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Abstract
Previous research has shown that competition, familiarity, diet, and relatedness can all influence aggregation patterns in garter
snakes. We controlled for these factors and examined social aggregation patterns in juvenile Eastern garter snakes (Thamnophis
sirtalis sirtalis). We assayed snakes individually for consistent individual differences in boldness and sociability. We then placed
snakes in groups of 10 in an enclosure with four shelters and observed their social interactions over a period of 8 days. We
demonstrate that the snakes actively seek social interaction, prefer to remain with larger aggregates, and associate nonrandomly
with specific individuals or groups. We show that their social interaction patterns are influenced by individual boldness, socia-
bility, and age. The snakes’ social networks were perturbed twice a day by “shuffling” their locations. Despite these disturbances,
the snakes eventually re-formed their preferred social environment. Aggregation and exploration patterns also varied across time,
with most activity occurring later in the day. These results highlight the complexity of snake sociality and may have important
implications for conservation efforts.

Significance statement
Snakes are often considered nonsocial animals, but this is inaccurate. We used social network analyses to compare juvenile
Eastern garter snakes’ group behaviors to their individual personalities. Our research demonstrates that these snakes actively seek
out social interaction and prefer to join and remain with larger groups and that their social interaction patterns are influenced by
consistent individual differences in boldness and sociability. Our work contributes to a sparse but growing body of literature on
sociability in reptiles. This work is important for changing perceptions among the scientific community and the public as a whole.
As a consequence, it may aid efforts in developing appropriate conservation techniques that consider sociability patterns in
relocated reptiles.
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Introduction

Although it is recognized that almost all animal species must
interact socially at various times, the majority of research on

sociality has focused on a small percentage of animal species
(Bonnet et al. 2002; Pawar 2003). Fortunately, this taxonomic
bias has started to shift, with researchers examining social cog-
nition in a wider array of taxa (Hatchwell 2010; Wilkinson et al.
2010; Edsinger and Dölen 2018). Reptiles are often considered
asocial and, as such, have often been ignored in studies of social
cognition (Doody et al. 2013). This bias is exacerbated by the
fact that in some reptile species, social interactions are hidden,
due to their secretive nature, and that social communication is
often conducted via invisible chemical cues. These hidden social
interactions have been termed “Cryptic Sociality” (Hatchwell
2010; Clark et al. 2012), and though they are more difficult to
study, they provide an important piece of the evolutionary puzzle
for understanding sociality across taxa (Burghardt 1977; Clark
et al. 2012; Doody et al. 2013).
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Among reptiles, snakes are often considered the least social
(Doody et al. 2013). However, research on sociality in snakes
has uncovered parental care in pit vipers (Greene et al. 2002)
and African pythons (Python natalensis; Alexander 2018), co-
ordinated hunting in Cuban boas (Chilabothrus angulifer;
Dinets 2017), social grouping in sea snakes (Emydocephalus
annulatus; Shine et al. 2005), and deception in red-sided garter
snakes (Thamnophis sirtalis parietalis; Mason and Crews
1985). Additionally, research on snake aggregation has re-
vealed complex patterns of conspecific recognition (Burghardt
1983; Yeager and Burghardt 1991; Clark et al. 2012).

Snakes additionally form aggregations (see Graves and
Duvall 1995 for a review), most commonly for mating
(Luiselli 1996; Shine et al. 2003) and, especially in colder
climates, for hibernation (Carpenter 1953; Larsen et al.
1993). Other evidence suggests that certain snake species ag-
gregate for the purpose of giving birth (Reichenbach 1983),
and some snakes may use communal shedding grounds
(Loughran et al. 2015). Research on snake aggregation has
also been able to tease apart specific aggregation patterns.
For example, fieldwork on aggregations of timber rattlesnakes
(Crotalus horridus) within den sites demonstrated kin recog-
nition (Clark et al. 2012), and social network analysis of ag-
gregations of Arizona black rattlesnakes (Crotalus cerberus)
demonstrated nonrandom association patterns, including more
interactions than would be expected by chance in male, fe-
male, and juvenile snakes, as well as selective associations
with preferred conspecifics (Schuett et al. 2017). Studies of
aggregation patterns in the lab have demonstrated that snakes
are capable of conspecific recognition (Burghardt 1983;
Graves and Halpern 1988), as well as examining the particular
information they may use for determining where, and with
whom, they should aggregate (Heller and Halpern 1982;
Lyman-Henley and Burghart 1994).

Instances of accidental aggregation, resulting from mutual
attraction to resource-rich locations, are likely under some
conditions (Gregory 2004). However, it seems more likely
that many social interactions are the result of aggregation ben-
efits. Grouping has numerous possible benefits (Krause and
Ruxton 2002), and for snakes, these benefits include thermo-
regulation (Graves and Duvall 1987), protection from water
loss (Nobel and Clausen 1936), and protection from predation
(Graves and Duvall 1995). On the other hand, aggregation has
some unique costs for snakes: snakes cannot share food and,
among communally housed neonate and juvenile snakes, food
fights can be both common and deadly (Yeager and Burghardt
1991). Furthermore, predators may be attracted to aggrega-
tions of snakes (Shine et al. 2001), and heat kleptoparasitism
from other male snakes is a purported strategy used by she-
male red-sided garter snakes (T. sirtalis parietalis) to warm up
after emerging from hibernation (Shine et al. 2012).

We hypothesized that in a laboratory setting, in which the
environment was held constant and resources such as food and

water were plentiful, juvenile Eastern garter snakes
(Thamnophis sirtalis sirtalis) would nonetheless actively seek
out social interaction. Additionally, like other strategies that
have both costs and benefits, we expected to see individual
variability in exploiting of the safety of the group (Jolles et al.
2017): since aggregating may require temporarily leaving the
safety of a shelter to seek a group to join, some snakes may
choose to avoid the risk and remain in their current shelter.

