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Abstract

Background Animal social systems can be described through four main components: social structure, social
organization, mating system, and care system. Social structure describes the relationships between individuals

in a population, while social organization describes the group composition, size, and spatiotemporal variation

of a population. We use the frameworks of social structure and social organization to study the social system of
Microlophus atacamensis, a lizard found in the rocky intertidal zone along the Chilean coast. The area M. atacamensis
inhabits poses specific challenges stemming from their use of two distinct habitat types in the intertidal zone: they
forage in the cool areas near the water's edge and use large rocks in more inland areas for basking and refuge.

Methods Our assessment of their social system focused on two separate populations: one to characterize social
structure by means of focal observations and social network analysis, and a second to assess social organization via
home range and core area analyses. Further, we examined the social system in two habitat types that comprise the
intertidal zone: cobble fields and interspersed large rocks.

Results Social network analysis revealed an interconnected network with a few highly central individuals. Body size
influenced the outcomes of aggressive interactions, with interactions being more common in cobble fields where
males had more associates and more repeated interactions than females. Spatial analyses revealed that the social
organization of M. atacamensis is characterized by (1) high home range overlap, specifically in the cobble fields and (2)
relatively exclusive core areas dispersed across both habitat types.

Conclusion A social system is composed of both cooperative and competitive behaviors. While our study focused on
competitive interactions, the extent and influence of cooperative behaviors is still unclear and merits future research.
We suggest that M. atacamensis has a variable social system in which territoriality on large rocks affects access to
stationary resources in that habitat (e.g., basking sites and refuges), while competition in the cobble fields could lay
the foundation for a system of dominance relationships controlling access to variable food resources in cobble field
areas of the intertidal zone.
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Introduction

An animal’s social system influences many aspects of
their ecology. Understanding social systems has been a
topic of major interest, with various studies examining
the evolution of social systems in relation to environ-
mental factors (i.e., microhabitat and resource availabil-
ity) and phylogeny [1-3]. Differential access to limited
resources can result in variations in behavior [1] that in
turn affects social interactions, and can be manifested in
how animals use space or are socially connected to one
another, either of which can affect the social system that
emerges [4].

A newly proposed comprehensive framework describ-
ing social systems uses four core components: social
structure, social organization, mating system, and care
system [4]. Social structure describes how individuals in
a social unit interact and the relationships that form from
repeated interactions (i.e., competitive and cooperative
relationships). Social organization describes the group
size, composition, and kinship patterns of a social unit
(i.e., solitary, pair-living, or group-living) including their
spatiotemporal variation. The other two components
are the mating system, often described with a categori-
cal classification of their pattern of reproduction, and the
care system, describing who cares for dependent young
and the nature of parental and alloparental care, or lack
of parental care [4].

Social Structure

Social structure is defined by the individuals in a social
group interacting repeatedly, and the patterns that arise
from their interactions. Social structure encompasses
affiliative, cooperative, or tolerant social bonds as well
as agonistic relationships [4]. The intensity, nature, and
frequency of interactions contribute to the overall social
structure, with dominance hierarchies sometimes, but
not always, playing a role [5, 6]. The accumulation of
varying types of interactions forms the basis of a social
structure, and for participating individuals results in
costs and benefits to fitness. Social structure is fre-
quently tied to fitness, as interactions modulate access to
resources. For example, dominance hierarchies and ago-
nistic interactions influence which individuals can obtain
resources like food, refuges, and mates [7]. In addition,
cooperative and tolerant interactions can affect fitness by
providing mutualistic benefits like increased fertilization
success [8], predator avoidance and detection [8, 9], bet-
ter thermoregulation [9], and, via effective communica-
tion of warning signals and information, higher foraging
efficiency [10]. While not commonly observed in rep-
tiles, allyship or “coalitions” between individuals can also

form and confer benefits to involved members [11], as
with male marine iguanas (Amblyrhynchus cristatus) that
attain higher mating success when associating proximate
to dominant males [5].

Reptiles, specifically lizards, have historically been
thought of as “asocial” or simple in their intraspecific
interactions in part owing to a relative lack of research
on reptiles [3, 12]. However, agonistic displays have been
relatively well-studied in lizards for the role they play in
access to resources and mates [e.g., 5], perhaps because
agonistic displays are more readily observed and defined
in the field, and initiated under controlled experimental
conditions. Despite the fact that many studies investigat-
ing sociality in reptiles do not make a clear distinction
between social structure and organization, the complex-
ity of reptile social behavior is increasingly being recog-
nized [12] in both the overall social system [9], and in the
frequency and complexity of cooperative behaviors (e.g.,
Pholidoscelis foraging behavior) [6]. Social network anal-
ysis provides a powerful tool for quantifying components
of social structure, as networks are built by evaluating
dyadic relationships with respect to phenotypes influenc-
ing sociality [13] and environmental influences like habi-
tat complexity [14] and seasonality [15].

