (AD = den ID). B) Sites where males overwintered in 
281 isolation (pink diamonds) or communal dens in relation to their annual home range; C) Home 
282 ranges of males and females that were observed engaging in reproductive behaviors. D) Sites 
283 where females gave birth (blue triangles) and overwintered privately (pink circles) or in communal 
284 dens (white squares) in relation to their home range.  
285
286 b) Home range overlap and relatedness 
287 Mantel tests comparing home range (MCP) overlap with relatedness revealed there was no 
288 correlation between the degree of pairwise home range overlap and relatedness (r = 0.004, p > 
289 0.05). 
290
291 3.3 Social network analyses

292 a) Communal den occupants
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293 With few exceptions, all telemetered individuals that used communal dens exhibited absolute 
294 fidelity to these sites over the 10-year period where snakes were consistently radio-tracked 
295 (Table 1). For example, CA-1, the longest tracked snake in this study, showed fidelity to den 
296 AD1 for the seven winters it was tracked. Conversely, females CA-2 and CA-77 used a 
297 communal shelter for only one winter and were otherwise observed overwintering privately. 
298 Similarly, male CA-55 used a communal shelter twice in three winters (Table 1). 

299 Table 1. Data on the use of eight communal dens by a subset (11 adult females, 20 adult males) 
300 of the focal group (subjects fitted with radio-transmitters) of adult Crotalus atrox studied in the 
301 Suizo Mountains, Arizona (2001–2010). The focal group (N = 50) consisted of 22 adult males 
302 and 28 adult females. Numbers denote abbreviated IDs of the radio-tracked subjects (CA-1 is 1, 
303 CA-5 is 5, and so on) and color denotes sex (orange = females, blue = males). AD = den ID. See 
304 text, Appendix and Supplemental Material for additional information.

Winter Communal Den ID

AD1 AD4 AD5 AD6 AD7 AD8 AD9 AD10

Winter

2000–2001 1, 2, 3
2001–2002 1, 3, 4
2002–2003 1, 5, 6 31 7
2003–2004 1, 5, 6, 33, 41 13, 16, 32 34 44, 46 47
2004–2005 1, 5, 6, 33, 41 13, 16, 32 77 44, 46 47, 58
2005–2006 1 16, 81 46 47, 76 97, 99 55 98
2006–2007 1 16, 55, 81 44, 46 47, 58, 76 97 98
2007–2008 55 47  102
2008–2009 47, 92
2009–2010 79, 122 120

305
306
307 b) Network Structure Analysis 
308 We detected modularity in all three social networks (denning, pairing, and parentage), but no 
309 network was nested. Specifically, the denning network was modular (Q = 0.73; 95% CI Qnull = 
310 0.63–0.72) presenting six modules, including one to six individuals sharing a den, while there 
311 was no evidence of nestedness (NODF = 12.80; NODFnull = 7.47–15.57). The pairing network 
312 was modular (Q = 0.77; 95% CI Qnull = 0.64–0.72) presenting 11 modules including one to four 
313 males and one to four females, and there was no evidence of nestedness (NODF = 6.10; 
314 NODFnull = 5.13–9.23). The parentage network was modular (Q = 0.74; 95% CI Qnull = 0.61–
315 0.73; analysis based on quantitative matrix) presenting 10 modules including one to five males 
316 and one to three females and there was no evidence of nestedness (WNODF = 8.21; 95% CI 
317 WNODFnull = 6.70–12.42).In all three networks, few interactions were recorded outside the 
318 modules (n = 0 in the denning network, n = 5 in the pairing network and n = 12 in the parentage 
319 network; Fig. 4). 
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320

321

322 Figure 4. Modularity of individuals’ A) denning network, B) pairing network, and C) parentage 
323 network of Crotalus atrox subjects in this study. Inner boxes indicate subsets of individuals 
324 interacting preferentially with each other (i.e., modules). In A), individuals of both sexes can be at 
325 the x and y axis since multiple males and females may share a communal den. In C) color intensity 
326 indicates the number of offspring sired. In C), UM indicates “unidentified male” (sampled but not 
327 radio-tracked; see text). Nine unidentified males were genotyped in the analysis: UM 1–4, 7–9, 
328 and 10, 13. See [46]. 

329 GLMMs indicated that individuals’ CC in the denning, pairing, and parentage networks were not 
330 associated with individuals’ morphology (SVL) and home range (MCP) (Table A1–A6). Sex was 
331 a significant predictor only in the parentage network, with females having slightly higher CC than 
332 males (β = - 0.016, 95% CI: -0.034, -0.002; Table A6).

333 Overall CC was low, varying from 0 to 0.14 in the denning network, 0 to 0.11 in the pairing 
334 network, and 0 to 0.08 in the parentage network (Table A7). Because many individuals were not 
335 observed interacting, it was common to have individuals whose CC = 0 (Table A7).

336 Mantel tests revealed no significant correlations between genetic relatedness and denning (r = -
337 0.138, p = 0.938), pairing (r = 0.135, p = 0.297), or parentage (r = -0.150, p = 0.775) networks, 
338 which suggests that individuals interacting in modules were unlikely to be closely related.