Eastern garter snakes inhabit a wide geographic area rang-
ing fromCanada to the Southern United States (Rossman et al.
1996). As a result of this extensive range, there is large vari-
ability in their behavioral patterns. For example, northern pop-
ulations communally hibernate for many months while south-
ern populations have much longer active periods and, in some
cases, may not hibernate at all (Rossman et al. 1996). As a
result of communal hibernation, northern populations of
Eastern garter snakes interact socially in the fall when they
return to their hibernation sites and again in the spring when
they emerge from hibernation to mate. Additionally, pregnant
females have been found to aggregate in the summer at
birthing sites (Reichenbach 1983; Rossman et al. 1996).
Eastern garter snakes will also follow the scent of conspecifics
(a behavior known as trailing; Heller and Halpern 1981).
Unlike many species that derive benefits in both safety and
foraging from social interactions (Krause and Ruxton 2002),
garter snakes often aggregate at times of vulnerability but
cannot share food and therefore hunt and eat independently
(Lyman-Henley and Burghardt 1994; Rossman et al. 1996).

Building on earlier work that examined aggregation in
snakes (Dundee and Miller 1968; Heller and Halpern 1982;
Burghardt 1983), we placed groups of 10 snakes in an arena
that contained four shelters and tracked their movements and
social interactions. In this group context, we used social net-
working statistics to quantify the snakes’ social interactions,
and additionally, we measured their boldness in the group
environment. We also assayed each snake independently for
consistent individual differences (sometimes called “animal
personality”). We tested for sociability, and—based on
Mayer et al.’s (2016) procedure using keelback snake hatch-
lings (Tropidonophis mairii)—we also tested their boldness.
As such, we had both group- and individual-context measures
of sociability and boldness. To our knowledge, few tests of
individual differences in sociability have been performed on
snakes. However, propensity to approach a shelter that smells
like a conspecific has been used to assess sociability in a
species of lizard (Lacerta vivipara; Cote and Clobert 2007).
Based on this work, we used likelihood to approach conspe-
cific odor to assess sociability in our snakes. We based our
sociability test paradigm on an experiment by Graves and
Halpern (1988), which was designed to determine if garter
snakes could detect the difference between conspecific and
heterospecific skin lipids. Individual assay results were com-
pared to behavior in the group experiment.
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Methods

Subjects and housing

Three gravid female Eastern garter snakes were collected from
field sites in Ontario, Canada, in July 2017. These snakes were
transported to the laboratory where they were housed individ-
ually and gave birth shortly after arriving in the lab. Our sam-
ple consisted of 30 snakes that were born to these wild-caught
mothers and 10 additional snakes of approximately the same
age (from a single litter) purchased from a local breeder. The
total sample size was 40 juvenile snakes.

As both familiarity and kinship can influence social patterns
(Hoss et al. 2015), we primarily tested snakes in familiar groups
of siblings (hereafter referred to as batches or Batch 1, 2, 3, and
4). As such, snakes were communally housed in their testing
groups, which were also sibling groups. Although all snakes
were communally housed in their sibling groups to begin with,
it was necessary to divide the older batches as they outgrew
their living quarters (e.g., Batches 3 and 4 were split into two
tanks of five snakes each). As a result of communal housing, all
the snakes in Batches 1, 3, and 4 were familiar with each other
at the time of testing. Due to uneven litter sizes, Batch 2 was an
exception to this pattern. The snakes from Batch 2 were of
mixed parentage and were housed in two separate groups.
Eight of the snakes were housed in one aquarium. This aquar-
ium contained seven siblings and one non-sibling that was ac-
cidentally placed in the tank before the snakeswere individually
marked. The other two snakes, siblings from a different mother,
were housed separately. Therefore, in Batch 2, 2 of the 10
snakes were both unrelated and unfamiliar to the majority of
their batch mates at the time of testing.

Throughout the time the snakes were housed in our facility,
they had access to belly heat (30 °C) provided by heat tape
(THGHeat) placed under their aquariums. The housing room
was maintained at 22 °C, with a 12-h light cycle from 7 am to
7 pm. Shelters were placed on both the warm and cool sides of
the aquariums, and snakes were fed a mixed diet of chopped
night-crawlers (Pagonis Live Bait, Toronto) and defrosted
chopped cod fillets (Great Value) twice a week, with vitamin
supplements (Zilla) provided as necessary. Clean water was
provided daily. All snakes were sexed at the end of the exper-
iment, with the exception of two snakes that died.

Apparatus

The aggregation experiment was conducted in a 73.7-cm2

tabletop enclosure made of 35.6-cm-high polyethylene walls
(Fig. S1; all supplementary tables and figures are found in
Online Resource 1), which was placed in the snakes’ housing
room. The center of the enclosure was covered with 12 sand-
stone squares (GlassCoasterStore.com). Four black plastic
reptile shelters (14 cm × 10.2 cm × 5 cm, Cornel’s World)

were placed, one along the center of each wall. The snakes
were tested in four batches of 10 snakes. Due to the large size
of the snakes in Batch 4, it was necessary to increase the
shelter size for this batch (to 15 cm × 14 cm × 6 cm) in order
to allow comparable-sized aggregations to form. White paper
towels were placed underneath each shelter for ease of
cleaning. Small plastic water dishes were placed in each cor-
ner of the enclosure. For the batches with larger snakes, small
triangles of plastic mesh were taped to the four top corners of
the enclosure to prevent the snakes from escaping. A DSLR
camera (Canon EOS Rebel T5i) was mounted above the en-
closure such that the entire testing arena was visible. The
camera was connected to a laptop which recorded a 5184 ×
3456 pixel image of the testing arena every 5 s for the 12 h of
light on each day of the experiment (from 7 am to 7 pm).
Pictures were sufficiently detailed such that individual snake
markings (described below) could be identified in each image.

The individual boldness assays were conducted in a 54.6-cm2

testing arena made from 24-cm-high PVC boards, with a clear
sheet of acrylic placed on top to prevent escapes (Fig. S2A). A
black plastic reptile shelter (the same kind used in the aggregation
experiment) was placed against the center of one wall. Trials were
video recorded using a camcorder (PanasonicHC-V700)mounted
above the arena such that the entire testing arena was visible.