Social organization

Social organization often depends on numerous factors
including population density, habitat structural com-
plexity, and resource availability, and can be examined
via group size, composition, and dynamics [1, 7]. When
essential resources are scarce but spatiotemporally het-
erogeneous, animal distributions are often linked to
the location of the resources [10], with habitat features
related to thermoregulation being especially important
for ectotherms, with the distribution of suitable locations
for thermoregulation influencing group size and compo-
sition [16—19]. Examining microhabitat use can provide
vital information on how spatial segregation between
individuals can modulate social organization.

Space use is inexorably related to social organization
as sharing space or excluding individuals from a location
affects group composition, making spatial analyses a use-
ful tool for understanding social organization [e.g., 20,
21]. Space use can be evaluated via an analysis of home
range (i.e., the area traversed during daily activities [22—
24]) and core area (i.e., an area of concentrated activity
for an individual [25]). The extent to which home ranges
or core areas overlap, which can be indicative of territo-
riality or social tolerance, provides an additional assess-
ment of social organization [26, 27].
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Social System

The social system of a species can vary considerably as a
result of their evolutionary history in combination with
the environmental characteristics of their habitat [1, 2,
27, 28]. Because there is a focus on agonistic behaviors
over cooperative behaviors in lizards, social systems
have been described in terms of dominance hierarchies
and territoriality. If a dominance hierarchy exists, social
structure will depend on relationships between individu-
als independent of location, with the result of aggres-
sive interactions often predictable based on the ranks
of individuals [29]. By contrast, if a territorial system
exists social organization is affected, with activity cen-
tered around locations where individuals exclude com-
petitors from resources [29]. Social structure and social
organization describe different characteristics of social
systems and as such, dominance hierarchies and terri-
toriality are not mutually exclusive [30]. Social network
analyses can be used to identify and quantify the social
structure, including an evaluation of whether dominance
hierarchies exist, whereas habitat use and spatial analy-
ses can be used to reveal whether the social organization
includes territoriality. Linkages between network and
spatial analyses can reveal nuanced aspects of social sys-
tems that would not be evident if only one component
was assessed [6].

The ecology of Microlophus atacamensis, a lizard
endemic to the intertidal zone in coastal Chile, provides
a unique opportunity to assess location-specific aspects
of their social system. The species occupies two habitats
in the intertidal zone—shoreline cobble fields that are
thermodynamically unfavorable but provide good food
sources, and the adjacent, more inland areas of the Ata-
cama Desert with large rock outcrops that provide bet-
ter basking and shelter options. Ocean currents circulate
cold waters year-round that keep the intertidal zone cool
but subsidized with significant food items (e.g., algae and
organic matter, plus the attracted insect food sources [31,
32]) in an unpredictable frequency, location, and density.
The defense of food resources is only beneficial at inter-
mediate abundance levels because when too low the costs
of defense exceed the gains, while at very high abun-
dances the benefits of defense are minimal [7]. Further,
the heterogeneity of resources in space and time also can
affect whether territoriality is part of the social system,
as the further apart resource patches are the larger the
territory necessary to defend, and the higher the costs of
defense [10]. The instability and variation in abundance
of the shoreline food resources make defense of marine
subsidies less likely, while defense of basking locations
and refuges on the inland rocks are much more probable
as they are more stable and less likely to change across
time and space.
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The separation of food and thermoregulatory resources
presents an opportunity to assess the overarching idea
that understanding the social system of M. atacamensis
requires an awareness of both social structure (social net-
work) and social organization (space use). The extent to
which cooperation or agonistic behavior shape the social
system will rely on environmental conditions and are
based on the costs and benefits to individuals resulting
from changing group dynamics. Cooperation can pro-
vide benefits like higher inclusive fitness in harsh envi-
ronments [9]. Likewise, agonistic behaviors can increase
individual fitness, but the prevalence of conflicts and
their effect on fitness will vary with resource distribution
and abundance. Outcomes of agonistic encounters often
provide reproductive benefits for victors and decrease
reproductive prospects for losers [7]. We explore the
interplay between social structure and social organiza-
tion in M. atacamensis to better understand their social
system. We test two main hypotheses. First, that social
structure is independent of habitat type (e.g., cobble
fields vs. rock outcrops). We predict that the social struc-
ture present in the cobble fields (e.g., social network)
will be preserved on the large inland rocks. Second, we
hypothesize that social organization, as reflected in pat-
terns of space use, will vary with habitat type and by sex.
We predict that social organization will consist of home
ranges that contain exclusive use areas, with the extent of
space use exclusivity and the size of home ranges varying
with sex.