339 4 Discussion
340 4.1 Overview
341 In our long-term study of the behavioral ecology of adult western diamondback rattlesnakes, all 
342 three bipartite networks tested were modular and lacked nestedness [17, 21, 53]. Accordingly, 
343 focal animals formed subsets of individuals interacting more frequently with one another than 
344 with other individuals [43, 46, 54]. The lack of nestedness indicates that no single individual 
345 engaged in interactions with all others, not that less socially connected individuals tend to 
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346 interact with more socially connected individuals [42, 43]. Our results mirror, to some extent, 
347 those of the first and only other study to incorporate social network analysis for a wild snake, the 
348 Arizona black rattlesnake, Crotalus cerberus [29, 38]. Adult male and female C. cerberus 
349 exhibited non-random association and formed multiple subgroups at communal dens and 
350 shelters, yet few dyads had strong associations. More studies are needed to understand the 
351 structure of social networks of snakes in general, but we suspect most would not show nested 
352 structure. In sharp contrast, the social networks (particularly related to mating) of other terrestrial 
353 vertebrates including African lions [55], equids and other ungulates [56], great apes and other 
354 primates [57] and several squamates [31, 58, 59], are characterized by one or several males that 
355 dominate a group of females and likely are the only ones to interact with most or all partners in a 
356 group [21]. 
357
358 The low CC values obtained reinforces the lack of nestedness and existence of modularity, 
359 indicating that each focal subject interacted only with a few other individuals in the three social 
360 networks examined. Furthermore, centrality was not significantly predicted by body size, home 
361 range, sex, or genetic relatedness. In this social environment, individuals with large bodies or 
362 large home ranges do not den, pair with more sexual partners, or produce more offspring than 
363 smaller and/or spatially restricted individuals [46, 58]. Nonetheless, we found females had 
364 greater centrality than males in the parentage network—meaning that they produce more 
365 offspring with a greater number of partners than males—yet this effect, though statistically 
366 significant, is not robust [39]. 
367
368 Genetic relatedness of our focal group was not correlated with denning, pairing, or parentage. 
369 Spatial analyses revealed that home range overlap also was not significantly correlated with 
370 relatedness; thus, social structure between pairs of individuals during the active season was not 
371 based on kin associations [29, 33; Supplemental Material]. Increasingly, studies of other 
372 terrestrial vertebrates demonstrate that group living and stable paired associations, for example, 
373 are not necessarily kin-biased or correlated with genetic relatedness [42, 60; but see 31, 61]. In 
374 network studies involving lizards, for example, relatedness and group living varies depending on 
375 the species (system) being investigated. Group living involves close relatives in some cases [8, 
376 58, 62], yet in others, even in strongly connected individuals, social interactions are not defined 
377 by relatedness [30; but see 61]. As we discuss later, however, when a larger sample of subjects 
378 included unmarked adults (e.g., no radio-transmitters) was analyzed, the relationship of 
379 communal denning and relatedness of C. atrox showed mixed results, with multiple communal 
380 dens containing related occupants [29, pp. 196-198. See Supplemental Information, Tables S1–
381 S8].  
382
383 4.2. Social network structure
384 a. Annual cycle of communal denning and associated behaviors
385 The modular and non-nested structure of the denning network emerged likely via several 
386 components of the species’ behavior. Communal denning in rattlesnakes has continued to be 
387 documented [28, 29, 34, 63], most extensively in timber rattlesnakes (Crotalus horridus) in the 
388 northeastern United States. Adult and juvenile C. horridus typically use communal dens (termed 
389 hibernacula), exhibiting high levels of natal den philopatry. In the western US, numerous 
390 rattlesnake species are known to use communal dens in winter, but sometimes are active year-
391 round [28, 29, 37, 38, 63–65]. These species that den communally often show high fidelity to 
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392 dens [reviewed in 29]. However, studies lasting >5 years on individual occupancy and behavioral 
393 activities at communal dens remain rare [28, 29, 89, 64, 66]. 
394
395 The social ecology of adult male and female C. atrox at the Suizo Mountain site represents 
396 fission-fusion dynamics, per Aureli and colleagues [35], associated with annual migrations to 
397 spring-summer home range areas and fidelity to communal winter shelters [28, 29, 33, 37]. In 
398 this system adults occupy specific microhabitats throughout their respective spring-summer 
399 home ranges of the Sonoran Desert landscape. During spring and summer, mating, shedding, and 
400 hunting prey are the primary behavioral activities [28, 29, 33], with generally little contact 
401 observed among adults (especially males) despite substantial overlap in home ranges. On several 
402 occasions, females were found together on the ground’s surface, or inside a mammal burrow or 
403 midden, and sometimes this is associated with birthing [28, 29]. However, birthing rookies 
404 described in other rattlesnakes, which sometimes consist of a dozen or more females [65], were 
405 never observed in C. atrox, nor were communal dens used as birthing sites in this study (Fig. 3). 
406 Furthermore, neonates and juveniles were never observed at communal dens; thus, we presume 
407 they were isolated in rodent middens, small mammal burrows, or similar types of shelters during 
408 winter.
409
410 b. Communal denning and relatedness
411 Based on Hamilton’s foundational insights [5, 6], and others’ subsequent work [7, 8, 14], we 
412 have a robust understanding of the evolutionary benefits and costs of group living [12, 67]. 
413 Benefits for both kin- and non-kin based social groups include increased vigilance to predators 
414 and enemies, protection from the environment, increased opportunities for reproduction, and the 
415 expression of social behaviors including grooming and parental duties (e.g., uniparental, 
416 biparental, and helpers). Living in exclusive kin-based groups, such as families [68] offers 
417 individuals opportunities for increasing their inclusive fitness, among other benefits [6]. Under 
418 these conditions cooperative and altruistic behaviors can evolve, such as forsaking reproduction 
419 and caring for the progeny of relatives [5]. Such tight kin-based groups are known for certain 
420 groups of lizards [18, 58, 69, 70] but not in snakes [18]. Living in groups also has costs, which 
421 can be severe, and include the spread of parasites and disease, limited numbers of mates, and 
422 competition for food and space itself [12, 67, 71].
423
424 Our bipartite analysis of the focal group of adult C. atrox showed that relatedness was not a 
425 significant component of the social structure of occupants at communal dens. Only 23 of 50 focal 
426 subjects were associated with communal dens (Fig. 4A). However, using a larger sample of 
427 individuals derived from previous analyses [29, 33], overall genetic relatedness among dens was 
428 significantly greater than random [Supplemental Material, Tables S1–S8]. Although kin 
429 recognition has not been documented in C. atrox, it has been documented in other pitvipers, 
430 including rattlesnakes [72, 73]. Thus, we suspect that C. atrox shares this capacity for kin 
431 recognition, even if it does not appear to be a major driver of its social networks. Empirical 
432 studies could determine if kin recognition is operating at the communal dens and expressed in 
433 social preferences [74]. In the only other study of rattlesnakes where relatedness of occupants of 
434 communal dens has been measured, juveniles and pregnant females preferentially associate with 
435 kin under certain conditions, yet communal denning was not kin-based [74].
436
437 c. Social groups vs. aggregations
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438 Communal denning is a type of clumped spacing behavior often defined as “aggregation” [29]. 
439 However, with respect to C. atrox in this study, and likely other rattlesnake species, we abandon 
440 use of the term “aggregation” and alter the lexicon by defining communal denning as the 
441 formation of social groups or colonies by individual preference. We suggest that these groups 
442 form and evolve through mutual attraction of individuals (regardless of members’ relatedness) 
443 for cooperative benefits to survival and reproduction [6, 71, 75]. These social groups we 
444 observed, whether kin- or non-kin-based, occur seasonally in a predictable manner. Importantly, 
445 these social groups involve only a subset of adult individuals, occurring in microhabitats that are 
446 not limited in the local population. These traits indicate that social groups are not just a result of 
447 attraction to particular microhabitats. It is likely that communal denning behavior, such as in C. 
448 atrox and other snakes, may be coordinated by way of conspecific attraction or familiarity, 
449 resulting in social (communication) networks which ultimately leads to the partitioning of 
450 individuals into subgroups and to the observed network modularity [17, 21, 75].
451
452 Remarkably, over the 15-year period of study, the focal group of adults showed near absolute 
453 fidelity to communal den sites. Several females, however, alternated year-to-year from 
454 communal dens to overwintering singly in shelters such as rodent middens and small mammal 
455 burrows [28, 29]. Adult males in our population, on the other hand, never occupied these kinds 
456 of temporary structures during the cooler months (November through March). This sexually 
457 dimorphic behavior related to den use in winter has not been described, to our knowledge, for 
458 any snake species [37, 38, 63]. Furthermore, because we never observed neonates or juveniles of 
459 C. atrox at the communal dens used by the adults; we presume they were isolated and alone in 
460 rodent middens or small mammal burrows during winter. This also contributes to the high level 
461 of modularity observed of the denning network.
462
463 c. Pairing network
464 Emerging research on the social environment increasingly reveals that sexual selection is 
465 dynamic, varying both temporally and spatially. Moreover, individuals frequently select for 
466 specific social environments, with direct implications on fitness [59, 76, 77] as social conditions 
467 (e.g., population density, opportunities for interaction, etc.) provide critical contexts for sexual 
468 selection [78, 79]. However, this can be buttressed by relatedness as related individuals may be 
469 less likely to harm conspecifics [80] or more likely to disperse to avoid harm [81], ostensibly 
470 improving individuals’ inclusive fitness.
471
472 Although some interactions related to mating behavior were likely not observed because snakes 
473 were intermittently located with radiotelemetry, in our study we revealed that the pairing 
474 network is modular and largely driven by focal females interacting via reproduction-linked 
475 behaviors with multiple males, and often during fusion events at winter shelters. Perhaps more 
476 interestingly, some female C. atrox in this network occasionally leave communal dens they 
477 historically occupied, overwinter solitarily, and then return to their preferred communal dens in 
478 subsequent years. The mechanism behind this phenomenon is unclear, but it suggests that 
479 females are modulating their participation in the social environment, perhaps with considerable 
480 fitness consequences. We speculate that because pitvipers are generally capital breeders, 
481 conditions might arise in which lack of resources would render reproducing risky in the 
482 following season. Thus, by modulating their social environment, females may exert some control 
483 over reproductive output. And while we did not find a positive association between pairing and 