The arena for individual sociability assays consisted of a
Styrofoam box (40.6 cm × 45.7 cm × 33 cm) with two black
plastic reptile shelters (of the same kind as used in the aggre-
gation experiment) placed at 45° angles in the far corners
opposite the start location (Fig. S2B). A clear sheet of acrylic
was used to cover the arena. Trials were recorded using a
camcorder (Panasonic HC-V700) mounted above the arena
such that the entire arena was visible. Snakes were placed into
the arena through a small door cut out of the wall opposite the
shelters, which was covered after the snake entered the arena.
To create a social stimulus, we extracted skin lipids from shed
juvenile snake skins based on a process described by Graves
and Halpern (1988; see Online Resource 1). The skin lipid
mixture was produced from pooled snake sheds taken from
both male and female snakes. For each sociability assay, 10
drops of the lipid solution were placed on a piece of 4-μm
filter paper which was then placed at the entrance to one of the
shelters, designated the social shelter. As a control, 10 drops of
dichloromethane were placed on a second piece of filter paper,
placed under the entrance of the other shelter, designated the
Control Shelter. The sides of the Social and Control Shelters
were pseudo-randomized across individuals.

Procedure

Aggregation experiment

Snakes were tested in the aggregation experiment in four
batches of 10 individuals each. Each snake was a member of
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only one batch and was only tested once. Batch 1 consisted of
10 siblings with identified parentage, purchased from a local
breeder. The remaining three batches were born in the lab to
wild-caught female snakes (adult female B, adult female C,
and adult female D). Batch 2 consisted of two snakes born
from adult female B, seven snakes born from adult female C,
and one snake born from adult female D. Batch 3 consisted of
10 siblings born from adult female C, and Batch 4 consisted of
10 siblings born from adult female D. The paternity of these
three batches was not known. The snake demographics of
each batch were as follows: Batch 1: fivemales, three females,
two unsexed, age at testing = 6 months; Batch 2: five males,
five females, age at testing ≈ 7 months; Batch 3: four males,
six females, age at testing = 8months; and Batch 4: fivemales,
five females, age at testing = 9 months.

Before starting the experiments, nontoxic nail polish
(Adrianne K) was used to individually mark each snake with
one, two, or three colored dots on their head. Dot patterns
were unique within each batch of 10 snakes. As dot patterns
were lost during shedding, it was necessary to monitor the
snakes closely during the testing period to ensure that dot
pattern identities remained consistent. Snakes were re-
marked after each shedding. Monitoring the snake identities
involved checking the snakes every day, recording any defin-
ing features of the snakes, and weighing the snakes eachweek.
For the duration of each batch’s testing, the combination of
these practices allowed us to reliably maintain the identities of
each snake. Subjects remained in the aggregation experiment
enclosure for 8 days. In order to ensure that each batch expe-
rienced 8 full days and to allow for a period of habituation,
snakes were placed into the enclosure the day before the ex-
periment began and removed on the morning of day 9.
Subjects were weighed before entering the experiment and
again upon its completion. Due to a camera malfunction, data
from parts of day 6 and day 7 were lost for some batches, and
therefore, these days were excluded from analysis.

To control for the effects of differences in diet on aggrega-
tion patterns (Lyman-Henley and Burghardt 1994), snakes
were fed an all-worm diet beginning at least 1 week prior to
the start of the experiment. Feedings also occurred on days 3
and 7 of the experiment, at which time the snakes were re-
moved from the enclosure and individually fed chopped
worms. This was done to mitigate the effects of food compe-
tition on aggregation patterns (Yeager and Burghardt 1991).
During their removal for feeding, the experimental apparatus
was cleaned with 70% isopropyl alcohol and then washed and
dried thoroughly. After the apparatus was cleaned, the shel-
ters, paper towels, and water dishes were replaced.

On each full day of the experiment, twice a day, an exper-
imenter would briefly raise each shelter and record the loca-
tions of the snakes using a handheld video camera.
Additionally, after recording locations, all the snakes were
removed from the enclosure, the shelters and paper towels

were replaced, the water was changed, and the areas around
the shelters were cleaned with 70% isopropyl alcohol and then
washed and dried thoroughly. The snakes’ positions were then
shuffled. To shuffle the snakes, we either released them all in
the center of the enclosure (Central) or placed them in partic-
ular shelters based on four different predetermined release
patterns (Forced; see Table S1). For Central releases, we
placed the snakes into a container and then simultaneously
released them into the center of the arena. For the Forced
release, we positioned each snake’s head at the entrance of
the predetermined shelter and allowed it to slither in. Snakes
readily entered the shelters, although on occasion they left
before the rest of the snakes were placed into their respective
shelters. These predetermined release patterns were designed
to test if snakes had a preferred group size. We hypothesized
that the snakes would demonstrate group stability in dense
release patterns and transitivity in dispersed release patterns.
However, these release patterns had no effect on grouping
patterns and, as such, were not considered in our analysis.

Individual behavioral assays

Individual behavioral assays for boldness and sociability were
conducted following the aggregation experiment. Snakes
were tested three times on each assay, and each trial lasted
20 min. Snakes were not tested on days when they were fed,
and each snake completed their assays within a single week.
For each batch, the time between their individual behavioral
assays and their aggregation assay varied, but all testing (in-
dividual and group) occurred within a 1- to 3-month period.
Due to camera malfunctions, data for five trials were lost (four
individual boldness trials and one individual social trial).
Additionally, two snakes died after they had completed the
aggregation experiment but before they could complete their
individual assays. Snakes with missing trial data were exclud-
ed from all analyses that included data from these assays.

For the boldness assay, snakes were initially placed into the
shelter in the same way as in the aggregation experiment. We
recorded the proportion of the session that the snake spent out
of the shelter. For the sociability assay, snakes were gently
placed into the test arena through the entrance hole. We re-
corded the proportion of time the snake spent in or on top of
the shelter containing conspecific odor as a proportion of total
time spent in or on both shelters.

Statistical analysis

We used mixed effect models to account for the repeated mea-
sures nature of our analysis. For all statistical tests that con-
sidered batches, we used mixed effect linear models or gener-
alized linear mixed effect models with a random intercept for
Subject nested in Batch (analysis 1, henceforth referred to as
“Method A1”) or with Batch as a random slope and Subject as
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a random intercept (analysis 2, henceforth referred to as
“Method A2”). When the time of interest was not on the scale
of days (for example comparing mornings to afternoons), we
added Testing Day as a random intercept (analysis 3, hence-
forth referred to as “Method A3”). To compare exploration
rates to those expected by chance, we used Pearson’s chi-
squared test (analysis 4, henceforth referred to as “Method
A4”; see also Supplementary Materials). We also estimated
the repeatability of individual differences in sociability and
boldness. To do this, we used mixed effect linear models
and examined the consistency of the variance explained by
subject (a random intercept) across time/trials (analysis 5,
henceforth referred to as “Method A5”). This was done using
the r package rptR (Stoffel et al. 2017). To confirm our repeat-
ability findings, we also used Kendall’s test of concordance to
examine whether or not the snakes had similar ranks in their
social preferences across testing (analysis 6, henceforth re-
ferred to as “Method A6”). When analyzing data from indi-
vidual tests (in which there were no groups), we used repeated
measures linear (or general linear) models (analysis 7, hence-
forth referred to as “Method A7”).