Methods

We studied the social system of M. atacamensis in two
field sites separated by 1.5 km along the rocky inter-
tidal coastline near Pena Blanca, ca. 40 km south of
Huasco, Huasco Province, Atacama Region, Chile (Site
1: 28.6979°S, 71.3182°W; Site 2: 28.6901°S, 71.3076°W/;
datum=WGS84). The distance between the two sites
ensured that the lizards at each site represented sepa-
rate populations. Both sites were characterized by two
distinct habitat types: (1) cobble fields, which con-
tained cobble-sized stones and comprised central are-
nas bounded by large rock outcrops and (2) large rocks,
which consisted of isolated boulders (3—-6 m in height)
and rock walls (>3 m in height) forming the boundar-
ies of cobble fields aligned approximately east-west from
the Pacific Ocean inland to the edge of the Atacama
Desert (Fig. 1A). Site 1 consisted of a single cobble field
bounded by large rocks. Site 2 was composed of multiple
cobble fields, each bounded by large rocks that collec-
tively formed a contiguous block. At site 2, some inte-
rior large rocks bounded two cobble fields. The two sites
were chosen based on their different functions. Site 1 was
small enough to observe daily interactions but was not
logistically practical for collecting spatial data as many
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Fig. 1 (A) A depiction of the two habitat types, with a large cobble field surrounded by rocks walls on either side, and a large boulder in the foreground
(depicting area outlined in red in Fig. 5). The transition from sandy desert to the cobble field is also visible in the foreground and the transition into the
ocean in the background. Most of the interactions we observed occurred in the cobble fields. Photo by M. Eifler. (B) Spatial proximity of a marked male
and female M. atacamensis. Photo by C. Staley

large rocks could be surveyed only from within the site
in a way that would have disturbed behavior. Site 2 was
more suited to spatial analysis because the rocks could be
traversed without disturbing the animals. Although we
studied M. atacamensis at two different sites, the purpose
of our study was not to compare behavior between sites,
but rather to characterize the social system of the species
by primarily exploring different aspects of the social sys-
tem at each site.

Data Collection

Prior to collecting data, we marked most of the animals
in the study populations. Lizards on both sites were cap-
tured using a lasso attached to an extendable pole. They
were then measured (mass (g) and snout-vent length
(SVL, mm)), sexed via cloacal probing, and uniquely
marked using non-toxic paint pens. Lizards were released
at their initial sighting location within 5 h. Unmarked liz-
ards that we used for data collection were captured after
sampling. If multiple unmarked lizards were seen during
the observation period, they were excluded from data
collection and marked after the day’s observation period
concluded. Data collection started once lizards had
become active for the day, which varied with the weather.

Site 1

Our site for examining social structure (area=0.134 ha)
was characterized by a central cobble field bordered by
12 large rocks (Fig. 1A). From 22 Dec 2019-4 Jan 2020
between 1300 and 1830 h, four observers simultane-
ously monitored the lizards in the cobble field to record
all interactions. The sampling periods lasted 30—120 min,
depending on lizard activity levels. For behavioral sam-
pling, one person was positioned in each corner of the
cobble field to ensure that the entire central arena could

Table 1 Interaction types and their definitions
Description

>2 animals within 30 cm of each other or con-
nected by a chain of individuals within 30 cm [13]

Interaction

Spatial Proximity

Chase one animal pursues (winner) a second animal that
flees (loser) without physical contact occurring
Fight >2 animals engage in aggressive physical

contact, with one animal breaking contact and
fleeing to a further location (loser) while the other
remains (winner)

an animal approaches a second animal, occupy-
ing the second'’s current location (winner) while
the approached (second) animal departs to
another location (loser)

one animal departs to another location (loser)
when approached by a second animal (winner)
without physical contact occurring

Spatial proximity is non-directional, but all other interactions involve a winner
and loser (specified in each definition)

Displacement

Retreat

be monitored. Simultaneously, a fifth observer sur-
veyed the bordering large rocks every 30 min, scanning
each with binoculars to record occupancy and compare
behavior of lizards on rocks to lizards in the cobble fields.
To ensure that surveys did not interfere with behavioral
sampling, the observer walked around the edges of the
large rocks as far from the central cobble field as possible.
After the observation period concluded, all five observ-
ers reviewed notes and interactions to ensure that all
recorded interactions were unique. Interactions between
two or more lizards were categorized as spatial proxim-
ity (Fig. 1B), chases, fights, displacements, or retreats
(Table 1).