Page 15 of 53 Ecology and Evolution

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review Only

15

484 relatedness among focal (i.e., radio-telemetered) animals, positive relatedness among all 
485 individuals in communal dens was revealed in previous studies of this system [28, 29]. 
486
487 d. Parentage network
488 Recent studies show that the social environment itself may influence the pattern of paternity 
489 levels in general, and multiple paternity among individuals specifically [59, 60]. Furthermore, 
490 the social environment can effectively modulate the degree of multiple paternity based on the 
491 structure of the social network itself [45, 59, 84, 85]. Concomitant with the results of the pairing 
492 network, we recover a similar modular pattern that features several focal females, each one 
493 producing offspring with a subset of males, and often exhibiting multiple paternity. This is 
494 reflective of both the social environment and the biology of C. atrox. First, the two distinctly 
495 different annual mating periods present decidedly different reproductive contexts. The first 
496 mating period occurs late in the active season and out on the landscape, where snakes in this 
497 population are seldom observed interacting and are less likely to encounter large numbers of 
498 conspecifics. Conversely, the second mating period occurs at or near communal dens shortly 
499 after spring egress. In this context, the opportunity for multiple matings increases, ostensibly 
500 elevating the probability of multiple paternity. In addition, despite data that indicate communal 
501 denning (social groups) in this population show some level of relatedness [28, 29], the parentage 
502 network of our focal animals was not positively correlated with relatedness, which is indicative 
503 of some degree of either assortative mating or inbreeding avoidance. Ultimately, the social 
504 environment coupled with the species biology appears to promote elevated levels of multiple 
505 paternity but depress the degree of inbreeding among males and those females acting as nodes in 
506 the social network.
507
508 e. Conclusions
509 Nearly three decades ago the first theoretic analysis of snake mating systems was proposed [86] 
510 which identified, characterized, and quantified snake mating systems within formal selection 
511 theory [87]. Over the years a wealth of new information on population genetics, behavior, 
512 reproduction, sexual selection, and parental care of snakes has emerged [28, 29, 39, 39, 40, 88–
513 91]. We contend that the incorporation of social network analysis into studies documenting 
514 spatial ecology, habitat use, and genetic relatedness represents another major methodological 
515 advance that can provide novel insights and directions for future research [28, 29]. Specifically, 
516 we demonstrated strong fission-fusion dynamics, particularly with respect to annual migrations 
517 to spring-summer home ranges and use of communal dens during winter by a combination of 
518 social preference and experience; relatedness (kin-association) also may play a role. Although 
519 this fission-fusion behavior has not been formally reported for other snake species, we suggest it 
520 may be more common than currently recognized and urge researchers to leverage myriad 
521 existing similar datasets to further quantify social network structures for such cryptic and 
522 understudied species. Arguably, our study advances the understanding of individuals’ 
523 reproductive strategies within populations and between the sexes by identifying determinants of 
524 social interaction patterns and individual fitness and lays the foundation for additional research 
525 into the social ecosystem of cryptic taxa.
526
527 Despite this substantial progress in our understanding of snake mating systems, several important 
528 issues are problematic and remain unresolved. We conclude with four intriguing examples. Our 
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529 view is that social networking analyses similar to those we have employed here will be a critical 
530 method necessary for addressing all of these questions. 
531
532 First, perhaps the most perplexing issue in our system is the presence of two distinct mating 
533 seasons, which is rarely present in other reptiles [28, 29, 33, 92]. To date there has been little 
534 theoretical research into this phenomenon. The two annual reproductive periods are temporally 
535 distinct and present decidedly different socio-ecological contexts. Furthermore, because these 
536 distinct mating periods occur prior to ovulation in late spring [28, 29; Fig. 1], increased mating 
537 opportunities for both sexes provide a possible adaptive explanation for their occurrence [86, 87, 
538 93, 94]. Whether or not C. atrox has two distinct mating seasons across its expansive 
539 geographical range in the United States and Mexico is unknown.  
540       
541 Second, the adaptive significance of polyandry in C. atrox, as in other animals, is difficult to 
542 reconcile. Female C. atrox (and females in many other viperids) can have several different 
543 mating partners per annum. Why should females mate with multiple partners for fertilization of a 
544 single litter, especially in cases where female fecundity does not increase with multiple mating 
545 [86], as in this system [28, 29, 33]? Numerous adaptive explanations have been proposed, but 
546 have yet to be investigated empirically. For example, by having several partners per annum the 
547 likelihood of multiple paternity increases and thus the possibility for greater genetic and 
548 phenotypic diversity per litter (including, perhaps, diversity of social behaviors) [33, 93, 94], 
549 which could result in higher overall lifetime reproductive success despite the inherent costs 
550 incurred by mating multiply (e.g., increased energetic investment and exposure to disease).    
551     
552 Third, information on how individual C. atrox and other snakes first come to learn and delineate 
553 their home range and other preferred spatial locations (such as communal dens) is sparse, at best. 
554 For instance, is a snake’s home range inherited from, or part of, their mother’s home range, and 
555 thus is acquired and learned via maternal social transmission [95–97]? We envision this process 
556 might be further facilitated by behavioral (kin- and self-recognition, individuality) and 
557 chemosensory (pheromones) social information gleaned from conspecifics [98–103]. As 
558 technological advances debut, particularly the miniaturization of tracking devices [104], 
559 understanding the ontogeny of home range development, social networks, and space use in 
560 snakes from birth to adulthood will be important to explore [28, 29].   
561    
562 Finally, we are aware of populations of C. atrox, even within several kilometers of our study site 
563 at the Suizo Mountains that do not exhibit communal denning [28, 29]. To a large extent, the 
564 type of landscape (e.g., geology) appears to dictate whether communal denning is present in a 
565 population, and thus could be a critical additional data layer to incorporate into social network 
566 analyses. For example, we have noted that igneous rock formations are not used by C. atrox for 
567 communal denning [28, 29]. Though vastly understudied, landscape configuration is showing to 
568 be a potent driver of and context for the social environment of animals, thereby shaping the 
569 ecology and evolution of societies and their cultures including those of snakes and other reptiles 
570 [105].
571
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947 Appendix
948
949 Definitions of important terms in social network ecology that were used in the present 
950 study.
951
952 Association index – Any measure of the strength of association between two species [23, 30]. 
953 Centrality – The extent to which a given node (e.g., individual) occupies a position that is 
954 important in the structure of the network [23, 30]. 
955
956 Closeness centrality – A measure of centrality that quantifies the proximity of a node (e.g., 
957 individual) to all other nodes in the network and thus indicates nodes that are more connected 
958 and highly influential in the social network [65, 66],
959 Edge – A line between two nodes (e.g., individuals) representing a social interaction [23, 30]
960
961 Fission-Fusion Dynamics – The extent of variation in spatial cohesion and individual 
962 membership in a group over time [47].
963
964 Modularity – A measure of subsets (groups, clusters, or communities) of entities (e.g., 
965 individuals) that interact with each other more frequently than with other individuals in a 
966 population; groups or modules of highly connected individuals. High modularity networks have 
967 dense connections between nodes within modules but few connections (between nodes) in 
968 different modules [30, 60].
969
970 Nestedness – Interactions of less connected elements (e.g., individuals) that form proper subsets 
971 of the interactions of more connected elements, e.g., individuals [30, 61, 62, 73].
972
973 Node – An object in a network, such as an individual [23, 30].
974
975 Social Preference – Selection of one element (e.g., individual) more frequently over another 
976 element (e.g., individual) in the context of a social environment. Nonrandom, repeated 
977 interactions with certain individuals that are the foundation of social relationships. Also termed 
978 preferred association [20, 21 23, 30].
979
980 Network Analysis Details
981
982 In an interaction matrix, each node (column i or row j) represents an individual and each social 
983 interaction observed between two individuals (aij) is an edge. Modularity occurs when subsets of 
984 individuals interact more among themselves than with other individuals in the population, 
985 forming modules of highly connected individuals.
986
987 Nestedness occurs when highly connected individuals interact with each other, while the less 
988 connected individuals only interact with a subset of the partners of the most connected 
989 individuals.

990 𝐶𝐶𝑖 =  
𝑛

∑
𝑗 = 1;𝑖 ≠ 𝑗

𝑑𝑖𝑗

𝑛 ― 1
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991
992 where n is the number of individuals in the network and dij is the shortest distance between 
993 individuals i and j. CCi ranges from 0 to 1 with values closer to 1 indicating higher connectivity 
994 of an individual in relation to all others in the population [66].
995
996 Table A1. Model selection results (encompassing 95% of the total model weight) for predicting 
997 the effects of snout-vent length (SVL), home range size (MCP), and sex on closeness centrality 
998 (CC) for western diamondback rattlesnakes (Crotalus atrox) in a network based on observations 
999 of adult pairs overwintering in the same den shelter. Referred to as the “denning network” in 

1000 main text. ΔAICc is the difference in AICc values from a given model to the top-ranked model. 
1001 AICc weight shows the relative likelihood a given model is the most supported. + indicates an 
1002 additive effect.