Due to the nature of our measures, the distributions of the
variables were rarely normal. As such, we used transforma-
tions when it resulted in normalizing the residuals in our
models. We used arcsine transformations for proportional var-
iables, and for all other variables, we used the Tukey ladder of
powers to find a transformation with the closest approxima-
tion to normality (Tukey 1977). In situations in which it was
necessary to compare distributions, we used two-sample
Kolmogorov-Smirnov tests (KS test) to determine if the dis-
tributions were sampled from the same population (Sprent and
Smeeton 2001; analysis 8, henceforth referred to as “Method
A8”).

In the aggregation experiment, we only sampled points in
which a snake made a choice (moved from one zone to anoth-
er). When appropriate, we based our analyses on these indi-
vidual choices (e.g., how long a snake stayed in a shelter after
transitioning into the shelter). Along with asking questions
about these individual choices, we also used social network
statistics to quantify behavior in the group experiment. We
used a variety of social network measures to describe the
snakes’ grouping patterns, including transitivity, closeness
centrality, network degree, weighted degree, association pref-
erence, and homophily between familiar subgroups of siblings
in Batch 2. Each of these measures is described in the
“Results” section. In our data, we had complete knowledge
of all snakes’ locations (at all times) and therefore used a
simple-ratio index to quantify associations for our analysis.

Analysis

In the aggregation experiment, positions of all snakes were
manually coded from the DSLR images each time theymoved

from one zone of the enclosure to another. Each of the four
shelters and the area around each of the four water dishes were
designated as a zone; separate zones were also defined for the
area around each shelter and the central portion of the enclo-
sure (Fig. S1). Each time a snake’s head completely crossed a
zone boundary, we recorded the frame number, identity of the
snake, and the new zone it occupied using a custom
ethologger program. Due to the nature and quantity of our
data, completely blind methods were neither possible nor
completely necessary. For example, it was not possible to
know which snakes were social and which were nonsocial
during coding. However, tominimize observer bias, all behav-
ioral data were recorded electronically, and the ethologger
program used for data analysis was designed to minimize data
analysis ambiguity.

Traversing an environment is a common metric for mea-
suring boldness in animals (Chiszar et al. 1976; Wilson et al.
1993). Therefore, in the boldness assay, we manually coded
from the videos whenever the snake was outside the shelter.
For the sociability assay, we coded the times each snake en-
tered or climbed on top of each of the two shelters.
Preliminary analysis of the social assay data suggested that
snakes partly lost interest in the social shelter by their second
trial and completely by their third trial. Scores on sociability
assay trials were not significantly repeatable (Radj | trial = 0.04,
95% CI = [0.00, 0.27], p = 0.34; Method A5), and the snakes
were not consistent in their ranks (Kendall’s Wt = 0.35, p =
0.38). We therefore excluded trials 2 and 3 and evaluated
sociability based on the results of the first sociability assay
only. Boldness scores were based on data from all three bold-
ness assays.

Across all our data, we found that older snakes were also
heavier (r = 0.83, t(36) = 8.80, p < 0.001); we therefore con-
sidered only the effects of weight and not age in our analyses.

Analyses were conducted in R (R Core Team 2017) using
the psych, DescTools, lme4, nlme, asnipe, rcompanion, rptR,
assortnet, and igraph packages, and in Mathematica (version
10.0; Wolfram Research).

Results

Individual behavioral assays

Male and female snakes did not differ in weight (KS test;D =
0.32, p = 0.26; Method A8). Time spent out of the shelter
differed between individuals and decreased across the three
boldness assay trials that each snake completed (Fig. S3; ef-
fect of individual: F(37,70) = 5.20, p < 0.001; effect of trial:
F(2,70) = 14.60, p < 0.001; Method A7). Heavier snakes were
bolder (F(1, 34.9) = 6.16, p = 0.018; Method A5). Boldness
assay scores were significantly repeatable (Radj | trial = 0.57,
95% CI = [0.37, 0.72], p < 0.001; Method A5), and snakes
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were similar in their boldness ranks across trials (Kendall’s
Wt = 0.66, p < 0.001; Method A6). We therefore averaged
all three scores to give each snake a single boldness score.
Males (M = 0.34, SD = 0.23) were marginally bolder than fe-
males (M = 0.19, SD = 0.17; t(32) = 2.07, p = 0.046).

In our sociability assay, snakes spent more time in or on the
social shelter than the control shelter (M = 65%, SD = 31%;
compared to 50%: t(33) = 2.68, p = 0.011). Sociability scores
correlated negatively with boldness scores (r = −0.38, t(31) =
−2.32, p = 0.014) but not with weight (r = 0.26, t(35) = 1.58,
p = 0.062) or sex (D = 0.18, p = 0.84; Method A8).

Group/aggregation experiment

In the group assay, the snakes spent most of their time shel-
tering. On average, snakes spent 94% (SD = 0.01) of their
time in one of the four shelters. Males spent more time shel-
tering than females (D = 0.42, p = 0.001; Method A8). Time
sheltering did not correlate with boldness scores from the in-
dividual assays (r = −0.25, t(32) = −1.45, p = 0.08), sociability
scores (r = 0.22, t(35) = 1.35, p = 0.09), or weight (r = −0.15,
t(36) = −0.89, p = 0.19).

Boldness changed between the individual and group assay.
In the group assay, we defined boldness as the amount of time
spent outside the shelter. Since we measured the time spent
outside a shelter both when alone (in the boldness assay) and
in a group, we defined Δboldness as the difference between
these values, a possible proxy for social effects on boldness
(e.g., Guayasamin et al. 2017). To examine Δboldness, we
first converted both boldness scores (from the individual assay
and from the group context) into z-scores. Each snake then
had two boldness z-scores which we subtracted from each
other to provide a single change-in-boldness score. Snakes
spent less time out of the shelter when in a group than when
alone (Δboldness: M = 0.17, SD = 0.21), with a larger effect
in males (M = 0.25, SD = 0.22) than females (M = 0.09, SD =
0.17; t(32) = 2.49, p = 0.018; Fig. S4).

In the group context, snakes actively searched for a large
aggregate. As snakes explored the arena, they frequently vis-
ited shelters, and the duration of their visits correlated with the
number of individuals already present in that shelter (Fig. 1).
That is, snakes were more likely to stay for longer in a shelter
that already contained a large number of snakes (F(9,4646) =
387.95, p < 0.001). We did not find a main effect for Batch,
indicating that the propensity to stay in a shelter that already
had a large number of snakes was consistent across batches
(F(3,36) = 1.11, p = 0.36). However, there was a significant
interaction between Batch and the number of snakes already
in the shelter (F(3,4651) = 11.43, p < 0.001; Method A2). To
assess this interaction, we examined the model slopes for each
batch and found that Batch 4 was significantly different from
the other three batches (all p’s < 0.001) whereas Batches 1, 2,
and 3 did not significantly differ from each other (all p’s >

0.85). Batch 4 (the oldest batch) had a much shallower posi-
tive slope, suggesting that the number of snakes already in a
shelter was less influential in their sheltering decisions.

To assess general preferences for aggregate size across
batches, we used a similar model with number of snakes in a
shelter (aggregate size) converted to a categorical variable. We
then used planned comparisons to compare the time spent in
each different-sized aggregate to the grand mean of time spent
in all aggregates (deviation contrasts). These comparisons re-
vealed that, overall, snakes spent significantly less time than
average in shelters with two or fewer snakes (all p’s < 0.05).
Time spent in shelters with three to eight snakes was no dif-
ferent from the average (all p’s > 0.09). In summary, when a
snake entered a shelter, it was more likely to stay for longer if
the shelter already contained a larger number of snakes. These
results suggest that snakes may seek a specific population
density when sheltering and that their preferred density may
change with age.

Time-of-day effects

Snakes were shuffled twice a day in the group experiment,
being removed from their shelters and either all released into
the center of the arena or placed into specific shelters
(Table S1), and we therefore compared behavior across the
three segments of each day: from lights-on to the morning
shuffle (morning), from the morning to the afternoon shuffle
(midday), and from the afternoon shuffle to lights-out (after-
noon). Snakes spent more time exploring in the afternoon than
in the morning or midday (Fig. 2; ANOVA, day as a random
variable; effect of Batch: F(3,83) = 1.97, p = 0.12, effect of
day segment: F(2,83) = 16.50, p < 0.001; Method A2). Post
hoc tests revealed that significantly more snakes explored in
the afternoon than in either the morning or midday (p’s <
0.001) whereas morning and midday did not significantly dif-
fer (p = 1.00). Snakes tended to stay slightly longer when we
placed them in shelters than when we released them into the
center of the arena and they could choose a shelter
(F(1,592) = 10.04, p = 0.002; Method A3). However, inde-
pendently of whether or not the snake chose the shelter, snakes
spent more time in their first post-release shelter in midday
than in the afternoon (F(1,592) = 41.69, p < 0.001; Method
A3). Overall, this suggests that our manipulated release pat-
terns had a slight effect on determining the length of stay in a
shelter, but time of day and social exploration were more
important factors. The slight effect of forcing snakes into a
shelter most likely occurred because we tended to place
snakes in larger groups than the groups that occurred after a
central release.

Outside the shelters, when snakes did explore, they tended to
explore together, except in the afternoon. We estimated the
mean number of individuals expected to be outside the shelters
at any one time in the absence of any coordination between the
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snakes (see Online Resource 1). In the mornings, in two of the
batches, when any snakes were outside the shelters, the number
out was significantly larger than expected (Fig. 2, bars denoted
A; Batch 1: χ2 = 152.86, p < 0.001; Batch 2: χ2 = 10.85, p =
0.09; Batch 3: χ2 = 5.41, p = 0.49; Batch 4: χ2 = 37.97,
p < 0.001; Method A4). All batches displayed coordination in
midday (Fig. 2, bars denoted B; Batch 1: χ2 = 24.04, p = 0.001;
Batch 2: χ2 = 21.97, p = 0.003; Batch 3: χ2 = 32.35, p < 0.001;
Batch 4: χ2 = 18.93, p = 0.008; Method A4), and only one did
in the afternoon (Fig. 2, bars denoted C; Batch 1:χ2 = 1.20, p =
0.99; Batch 2: χ2 = 6.86, p = 0.44; Batch 3: χ2 = 18.07, p =
0.01; Batch 4: χ2 = 1.78, p = 0.97; Method A4). These results
suggest that snakes coordinated the times when they left the
shelters, mostly in midday, less so in the morning, and rarely
in the afternoons.

This coordinated activity may be, in part, caused by the
disturbance a snake’s exit has on their aggregate; this distur-
bance may induce other snakes to leave the shelter as well. To
test if this was the case, we observed all instances in which a
snake exited from a shelter and coded any subsequent snake
exits that followedwithin 1min. These exits were coded based
on whether the following snake came from the same shelter as
the disturbance (coded as 1) or not (0). Means of the values for
each individual were calculated and compared to a null distri-
bution. The null distribution consisted of the expected values
if exits had occurred at the same times but from randomly
selected shelters, taking into account the distribution of snakes
across shelters at that moment. We found that, in Batches 1–3,
snakes that followed were no more likely than chance to have
come from the same shelter as the disturbance (Batch 1: D =
0.37, p = 0.07; Batch 2:D = 0.33, p = 0.15; Batch 3:D = 0.33,
p = 0.14; Method A8). For Batch 4, who aggregated less than
the other batches overall (see above), we found that following
snakes were significantly less likely than chance to come from
the same shelter as a recent disturbance (D = 0.52, p = 0.003;

Method A8). These results strongly suggest that the coordina-
tion in our snakes’ exploration times was not solely a conse-
quence of disturbances within shelters.