Model df logLik AICc ∆AICc Weigh
t

Sex 5 89.11 -166.82 0 0.31

Sex + MCP 6 90.24 -166.47 0.35 0.26

(Intercept) 4 87.43 -165.95 0.88 0.20

Sex + SVL 6 89.16 -164.33 2.50 0.09

SVL 5 87.73 -164.06 2.77 0.08

Sex + MCP + SVL 7 90.25 -163.77 3.05 0.07

1003 Table A2. Model averaged parameter estimates (β) and estimates of their precision for predicting 
1004 closeness centrality (CC) for adult western diamondback rattlesnakes (Crotalus atrox) in a 
1005 network based on observations of adult pairs overwintering in the same den shelter. Referred to 
1006 as the “denning network” in main text. MCP = home range size minimum convex polygon. SVL 
1007 = snout-vent length. The 95% confidence interval (CI) includes zero for all predictors.

Predictor β Adjuste
d S.E.

Lower

95% CI

Upper

95% CI

(Intercept) 0.018 0.013 -0.007 0.043
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Sex 0.026 0.014 -0.001 0.054

MCP -0.010 0.007 -0.022 0.003

SVL 0.001 0.007 -0.014 0.014

1008 Table A3. Model selection results (encompassing 95% of the total model weight) for predicting 
1009 the effects of snout-vent length (SVL), home range size (minimum convex polygon, MCP), and 
1010 sex on closeness centrality (CC) for western diamondback rattlesnakes (Crotalus atrox) in a 
1011 network based on observations of adult pairs engaging in behaviors related to reproduction. 
1012 Referred to as “pairing network” in the main text. ΔAICc is the difference in AICc values from a 
1013 given model to the top-ranked model. AICc weight shows the relative likelihood a given model is 
1014 the most supported. + indicates an additive effect.

Model df logLik AICc ∆AICc Weight

SVL 5 107.22 -203.05 0 0.63

SVL + MCP 6 107.72 -201.43 1.62 0.28

MCP + Sex 6 106.54 -199.08 3.97 0.09

1015 Table A4. Model averaged parameter estimates (β) and estimates of their precision for predicting 
1016 closeness centrality (CC) for adult western diamondback rattlesnakes (Crotalus atrox) in a 
1017 network based on observations of adult pairs engaging in behaviors related to reproduction. 
1018 Referred to as “pairing network” in the main text. SVL = snout-vent length and MCP = home 
1019 range minimum convex polygon. The 95% confidence interval (CI) includes zero for all 
1020 predictors.

Predictor β Adjusted SE Lower

95% CI

Upper

95% CI

(Intercept) 0.037 0.012 0.014 0.060

SVL -0.008 0.006 -0.019 0.005
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MCP 0.004 0.004 -0.005 0.011

Sex -0.004 0.009 -0.022 0.014

1021 Table A5. Model selection results (encompassing 95% of the total model weight) for predicting 
1022 the effects of sex and home range size (MCP) on closeness centrality (CC) for a network 
1023 describing the number of offspring produced between pairs of western diamondback rattlesnakes 
1024 (Crotalus atrox). Referred to as “parentage network” in the main text. ΔAICc is the difference in 
1025 AICc values from a given model to the top-ranked model. AICc weight shows the relative 
1026 likelihood a given model is the most supported. + indicates an additive effect. Snout-vent length 
1027 (SVL) is not presented as it did not contribute models with weight.

Model df logLik AICc ∆AICc Weight

Sex 5 109.15 -206.90 0 0.61

Sex + MCP 6 109.29 -204.58 2.31 0.20

MCP 5 107.76 -204.12 2.77 0.18

1028 Table A6. Model averaged parameter estimates (β) and estimates of their precision for predicting 
1029 closeness centrality (CC) for a network describing the number of offspring produced between 
1030 pairs of western diamondback rattlesnakes (Crotalus atrox). Referred to as “parentage network” 
1031 in the main text. MCP = home range minimum convex polygon. Bold indicates the 95% 
1032 confidence interval (CI) did not cross zero for sex.

Predictor β Adjusted SE Lower

95% CI

Upper

95% CI

(Intercept) 0.037 0.008 0.020 0.054

MCP -0.002 0.004 -0.013 0.005

Sex (male) -0.016 0.010 -0.034 -0.002
1033
1034 Table A7. Closeness centrality (CC) for each male and female C. atrox on the pairing, parentage, 
1035 and denning networks. See main text for additional details. 
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Pairing network Parentage network Denning network
ID Sex CC ID Sex CC ID Sex CC

CA001f female 0.11196229 CA001f female 0.08057908 CA001f female 0.14285714

CA002f female 0.08986447 CA002f female 0.05285441 CA002f female 0.00000000
CA003f female 0.05362404 CA003f female 0.00000000 CA014f female 0.00000000
CA008f female 0.00000000 CA008f female 0.00000000 CA016f female 0.09523810
CA010f female 0.00000000 CA010f female 0.00000000 CA029f female 0.00000000
CA011f female 0.09870359 CA011f female 0.00000000 CA030f female 0.00000000
CA012f female 0.00000000 CA012f female 0.00000000 CA039f female 0.00000000
CA014f female 0.00000000 CA014f female 0.00000000 CA042f female 0.00000000
CA015f female 0.00000000 CA015f female 0.00000000 CA044f female 0.00000000
CA016f female 0.06923984 CA016f female 0.08057908 CA046f female 0.00000000
CA017f female 0.00000000 CA017f female 0.00000000 CA047f female 0.04761905
CA019f female 0.00000000 CA019f female 0.00000000 CA049f female 0.00000000
CA029f female 0.00000000 CA029f female 0.00000000 CA058f female 0.04761905
CA030f female 0.08986447 CA030f female 0.05422016 CA059f female 0.00000000
CA039f female 0.00000000 CA039f female 0.00000000 CA061f female 0.00000000
CA042f female 0.00000000 CA042f female 0.07784758 CA062f female 0.00000000
CA044f female 0.00000000 CA044f female 0.05941000 CA064f female 0.00000000
CA046f female 0.03535651 CA046f female 0.05531276 CA066f female 0.00000000
CA047f female 0.02651738 CA047f female 0.07716471 CA077f female 0.00000000
CA049f female 0.02651738 CA049f female 0.00000000 CA081f female 0.00000000
CA051f female 0.00000000 CA051f female 0.00000000 CA093f female 0.00000000
CA056f female 0.00000000 CA056f female 0.00000000 CA094f female 0.00000000
CA058f female 0.00000000 CA058f female 0.06487299 CA095f female 0.00000000
CA059f female 0.06393636 CA059f female 0.00000000 CA100f female 0.00000000
CA060f female 0.00000000 CA060f female 0.00000000 CA102f female 0.04761905
CA061f female 0.08544490 CA061f female 0.05053264 CA120f female 0.00000000
CA062f female 0.00000000 CA062f female 0.00000000 CA121f female 0.00000000
CA063f female 0.00000000 CA063f female 0.00000000 CA124f female 0.00000000
CA064f female 0.05303477 CA064f female 0.00000000 CA004m male 0.00000000
CA065f female 0.03535651 CA065f female 0.00000000 CA005m male 0.14285714
CA066f female 0.00000000 CA066f female 0.05462988 CA007m male 0.00000000
CA070f female 0.00000000 CA070f female 0.00000000 CA013m male 0.07142857

CA071f female 0.00000000 CA071f female 0.00000000 CA031m male 0.00000000
CA077f female 0.00000000 CA077f female 0.00000000 CA032m male 0.00000000
CA081f female 0.00000000 CA081f female 0.06487299 CA033m male 0.14285714