Social interactions

We next constructed association networks in which individual
snakes were the nodes, and edges (i.e., connections between
individuals) represented social interactions. Edge weights
(i.e., the thickness of an edge) represented the proportion of
frames a snake spent with another individual (either in the
same shelter or both outside the shelters). As snakes’ positions
were shuffled twice a day, we constructed both averaged daily
networks and separate networks for each segment of the day
(morning, midday, and afternoon; Fig. S5). For each network,
we calculated both network-level and individual-level mea-
sures: the weighted degree of each snake (the summed

Fig. 2 Mean number of snakes out of shelter for each segment of the day,
by batch (B1–B4). Data are averaged across all 8 days of the experiment.
a, morning; b, midday; c, afternoon. Horizontal black lines give the levels
expected by chance (see Online Resource 1). Error bars show ± SEM

Fig. 1 Mean duration of visits to
a shelter as a function of the
number of snakes already in that
shelter. Dashed lines show linear
model estimates and the inset text
gives the model’s slope (see text
for details). Error bars show ±
SEM. The gray line in each panel
shows the number of times each
event occurred (right y-axis)
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weights of all its edges, in this case a metric similar to “time
spent with other snakes”), the weighted density of the network
(the summed weights of all edges), transitivity (or connected-
ness, the extent to which nodes in the network cluster), and
closeness centrality (a measure of the lengths of the shortest
paths between individuals).

Due to the physical density of our snakes in the arena and
the duration of the experiment, all our networks eventually
became completely connected all-to-all networks (Fig. S5D).
However, as snakes spent much of their time under shelter,
these networks tended to be cliquish, with high transitivity
values (Fig. S6; grand mean transitivity = 0.93, SD = 0.01;
morning, 0.91, SD = 0.04; midday, 0.94, SD = 0.03; after-
noon, 0.93, SD = 0.03). Morning networks were slightly less
cliquish, as they also contained more instances of isolated
individuals (i.e., individuals that spent the entire morning
alone in a shelter), or pairs (Fig. S5A, S7A). As snakes moved
more later in the day, midday and afternoon networks were
always fully connected (Fig. S7). During these more active
segments, as snakes sought the aggregate, centrality scores
converged to the mean (Fig. S6B), as networks became more
connected (Fig. S7B). The centrality distribution of morning
networks was significantly different from those for midday
(Fig. S6B; D = 0.33, p = 0.03; Method A8) and afternoon
(D = 0.4, p = 0.003; Method A8) networks; there was no sig-
nificant difference between the midday and afternoon distri-
butions (D = 0.23, p = 0.27; Method A8).

We used a permutation test to examine the patterns of in-
teraction in our networks (using the asnipe package in R; see
Farine 2013). All batches had association patterns that were
significantly different from chance (Table S2; all p values but
one <0.05). To examine preferences in association patterns,
we looked at the variability in association patterns for each
snake (McDonald and Hobson 2018). In this analysis, the
proportion of time that each snake spent with their batch mates
(known as “Observed Edge Weight Density” and referred to
as “O”) was compared to an expected value (known as
“Expected Edge Weight Density” and referred to as “E”).
The expected value represents a null hypothesis with an even
distribution of association preferences (i.e., the snake spends
an equal amount of time with all associated batch mates). To
test if the snakes were showing a significant preference for
associating with particular individuals, we calculated the
Observed Edge Weight Density for all the snakes across the
morning, midday, and afternoon networks. Across all time
periods, all the snakes demonstrated at least some bias in as-
sociation patterns (an “O” less than their “E”). To quantify the
general pattern, we calculated bias-corrected confidence inter-
vals for all snakes and compared them to the “E” for a fully
connected network. The results suggested that the snakes had
preferential association patterns, but the effect was stronger in
the morning (Mo = 0.869, CI[0.861, 0.873], E = 0.889) than in
the midday (Mo = 0.881, CI[0.879, 0.882], E = 0.889) or the

afternoon (Mo = 0.882, CI[0.880, 0.883], E = 0.889). Taken
together, the permutation analysis and the association analysis
suggested that juvenile garter snakes were choosing to interact
with particular individuals or particular groups of individuals.
These interaction patterns were not driven by sex as neither
sex preferentially interacted with either the same or the oppo-
site sex (MRQAP on mean daily network; all p’s for batches
by segment >0.18), and males and females had nearly identi-
cal average network densities (Welch’s t-test; Mmale = 2.85,
Mfemale = 2.81, t(35.6) = −0.42, p = 0.68). For Batch 2, in
which there were two related snakes that were both unfamiliar
and unrelated (subgroup 1) to the majority (subgroup 2), we
examined network homophily (the tendency for individuals to
associate with others that are like them). In this case, we de-
fined homophily as associations between snakes from each
subgroup. We examined homophily across all days, as well
as just mornings (see below for why we chose morning net-
works). To quantify homophily, we calculated the assortativity
coefficient (Newman 2003), which provides an r-value be-
tween 1 and −1 with positive values indicating associations
within subgroups and negative values indicating associations
between subgroups. Our analysis found a slight tendency to
associate with the unfamiliar subgroup (all days: r = −0.13, all
mornings: r = −0.04). To test if this was significantly different
from a random association pattern, we compared these r-
values to the values calculated from 10,000 random networks
and found that neither value was significant (all days: p =
0.08, all mornings: p = 0.23). This suggests that the snakes
displayed no bias for associating with individuals from either
the same or different subgroups. However, we are reticent to
make generalizations based on this finding as the sample for
this particular analysis was small since three of our four rep-
licates consisted of all related individuals.

Individual weighted degree was significantly repeatable in
the morning (Radj | day = 0.16, 95% CI = [0.05, 0.29],
p < 0.001; Method A5) and marginally so in the afternoon
(Radj | day = 0.07, 95% CI = [0.00, 0.20], p = 0.05; Method
A5) but not in midday (Radj | day = 0, 95% CI = [0.00, 0.09],
p = 1.00; Method A5). The nonparametric concordance test
revealed the same patterns in the consistency of the snakes’
relative social preferences for the morning (Kendall’s Wt =
0.31, p < 0.001; Method A6), midday (Kendall’s Wt = 0.12,
p = 0.88; Method A6), and afternoon (Kendall’s Wt = 0.23,
p = 0.05; Method A6). These tests further suggest that despite
our best efforts to manipulate the snakes’ aggregation patterns
by shuffling them, given enough time, the snakes re-formed
their chosen networks and were consistent in their social
choices.

Individual weighted degree was predicted by both sociabil-
ity and boldness. This was examined using linear mixed effect
models that tested the combined influence of sociability and
boldness on network degree for each day segment. Snakes that
were more social had higher degrees in their networks in the
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morning (main effect of sociability on degree; F(1,30) = 6.18,
p = 0.02; Method A2) but not in midday (F(1, 217) = 0.0002,
p = 0.99) or the afternoon (F(217) = 2.09, p = 0.15), suggest-
ing that morning association networks are more stable than
those measured later in the day. Since an individual’s degree
is likely negatively correlated to its boldness (sincemost of the
snakes remained in the shelters, spending more time in a shel-
ter is likely to increase degree), to test the effect of boldness on
degree for a particular day segment, we calculated for each
snake a partial boldness score, based on the proportion of time
it spent out of the shelter during the other two segments of that
day. These partial boldness scores are theoretically indepen-
dent of an individual’s degree and were entered into the mixed
effect linear models (all VIF < 2.00). Boldness had no direct
effect on degree in the morning (main effect of boldness; F(1,
31) = 1.97, p = 0.17; Method A2), midday (F(1,190) = 0.014,
p = 0.91), or afternoon (F(1,215) = 0.89, p = 0.35). However,
we found an interaction between boldness and sociability on
an individual’s weighted degree (Fig. 3) such that sociability
predicted degree less for bolder snakes in morning networks
(interaction effect; F(1, 30) = 5.06, p = 0.03; Method A2).
There was no such effect in midday (F(1,218) = 0.0004, p =
0.98) or afternoon (F(1,217) = 1.63, p = 0.20) networks. In
other words, in the morning, bold snakes’ connectivity is not
affected by their sociability, but shyer snakes that are more
social have a higher weighted degree.

Discussion

Students of social behavior distinguish between aggregations
that result from shared attraction to an external stimulus (e.g.,
two snakes accidentally sharing a particularly attractive rock)
and those that are formed for social purposes (Krause and
Ruxton 2002; also termed “biosocial attraction”; Allee
1934). Here we offer evidence that juvenile Eastern garter
snakes actively seek social interaction and vary in how they
do so. Our data suggest that (1) snakes actively seek to join
and remain part of groups—and prefer larger groups—both
when selecting a shelter and when deciding to leave a shelter;
(2) snakes display individual variability in boldness and so-
ciability, and these traits influence their aggregation patterns;
(3) snakes form nonrandom networks in which they preferen-
tially interact with some conspecifics over others; and (4) ag-
gregation patterns are repeatable over time, and snakes return
to their previous distributions after a perturbation.

Snakes seek social interaction

Previous work has suggested that external factors, such as
heat, humidity, or diet, can drive aggregation in snakes
(Nobel and Clausen 1936; Graves and Duvall 1987; Lyman-
Henley and Burghardt 1994). Our data show that juvenile

Eastern garter snakes still seek out social interaction when
the number and size of shelters, temperature, and availability
of food are all held constant. By giving our 10 snakes four
shelters, we forced them to at least partially aggregate. Despite
this, snakes left their shelters, potentially exposing themselves
to danger, explored alternative shelters, and were more likely
to remain for longer in shelters that already housed larger
groups. This effect disappeared in the oldest snakes, suggest-
ing that social aggregation in garter snakes may be an exclu-
sively juvenile phenomenon, possibly due to larger (and older)
snakes being less vulnerable to predation (Shine et al. 2001) or
more sensitive to competition. However, age was confounded
with parentage in our data, limiting our ability to answer this
question. We also note that the larger snakes may have filled
the shelters more. If snakes’ preferences for shelters depend
on the amount of space or its density, rather than the number of
conspecifics in it, this might partially account for our oldest
batch showing a diminished preference for larger groups.

We also found that our snakes coordinated the times they
spent exploring outside the shelters, especially in the middle
of the day, such that they were more likely to be outside the
shelters at the same time than would have been expected by
chance. We often observed snakes poking their heads out of
the shelters, which would have allowed them to monitor how
many others were outside at any time. Since snakes spend the
vast majority of their time sheltering, seeing other snakes out-
side is informative. Snakes may use this information to decide
when environmental conditions are right to leave shelter and
may also prefer to explore in larger groups to dilute predation
risk (Krause and Ruxton 2002). Under our laboratory
conditions—where temperature, light, and feeding schedules
are fixed—snakes co-explored most in midday, when the
overall amount of exploration was moderate, and two groups
co-explored in the morning when exploration was rare.
Snakes spent more time out of shelter and exploring in the
afternoon, but they did not coordinate the timing of their ex-
ploration. It seems likely that at least some exploration is food-
motivated. It has been documented that thermal conditions
alter snake foraging (Nelson and Gregory 2000), which is a
solitary activity (see below). Our snakes may therefore have
preferred to forage in the afternoons. However, our data sug-
gest that although their exploration was not coordinated in the
afternoon, this was also the time when they re-formed their
preferred social groupings. Since exploration and foraging are
not mutually exclusive, this suggests that the snakes’ after-
noon explorations served both purposes. Exploration in the
morning and midday, when we saw more coordination, may
be driven by other motivations separate from foraging, such as
social interaction or searching for a basking location.

We found few effects of sex on our juvenile snakes’ behav-
iors. Snakes showed no preference for associating with the same
or the opposite sex, and there was no difference in network
degree between sexes. Males spent slightly more time than
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females in shelters, were bolder, and changed their exploration
behavior more between the individual and group contexts.

Association networks

Garter snakes in our aggregation experiment formed nonran-
dom association networks. In other words, snakes did not
merely aggregate in shelters but were more likely to associate
with particular subgroups or individuals.