CA085f female 0.00000000 CA085f female 0.00000000 CA034m male 0.00000000
CA086f female 0.00000000 CA086f female 0.00000000 CA037m male 0.00000000
CA087f female 0.00000000 CA087f female 0.00000000 CA038m male 0.00000000
CA089f female 0.00000000 CA089f female 0.00000000 CA041m male 0.14285714
CA090f female 0.00000000 CA090f female 0.00000000 CA050m male 0.00000000
CA093f female 0.07218621 CA093f female 0.05285441 CA055m male 0.07142857
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CA094f female 0.04419564 CA094f female 0.00000000 CA006m male 0.00000000
CA095f female 0.00000000 CA095f female 0.00000000 CA076m male 0.00000000
CA100f female 0.00000000 CA100f female 0.00000000 CA079m male 0.00000000
CA101f female 0.00000000 CA101f female 0.00000000 CA092m male 0.00000000
CA102f female 0.04419564 CA102f female 0.07784758 CA096m male 0.00000000
CA112f female 0.00000000 CA112f female 0.00000000 CA097m male 0.04761905

CA113f female 0.00000000 CA113f female 0.05462988 CA098m male 0.00000000
CA114f female 0.00000000 CA114f female 0.00000000 CA099m male 0.00000000
CA115f female 0.00000000 CA115f female 0.00000000 CA117m male 0.00000000
CA116f female 0.00000000 CA116f female 0.00000000 CA122m male 0.00000000
CA120f female 0.00000000 CA120f female 0.00000000
CA121f female 0.00000000 CA121f female 0.00000000
CA124f female 0.00000000 CA124f female 0.04179186
CA125f female 0.00000000 CA125f female 0.00000000
CA131f female 0.00000000 CA131f female 0.00000000
CA133f female 0.00000000 CA133f female 0.00000000
CA001m male 0.000000000 CA001m male 0.00000000
CA002m male 0.000000000 CA002m male 0.00000000
CA003m male 0.000000000 CA003m male 0.00000000
CA004m male 0.000000000 CA004m male 0.00000000
CA005m male 0.071111111 CA005m male 0.04490277
CA006m male 0.045555556 CA006m male 0.00000000
CA007m male 0.000000000 CA007m male 0.00000000
CA009m male 0.000000000 CA009m male 0.00000000
CA013m male 0.042222222 CA013m male 0.00000000
CA018m male 0.000000000 CA018m male 0.00000000
CA020m male 0.000000000 CA020m male 0.03606364
CA021m male 0.025555556 CA021m male 0.00000000
CA022m male 0.006666667 CA022m male 0.00000000
CA023m male 0.045555556 CA023m male 0.02934590
CA024m male 0.006666667 CA024m male 0.00000000
CA025m male 0.000000000 CA025m male 0.00000000
CA026m male 0.000000000 CA026m male 0.00000000
CA027m male 0.061111111 CA027m male 0.04301709
CA028m male 0.000000000 CA028m male 0.00000000
CA031m male 0.000000000 CA031m male 0.00000000
CA032m male 0.044444444 CA032m male 0.00000000
CA033m male 0.000000000 CA033m male 0.00000000
CA034m male 0.000000000 CA034m male 0.00000000
CA035m male 0.000000000 CA035m male 0.00000000
CA036m male 0.000000000 CA036m male 0.00000000
CA037m male 0.000000000 CA037m male 0.00000000
CA038m male 0.000000000 CA038m male 0.00000000
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CA040m male 0.000000000 CA040m male 0.04136712
CA041m male 0.000000000 CA041m male 0.00000000
CA043m male 0.000000000 CA043m male 0.05038303
CA045m male 0.006666667 CA045m male 0.04725987
CA048m male 0.000000000 CA048m male 0.00000000
CA050m male 0.000000000 CA050m male 0.04655274
CA052m male 0.000000000 CA052m male 0.00000000
CA053m male 0.018888889 CA053m male 0.00000000
CA054m male 0.000000000 CA054m male 0.00000000
CA055m male 0.067777778 CA055m male 0.00000000
CA057m male 0.061111111 CA057m male 0.00000000
CA067m male 0.044444444 CA067m male 0.00000000
CA068m male 0.030000000 CA068m male 0.04213318
CA069m male 0.000000000 CA069m male 0.00000000
CA072m male 0.000000000 CA072m male 0.00000000
CA073m male 0.047777778 CA073m male 0.02934590
CA074m male 0.006666667 CA074m male 0.03099588
CA075m male 0.000000000 CA075m male 0.00000000
CA076m male 0.030000000 CA076m male 0.04625810
CA078m male 0.000000000 CA078m male 0.00000000
CA079m male 0.000000000 CA079m male 0.02863877
CA080m male 0.061111111 CA080m male 0.03170301
CA082m male 0.030000000 CA082m male 0.00000000
CA083m male 0.000000000 CA083m male 0.00000000
CA084m male 0.030000000 CA084m male 0.03022982
CA088m male 0.000000000 CA088m male 0.03606364
CA091m male 0.000000000 CA091m male 0.00000000
CA092m male 0.000000000 CA092m male 0.00000000
CA096m male 0.039444444 CA096m male 0.00000000
CA097m male 0.006666667 CA097m male 0.00000000
CA098m male 0.006666667 CA098m male 0.00000000
CA099m male 0.000000000 CA099m male 0.00000000
CA103m male 0.070000000 CA103m male 0.00000000
CA104m male 0.054444444 CA104m male 0.00000000
CA105m male 0.000000000 CA105m male 0.00000000
CA106m male 0.000000000 CA106m male 0.00000000
CA107m male 0.000000000 CA107m male 0.00000000
CA108m male 0.000000000 CA108m male 0.02333530
CA109m male 0.039444444 CA109m male 0.00000000
CA110m male 0.000000000 CA110m male 0.00000000
CA111m male 0.000000000 CA111m male 0.00000000
CA117m male 0.000000000 CA117m male 0.00000000
CA118m male 0.000000000 CA118m male 0.00000000
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CA119m male 0.000000000 CA119m male 0.00000000
CA122m male 0.000000000 CA122m male 0.00000000
CA123m male 0.000000000 CA123m male 0.00000000
CA126m male 0.000000000 CA126m male 0.00000000
CA127m male 0.000000000 CA127m male 0.00000000
CA128m male 0.000000000 CA128m male 0.00000000
CA129m male 0.000000000 CA129m male 0.00000000
CA130m male 0.000000000 CA130m male 0.00000000
CA132m male 0.000000000 CA132m male 0.00000000
CA134m male 0.000000000 CA134m male 0.00000000

UM1m male 0.00000000
UM10m male 0.04949912
UM11m male 0.00000000
UM12m male 0.00000000
UM13m male 0.03170301
UM14m male 0.04301709
UM15m male 0.04301709
UM2m male 0.05332940
UM3m male 0.00000000
UM4m male 0.00000000
UM5m male 0.04136712
UM6m male 0.00000000
UM7m male 0.00000000
UM8m male 0.04684738
UM9m male 0.05362404

1036
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1038                  Table A8. Predictor variable measured for each C. atrox subject of the present study

ID Sex SVL
Body 
mass

Range
length

MCP 
(ha)

Years 
monitored

CA100f female 835 560 1479.76 6.95 2
CA101f female 895 452 NA NA 0
CA102f female 850 382 1742.58 10.01 3
CA010f female 850 346 NA NA 0
CA112f female 795 363 NA NA 0
CA113f female 912 538 NA NA 0
CA114f female 640 255 NA NA 0
CA115f female 620 177 NA NA 0
CA116f female 650 180 NA NA 0
CA011f female 860 370 NA NA 0
CA120f female 690 240 714.34 3.08 2
CA121f female 655 300 701.94 2.83 2
CA124f female 880 541 925.4 5.03 1
CA125f female 770 394 NA NA 0
CA012f female 950 430 NA NA 0
CA131f female 865 546 NA NA 0
CA133f female 835 593 NA NA 0
CA014f female 815 404 1378.31 8.96 4
CA015f female 710 291 NA NA 0
CA016f female 840 461 683.83 2.16 5
CA017f female 815 334 NA NA 0
CA019f female 840 372 NA NA 0
CA001f female 885 348 1511.80 7.77 7
CA029f female 850 413 1429.85 6.26 2
CA002f female 780 339 781.08 3.08 6
CA030f female 860 418 712.34 2.58 6
CA039f female 910 486 1929 13.91 2
CA003f female 870 395 NA NA 0
CA042f female 845 359 611.94 2.34 3
CA044f female 830 534 907.04 3.29 4
CA046f female 890 307 798.02 2.36 5
CA047f female 830 398 1267.35 7.51 7
CA049f female 835 361 536.81 1.90 3
CA051f female 910 360 NA NA 0
CA056f female 880 365 NA NA 0
CA058f female 790 305 561.01 1.94 4
CA059f female 770 447 1354.99 8.08 2
CA060f female 825 354 NA NA 0
CA061f female 840 503 2173.52 20.60 5
CA062f female 866 403 465.63 0.49945 1
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CA063f female 910 386 NA NA 0
CA064f female 940 513 407.71 0.93725 3
CA065f female 790 347 NA NA 0
CA066f female 845 393 501.89 1.40 2
CA070f female 910 485 NA NA 0
CA071f female 940 454 NA NA 0
CA077f female 850 379 963.32 4.41 1
CA081f female 845 419.5 2085.79 7.23 3
CA085f female 775 243 NA NA 0
CA086f female 350 18.5 NA NA 0
CA087f female 705 257.3 NA NA 0
CA089f female 310 21 NA NA 0
CA008f female 845 347 NA NA 0
CA090f female 298 19 NA NA 0
CA093f female 825 399 944.4 3.35 3
CA094f female 775 370 633.28 1.87 2
CA095f female 905 476 648.33 1.82 1
CA103m male 910 505 NA NA 0
CA104m male 900 429 NA NA 0
CA105m male 1003 625 NA NA 0
CA106m male 700 265 NA NA 0
CA107m male 1040 905 NA NA 0
CA108m male 810 405 NA NA 0
CA109m male 1004 816 NA NA 0
CA110m male 780 386 NA NA 0
CA111m male 875 451 NA NA 0
CA117m male 965 535 1326.72 6.02 2
CA118m male 875 453 NA NA 0
CA119m male 1020 604 NA NA 0
CA122m male 864 433 1351.75 9.18 1
CA123m male 786 384 NA NA 0
CA126m male 900 632 NA NA 0
CA127m male 935 600 NA NA 0
CA128m male 1070 842 NA NA 0
CA129m male 1060 775 NA NA 0
CA130m male 1045 859 NA NA 0
CA132m male 1015 740 NA NA 0
CA134m male 738 243 NA NA 0
CA013m male 1060 673 1723.93 17.85 3
CA018m male 950 470 NA NA 0
CA001m male NA NA NA NA 0
CA020m male 850 452 NA NA 0
CA021m male 960 563 NA NA 0
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CA022m male 880 NA NA NA 0
CA023m male 820 NA NA NA 0
CA024m male 950 642 NA NA 0
CA025m male 800 333 NA NA 0
CA026m male 840 456 NA NA 0
CA027m male 1010 520 NA NA 0
CA028m male 875 443 NA NA 0
CA002m male NA NA NA NA 0
CA031m male 1000 472 3626.49 38.62 3
CA032m male 1100 745 1841.04 18.71 3
CA033m male 1105 694 1324.75 9.44 3
CA034m male 855 277 1404.21 6.09 2
CA035m male 810 404 NA NA 0
CA036m male 1040 806 NA NA 0
CA037m male 1095 665 1412.81 9.52 1
CA038m male 815 372 857.19 1.59 1
CA003m male NA NA NA NA 0
CA040m male 1030 726 NA NA 0
CA041m male 935 537 1177.65 7.33 3
CA043m male 740 273 NA NA 0
CA045m male 905 456 NA NA 0
CA048m male 880 452 NA NA 0
CA004m male NA NA 502.15 0.92945 1
CA050m male 940 531 2839.73 27.44 2
CA052m male 1040 746 NA NA 0
CA053m male 850 493 NA NA 0
CA054m male 860 368 NA NA 0
CA055m male 760 339 2264.72 26.38 3
CA057m male 1140.5 973 NA NA 0
CA005m male 820 374 1198.27 8.19 3
CA067m male 900 556 NA NA 0
CA068m male 1050 736 NA NA 0
CA069m male 915 631 NA NA 0
CA006m male 795 342 1592.53 14.05 4
CA072m male 850 512 NA NA 0
CA073m male 695 284 NA NA 0
CA074m male 920 582 NA NA 0
CA075m male 721 295 NA NA 0
CA076m male 958 656 1239.26 5.83 2
CA078m male 1015 831 NA NA 0
CA079m male 925 650 1337.83 11.46 2
CA007m male 870 456 1163.76 5.18 2
CA080m male 945 547 NA NA 0
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CA082m male 875 597.5 NA NA 0
CA083m male 850 413.5 NA NA 0
CA084m male 980 633 NA NA 0
CA088m male 1005 622 NA NA 0
CA091m male 320 24 NA NA 0
CA092m male 980 686 1491.76 13.33 1
CA096m male 920 570 2366.75 21.94 2
CA097m male 965 653 2024.56 16.69 2
CA098m male 1040 859 2334.71 17.95 2
CA099m male 1065 735 NA NA 0
CA009m male 990 517 NA NA 0

1039

1040
1041 Figure A1. Minimum convex polygons (MCP) showing home ranges for females CA-02 and 
1042 CA-77 that alternated between communal dens (den ID:  AD-1 and AD-5) and private winter 
1043 shelters in different years. Note the consistency in CA-02’s annual home range size and shape. 
1044 See main text for additional details.
1045
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Supplementary Material from “Fission-Fusion Dynamics in the Social Networks of a North 
American Pitviper”

Rattlesnakes in social network analysis

Numerous moderate- to large-sized species of rattlesnakes (e.g., Crotalus atrox, C. cerberus, 
C. oreganus, C. stephensi, and C. viridis) possess several attributes that allow their study in nature to be 
manageable and thus good candidate models for longitudinal studies using network analysis. The 
changing academic milieu and publication stance on social behavior in animals, in general, and 
rattlesnakes and other reptiles, in particular, is summarized by Schuett and colleagues [1, 2] and inspired 
by Doody and colleagues [3, 4] and Van Dyke and colleagues [5]. 

1) In the five rattlesnake taxa mentioned above, individuals often assemble to form highly localized 
groups (two to several hundred) in communal winter shelters (communal dens) from fall to spring, or 
even longer [1, 2, 6–9]. Rarely observed in other species of snakes, this attribute permits one not only to 
observe most adult snakes (and sometimes neonates and juveniles) of a population [1, 2, 8, 10–14], but 
also to capture them for processing such as inserting permanent PIT tags (identification), performing 
radio-telemetry surgery (radio-tracking), and procuring tissues (e.g., blood, scale clips) for subsequent 
DNA analysis [2, 9]. See Schuett and colleagues [1, 2, 11] for a discussion of other attributes of 
communal shelters in rattlesnakes for studies of social behavior. 

2) With the advent of affordable commercial radio-telemetry for terrestrial snakes since the late 1980s, it 
is now possible to implant radio-transmitters into the body cavity of moderate- to large-sized individuals 
for long periods (e.g., months to years) before removal or replacement [15]. Radio-telemetry provides a 
unique radio-signal for each individual. Coupled with the use of PIT tags and other forms of identification 
methods (e.g., unique painting of rattles, photographs), radio-tracking and locating individuals can be 
done with high precision. 

3) As a group, rattlesnakes tend to be slow-moving, ambush (sit-and-wait) predators [16, 17]. 
Consequently, their movements are limited and distances traveled per movement session (e.g., evening) 
tend to be short (e.g. 0.1–1km). Thus, unlike many other organisms such as birds, felids, and ungulates, 
radio-tracking can be done by foot and managed on a daily basis if needed. Furthermore, when compared 
to other snake species, rattlesnakes as sit-and-wait predators are often exposed on the ground-surface and 
visible for observation purposes [17; R. Repp and G. Schuett, pers. observ., 2001–2015].      