In our experiment, we “shuffled” the snakes twice a day,
disrupting their associations. After these perturbations, snakes
gradually re-formed their preferred groups. We found the net-
works observed in the mornings—after the longest time since a
shuffle—to be the most repeatable ones, suggesting that they
reflect the snakes’ preferred distributions. Reconstituting a pre-
ferred network may partly explain why our snakes left their
shelters more in midday and the afternoons—after being
shuffled—than the mornings (but see also above). Morning net-
works had repeatable weighted degrees and frequently contained
individuals or pairs in separate components (Fig. S7).
Additionally,morning networks reflected the effects of individual
differences. Individuals’ morning weighted degree correlated
with both their sociability—more social snakes had a higher
degree—and on an interaction between sociability and boldness
such that degree correlated with sociability only in shyer snakes.
Neither of these effects was observed at other times of day when
snakes were still re-forming their networks.

Individual differences

Though exploration or emergence from a shelter has been
used to measure boldness in a wide range of species (van
Oers et al. 2004; Cote et al. 2010; Wisenden et al. 2011),
including snakes (Mayer et al. 2016), our results suggest that
boldness in snakes comprises a slightly different suite of be-
haviors than in other taxa. Contrary to much of the literature
on individual differences, we find that snakes spend
decreasing amounts of time outside a shelter across three in-
dividual tests in a novel environment (Fig. S3; compare to
standard habituation findings, e.g., Tchernichovski et al.
1998), that snakes spend less time outside a shelter when in

a group than when alone (Fig. S4; compare, e.g., Guayasamin
et al. 2017), and that time spent outside the shelter correlates
negatively with time spent near a social stimulus (whereas
sociability is often considered independent of boldness in
other species; e.g., Jolles et al. 2017; but see, e.g., Bevan
et al. 2018). We suggest the following explanation of these
results. In most taxa, it is likely that the main driver of explo-
ration is the need to forage. Snakes, however, can satisfy their
energy requirements by eating less frequent but larger meals.
As such, when foraging is not the primary concern, particu-
larly vulnerable snakes (such as juveniles) may leave their
shelters to seek heat, social contact, or to generally decrease
environmental uncertainty. Thus, when placed in an environ-
ment with no spatial or temporal temperature gradient, in a
group, snakes locate their preferred partners or group size and
remain with them inside shelters. More social snakes may
periodically leave the shelter in search of additional or alter-
nate social contact. The inverse correlation we observe be-
tween sociability and boldness suggests a behavioral syn-
drome, driven by conflicting decisions about sheltering and
exploration (Sih et al. 2012): Sociability, in our snakes, ap-
pears to primarily occur under shelter; bolder individuals sac-
rifice the advantages of the group (and shelter) for priority
access to resources and therefore appear to be less social.

Since snakes cannot share food and competition for food
can be costly (Yeager and Burghardt 1991), snakes offer a
fascinating case study on the balancing act between maintain-
ing the protections of grouping and managing competition for
food. Finding the perfect balance may be beneficial; for ex-
ample, in broad-banded water snakes (Nerodia fasciata),
young snakes that were housed together but fed separately
grew faster than individuals that were housed together and
ate together and faster than individuals that were housed sep-
arately and fed separately. This occurred despite an equal
abundance of food in all conditions (Burghardt 1990). Garter
snakes have evolved a number of unique strategies for jug-
gling these challenges of group living. For example, male red-
sided garter snakes do not eat during the breeding season
(O’Donnell et al. 2004), and Butler’s garter snakes
(Thamnophis butleri) prefer to aggregate with individuals that
are on a different diet (Lyman-Henley and Burghardt 1994).

Fig. 3 Interaction between
boldness, sociability, and network
degree. a Morning networks. b
Midday networks. c Afternoon
networks. Shaded regions show
95% confidence intervals. See
text for details
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Our findings suggest that individual differences in sociability
are yet another way for snakes to deal with the advantages and
disadvantages of food competition and group living.

While food competition is likely of critical importance to
grouping behaviors in snakes, we recognize that there are
other advantages and disadvantages to grouping that will in-
fluence snake behavior (Krause and Ruxton 2002). For exam-
ple, sheltering in a group may provide thermal benefits, and
this effect (and others) may have driven the evolution of a
nonspecific bias in favor of social aggregation which con-
tinues to affect snakes’ decisions even when temperatures
are kept constant, as in our experiment. What is notable, how-
ever, is that snakes can also respond differently at an individ-
ual level, modulating their sociability. Although we mitigated
competition during our experiments, the snakes did have the
opportunity to compete for food while they were communally
housed. As such, it is possible that observed individual differ-
ences in social behavior were the result of differing responses
to long-term competition. Future experiments comparing so-
ciability in snakes that have never competed for food to snakes
that have may assist in furthering our understanding of the
development of social personality in snakes.

Implications

Research using social networks to examine association patterns
in Arizona black rattlesnakes (C. cerberus) demonstrated com-
plex patterns of social interactions that echo some of the find-
ings we have reported here (Schuett et al. 2017). Taken togeth-
er, it appears that the analysis of social interactions in snakes
should force us to reconsider common beliefs about snakes
being nonsocial and start examining the broader implications
of the social patterns observed in these species. Recognizing
existing social patterns is of particular importance for conser-
vation efforts. The translocation of reptiles is a common con-
servation practice used to bolster or re-establish vulnerable pop-
ulations and/or remove animals from development zones
(Dodd and Seigel 1991; Towns et al. 2016). However, the ef-
fectiveness of translocation as a conservation tool for reptiles
has been questioned (Dodd and Seigel 1991). In one study
involving the translocation of common European adders
(Viperus berus), translocated males ranged much further than
translocated females and resident males. This increased move-
ment after translocation can endanger the snakes as they venture
into unknown and/or anthropogenic landscapes (Nash and
Griffiths 2018). Our findings suggest that it might be possible
to improve the translocation of snakes by considering their
social needs or preferences. We demonstrated that young
snakes looked for each other and that male snakes spent less
time exploring in a group. These results suggest that, in social
snake species, releasing snakes in a group might help maintain
site fidelity after relocation. An important first step in this pro-
cess is determining the generalizability of conspecific attraction

across snake species. Through our individual sociability testing,
we confirmed Graves and Halpern’s (1988) finding that garter
snakes are attracted to conspecific skin lipids. This could be a
useful procedure for establishing sociability across snake spe-
cies. Once we understand the generalizability of social attrac-
tion in snakes, translocation efforts can be tailored to best en-
sure the success and development of relocated populations and,
subsequently, improve the conservation of our natural habitats.
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