4) Nearly all large species of rattlesnakes are long-lived, with some attaining lifespans exceeding four 
decades [18–19]. Longevity is especially desirable in that overlapping generations can be studied 
simultaneously and by a single researcher. Maturation in females is from 3 to 12 years dependent on the 
species and location [18–19]. 
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Communal denning and relatedness analysis  

The hypothesis of communal denning and relatedness was investigated earlier [2] with a larger number of 
adult C. atrox (Suizo Mountains) than the focal group used in the current study. The focal group in the 
current study all were fitted with radio-transmitters (N = 50; 22 males, 28 females). The earlier study [2] 
incorporated animals without radio-transmitters.  

A grand total of 191 adult C. atrox were genotyped [9; see 2, pp. 196-198]. Of these 191 subjects, 46 (22 
♂, 28 ♀) were fitted radio-transmitters and 50 were known to occupy one of seven different communal 
dens [2]. We used the maximum likelihood method implemented in ML-relate [20]. See Jones and 
colleagues [21] on methods to calculate pairwise relatedness (R) and estimate the relationship of all pairs 
[2, 9]. We ascertained relationships among the subjects that shared communal dens, and used 
bootstrapping to compare mean relatedness between pairs of individuals that shared communal dens with 
random pairs drawn from the population as a whole. 

An initial test pooling all den occupants indicated that individuals that shared dens, although often 
unrelated, had a higher average relatedness than random pairs (mean R = 0.029, p < 0.001). When 
individual dens were analyzed separately, however, four of the seven dens in the sample had pairs of 
subjects that were identified as at least half-sibs, but three dens had no detectable relatives (Supporting 
Information, Tables S1–S8).

Accordingly, this analysis supports the view that kin-relationships might be drivers, in part, of the 
dynamics of communal denning in C. atrox at this site. Furthermore, even in this analysis, we suspect 
under-sampling is still at play owing to the difficulty in capturing all of the den occupants [GW Schuett, 
pers. observ., 2001–2015]. Accordingly, kin-relations may be yet further underestimated, especially in the 
three dens where no relatives were detected. 

Table S1. Genotype results of adult Western Diamond-backed Rattlesnakes (Crotalus atrox) from Den 
AD-1 at the Suizo Mountains, AZ, USA. Site was sampled from 2001 to 2010. HS = half-sibs [2, 9].

Matrix of 
Relatedness

CAM
D2_S
1b

CAS
D-
002F

CAM
D2_S
10

CAM
D2_S
7

CAM
D2_S
5

CAM
D2_S
6

CAM
D2_S
2b

CAM
D2_S
4b

CAS
D-
033

CAS
D-
038

CAS
D-
080

CAS
D-
083

F F M M M M M M M M M M

CA-1 CA-2 CA-1 CA-2 CA-3 CA-4 CA-5 CA-6 CA-
33

CA-
38

CA-
80

CA-
83

CAMD2_S1
b

F CA-1 x

CASD-002F F CA-2 0 x

CAMD2_S1
0

M CA-1 0.03 0 x

CAMD2_S7 M CA-2 0 0 0.06 x

CAMD2_S5 M CA-3 0.03 0 0.17 0.06 x
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CAMD2_S6 M CA-4 0 0 0.04 0 0.01 x

CAMD2_S2
b

M CA-5 0.03 0.03 0 0.08 0.03 0.06 x

CAMD2_S4
b

M CA-6 0 0.03 0 0 0 0.1 0 x

CASD-033 M CA-
33

0.01 0.13 0 0 0 0.12 0 0.03 x

CASD-038 M CA-
38

0 0 0 0 0.01 0.03 0 0.09 0.09 x

CASD-080 M CA-
80

0.04 0 0 0 0 0 0 0 0.03 0 x

CASD-083 M CA-
83

0 0 0.03 0 0.07 0 0 0.06 0 0.39 0 x

Matrix of 
Relationship

CAM
D2_S
1b

CAS
D-
002F

CAM
D2_S
10

CAM
D2_S
7

CAM
D2_S
5

CAM
D2_S
6

CAM
D2_S
2b

CAM
D2_S
4b

CAS
D-
033

CAS
D-
038

CAS
D-
080

CAS
D-
083

F F M M M M M M M M M M

CA-1 CA-2 CA-1 CA-2 CA-3 CA-4 CA-5 CA-6 CA-
33

CA-
38

CA-
80

CA-
83

CAMD2_S1
b

F CA-1 x

CASD-002F F CA-2 u x

CAMD2_S1
0

M CA-1 u u x

CAMD2_S7 M CA-2 u u u x

CAMD2_S5 M CA-3 u u HS u x

CAMD2_S6 M CA-4 u u u u u x

CAMD2_S2
b

M CA-5 u u u u u u x

CAMD2_S4
b

M CA-6 u u u u u u u x

CASD-033 M CA-
33

u HS u u u u u u x

CASD-038 M CA-
38

u u u u u u u u u x

CASD-080 M CA-
80

u u u u u u u u u u x
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CASD-083 M CA-
83

u u u u u u u u u HS u x

Table S2. Genotype results of adult Western Diamond-backed Rattlesnakes (Crotalus atrox) from Den 
AD-4 at the Suizo Mountains, AZ, USA. Site was sampled from 2001 to 2010. HS = half-sibs. See Clark 
et al. (2014) and Schuett et al. (2014).

Matrix of 
relatedness

CASD
-016

CASD
-081

CAM
D2_S1
6

CASD
-032

CAM
D2_S2
5

CASD
-050

CASD
-055

CASD
-073

CASD
-074

CASD
-110

CASD
-x053

F F M M M M M M M M M

CA-16 CA-81 CA-13 CA-32 CA-37 CA-50 CA-55 CA-73 CA-74 CA-
110

CA-
X53

CASD-016 F CA-16 x

CASD-081 F CA-81 0.015 x

CAMD2_S1
6

M CA-13 0 0.01 x

CASD-032 M CA-32 0 0 0.058 x

CAMD2_S2
5

M CA-37 0 0 0.06 0.13 x

CASD-050 M CA-50 0 0 0.03 0.1 0.02 x

CASD-055 M CA-55 0 0 0 0 0.02 0.13 x

CASD-073 M CA-73 0.12 0.05 0 0.21 0 0.38 0 x

CASD-074 M CA-74 0 0 0.03 0 0.14 0 0.09 0 x

CASD-110 M CA-
110

0.06 0.08 0 0 0 0 0.03 0 0.05 x

CASD-x053 M CA-
X53

0 0.04 0.1148 0.0603 0 0.1215 0.1334 0.1405 0 0 x

Matrix of 
relationship

CASD
-016

CASD
-081

CAM
D2_S1
6

CASD
-032

CAM
D2_S2
5

CASD
-050

CASD
-055

CASD
-073

CASD
-074

CASD
-110

CASD
-x053

F F M M M M M M M M M

CA-16 CA-81 CA-13 CA-32 CA-37 CA-50 CA-55 CA-73 CA-74 CA-
110

CA-
X53

CASD-016 F CA-16 x

CASD-081 F CA-81 u x
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CAMD2_S1
6

M CA-13 u u x

CASD-032 M CA-32 u u u x

CAMD2_S2
5

M CA-37 u u u HS x

CASD-050 M CA-50 u u u u u x

CASD-055 M CA-55 u u u u u u x

CASD-073 M CA-73 HS u u HS u HS u x

CASD-074 M CA-74 u u u u HS u u u x

CASD-110 M CA-
110

u u u u u u u u u x

CASD-x053 M CA-
X53

u u HS u u HS HS HS 0 0 x

Table S3. Genotype results of adult Western Diamond-backed Rattlesnakes (Crotalus atrox) from Den 
AD-5 at the Suizo Mountains, AZ, USA. Site was sampled from 2001 to 2010. HS = half-sibs. See Clark 
et al. (2014) and Schuett et al. (2014).

Relatedness matrix CASD-077 CASD-034 CASD-043 CAMD2_S25 CASD-045

F M M M M

CA-77 CA-34 CA-43 CA-37 CA-45

CASD-077 F CA-77 x

CASD-034 M CA-34 0 x

CASD-043 M CA-43 0.08 0 x

CAMD2_S25 M CA-37 0.1029 0.0444 0.1027 x

CASD-045 M CA-45 0.06 0 0.004 0 x

Relatinoship matrix CASD-077 CASD-034 CASD-043 CAMD2_S25 CASD-045

F M M M M

CA-77 CA-34 CA-43 CA-37 CA-45

CASD-077 F CA-77 x

CASD-034 M CA-34 u x

CASD-043 M CA-43 u u x

CAMD2_S25 M CA-37 HS u HS x

CASD-045 M CA-45 u u u u x
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Table S4. Genotype results of adult Western Diamond-backed Rattlesnakes (Crotalus atrox) from Den 
AD-6 at the Suizo Mountains, AZ, USA. Site was sampled from 2001 to 2010. HS = half-sibs. See Clark 
et al. (2014) and Schuett et al. (2014).

Relatedness 
matrix

CASD-044 CASD-046 CAMD00
7

CASD-
068

CASD-
082

CASD-
084

CASD-
111

F F M M M M M

CA-44 CA-46 CA-7 CA-68 CA-82 CA-84 CA-111

CASD-044 F CA-44 x

CASD-046 F CA-46 0.04 x

CAMD007 M CA-7 0 0.03 x

CASD-068 M CA-68 0.03 0.05 0 x

CASD-082 M CA-82 0.06 0 0 0.03 x

CASD-084 M CA-84 0.04 0.05 0 0.03 0.05 x

CASD-111 M CA-111 0.04 0 0 0.04 0.03 0 x

Relationship matrix CASD-044 CASD-046 CAMD00
7

CASD-
068

CASD-
082

CASD-
084

CASD-
111

F F M M M M M

CA-44 CA-46 CA-7 CA-68 CA-82 CA-84 CA-111

CASD-044 F CA-44 x

CASD-046 F CA-46 u x

CAMD007 M CA-7 u u x

CASD-068 M CA-68 u u u x

CASD-082 M CA-82 u u u u x

CASD-084 M CA-84 u u u u u x

CASD-111 M CA-111 u u u u u u x

Table S5. Genotype results of adult Western Diamond-backed Rattlesnakes (Crotalus atrox) from Den 
AD-7 at the Suizo Mountains, AZ, USA. Site was sampled from 2001 to 2010. HS = half-sibs. See Clark 
et al. (2014) and Schuett et al. (2014).
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Relate
dness 
matrix

CASD
-047

CASD
-058

CASD
-040

CASD
-076

CASD
-078

CASD
-079

CASD
-092

CASD
-043

CASD
-073

CASD
-074

CASD
-X057

F F M M M M M M M M M

CA-47 CA-58 CA-40 CA-76 CA-78 CA-79 CA-92 CA-43 CA-73 CA-74 CA-
x57

CASD
-047

F CA-47 x

CASD
-058

F CA-58 0 x

CASD
-040

M CA-40 0 0 x

CASD
-076

M CA-76 0 0.02 0.06 x

CASD
-078

M CA-78 0 0 0.09 0 x

CASD
-079

M CA-79 0 0.06 0.06 0.03 0 x

CASD
-092

M CA-92 0.02 0 0 0 0 0 x

CASD
-043

M CA-43 0 0 0.02 0 0 0.03 0 x

CASD
-073

M CA-73 0.002 0.01 0 0.06 0 0 0 0 x

CASD
-074

M CA-74 0 0.007 0.06 0.07 0 0 0 0 0 x

CASD
-X057

M CA-
x57

0 0.02 0 0 0.08 0 0 0.003 0 0.05 x

Relationship 
matrix

CASD
-047

CASD
-058

CASD
-040

CASD
-076

CASD
-078

CASD
-079

CASD
-092

CASD
-043

CASD
-073

CASD
-074

CASD
-X057

F F M M M M M M M M M

CA-47 CA-58 CA-40 CA-76 CA-78 CA-79 CA-92 CA-43 CA-73 CA-74 CA-
x57

CASD
-047

F CA-47 x

CASD
-058

F CA-58 u x

CASD
-040

M CA-40 u u x

CASD
-076

M CA-76 u u u x

CASD
-078

M CA-78 u u u u x
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CASD
-079

M CA-79 u u u u u x

CASD
-092

M CA-92 u u u u u u x

CASD
-043

M CA-43 u u u u u u u x

CASD
-073

M CA-73 u u u u u u u u x

CASD
-074

M CA-74 u u u u u u u u u x

CASD
-X057

M CA-
x57

u u u u u u u u u u x

Table S6. Genotype results of adult Western Diamond-backed Rattlesnakes (Crotalus atrox) from Den 
AD-8 at the Suizo Mountains, AZ, USA. Site was sampled from 2001 to 2010. HS = half-sibs. See Clark 
et al. (2014) and Schuett et al. (2014).

Relatedness 
matrix

CASD-064 CASD-101 CASD-102 CASD-097

F F F M

CA-64 CA-101 CA-102 CA-97

CASD-064 F CA-64 x

CASD-101 F CA-101 0 x

CASD-102 F CA-102 0.07 0.04 x

CASD-097 M CA-97 0 0.01 0 x

Relationship matrix CASD-064 CASD-101 CASD-102 CASD-097

F F F M

CA-64 CA-101 CA-102 CA-97

CASD-064 F CA-64 x

CASD-101 F CA-101 u x

CASD-102 F CA-102 u u x

CASD-097 M CA-97 u u u x

Table S7. Genotype results of adult Western Diamond-backed Rattlesnakes (Crotalus atrox) from Den-9 
at the Suizo Mountains, AZ, USA. Site was sampled from 2001 to 2010. HS = half-sibs. See Clark et al. 
(2014) and Schuett et al. (2014).
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R matrix CASD-040 CASD-052 CASD-053

M M M

CA-40 CA-52 CA-53

CASD-040 M CA-40 x

CASD-052 M CA-52 0 x

CASD-053 M CA-53 0.24 0.02 x

Relationship matrix CASD-040 CASD-052 CASD-053

M M M

CA-40 CA-52 CA-53

CASD-040 M CA-40 x

CASD-052 M CA-52 U x

CASD-053 M CA-53 HS U x

Table S8. Genotype results of adult Western Diamond-backed Rattlesnakes (Crotalus atrox) from Den 1 
at the Suizo Mountains, AZ, USA. Site was sampled from 2001 to 2010. HS = half-sibs. See Clark et al. 
(2014) and Schuett et al. (2014). There was no relatedness between these two male snakes.

CASD-096 M CA-96

CASD-
x023

M CA-x23
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Figure 1. Annual cycle and phenology of behavioral, physiological, reproductive, and life history events for 
adult Crotalus atrox at Suizo Mountains (Pinal County, Arizona), and nearby areas, based on 15 consecutive 

years (2001–2015) of research [28, 29, 36–40]. Note: Shed Cycle refers to skin shedding (ecdysis). 
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Figure 2. Examples of interactions used to quantify social network structures for western diamondback 
rattlesnakes (Crotalus atrox) inhabiting the Suizo Mountains in Arizona, USA: A) Adults occupying a 
communal den, B) male and female copulating, C) mother with neonates and D) shed skins used to 
genotype individuals. Photos A, C, and D taken by Roger Repp, and B taken by Brendan O’Connor. 
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Figure 3. Spatial data on our focal group (22 males, 28 females) of adult Crotalus atrox. A) Annual home 
ranges (minimum convex polygons; MCP) of males (blue) and females (orange) that were observed 

overwintering in communal dens (AD = den ID). B) Sites where males overwintered in isolation (pink 
diamonds) or communal dens in relation to their annual home range; C) Home ranges of males and females 
that were observed engaging in reproductive behaviors. D) Sites where females gave birth (blue triangles) 

and overwintered privately (pink circles) or in communal dens (white squares) in relation to their home 
range.   
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Figure 4. Modularity of individuals’ A) denning network, B) pairing network, and C) parentage network of 
Crotalus atrox subjects in this study. Inner boxes indicate subsets of individuals interacting preferentially 
with each other (i.e., modules). In A), individuals of both sexes can be at the x and y axis since multiple 

males and females may share a communal den. In C) color intensity indicates the number of offspring sired. 
In C), UM indicates “unidentified male” (sampled but not radio-tracked; see text). Nine unidentified males 

were genotyped in the analysis: UM 1–4, 7–9, and 10, 13. See [46]. 
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