Site 2

Our site for examining social organization
(area=1.02 ha), consisted of six large rocks interspersed
with five cobble fields. Site 2 was larger than site 1, but
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Table 2 Definitions for network measures of centrality

Centrality
Measures

Definition

Assortativity A comparison of an animal’s characteristic of interest
(i.e, sex, SVL, etc.) with the average of the same char-
acteristic for that animal’s associates. Values range
from —1 to 1. Negative values indicate that animals
tend to associate with individuals possessing dissimi-
lar characteristics, whereas positive values indicate a
tendency to associate with similar individuals. Values
near zero indicate random mixing or no tendency

to associate with individuals based on similarity in
specific characteristics.

Betweenness The number of shortest social paths between all pos-
sible pairs of animals that pass through a focal animal.

Degree The number of animals that interacted with a specific
individual.

Strength The total number of interactions for each individual.

We used each included measure to assess an individual’s centrality to the social
network

was contiguous so that a single lizard could still travel
across multiple large rocks and cobble fields (Fig. 1A).
We studied home ranges and space use of M. atacamen-
sis by obtaining location information through surveys
(1-4 per day) conducted every 90 min from 10 to 17 Jan
2020, between 1000 and 1900 h. Four surveyors walked
evenly spaced transects parallel to the shore, using bin-
oculars to scan for and identify individuals. Each time a
marked animal was observed, we recorded their iden-
tity, time, and location (i.e., large rock or cobble field
and GPS coordinates (myTracks GPS-logger for iPhone
X)). To ensure independence, we only used locations
for individuals that were separated by at least 1 h. Each
day, we alternated whether surveys began at the north or
south end of the study site. We moved in the same direc-
tion throughout each day, to ensure that animals had ca.
90 min to recover from any disturbance that our presence
might have caused.

Analysis

Social structure

We constructed and analyzed social networks for site
1 animals with Ucinet (ver. 6.671; [33]) and the igraph
package in R (ver. 4.0.0; [34]), treating all lizards as nodes
and considering individuals observed interacting as
having a social link (=network edge). Social links were
directional for all interaction types (i.e., representing
dominant-subordinate encounters) except spatial prox-
imity, which is non-directional (Fig. 1B; Table 1). To mea-
sure linear dominance in the population, we calculated
Landau’s index (h) using directional social links [35]:

12 3™ (o - (n;l)>
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where # is the number of individuals in the population
and vy is the number of individuals dominated by indi-
vidual /. Landau’s index ranges from O to 1 where 1 rep-
resents a completely linear dominance hierarchy and
0 indicates that there is no consistent pattern of domi-
nance. To assess a lizard’s centrality, a measure of the
relative importance of the position of the individual
to the structure of the social network [13], we calcu-
lated degree, strength, betweenness, and assortativity
(Table 2) [13]. To assess general network properties,
we compared the degree distribution to both Poisson
and power-law distributions using chi-square tests and
regressions [13, 36]. For the power-law distribution, we
determined the relationship between log(degree) and
log(probability(degree)) [13]. We also determined net-
work density, calculated as the proportion of social links
present relative to the total number of possible social
links, and identified network components, which are sets
of interconnected nodes separate from the rest of the
network. On site 1, after filtering the dataset to include
only individuals with degree>1 [13, 37], we analyzed the
social network in three ways: (1) population-level net-
work analysis using all interactions collected for all indi-
viduals (=overall network), (2) interactions observed on
large rocks only (=rock network), and (3) interactions
observed in the cobble field only (=cobble field network).

Social metrics (betweenness, degree, and strength)
were not normally distributed so we used non-para-
metric tests for comparisons. We used paired Wilcoxon
tests to compare social metrics between habitat type on
site 1 (i.e., large rock network vs. cobble field network)
for lizards present in both networks. We compared the
frequency of interactions, as well as social links within
and between the sexes, using chi-square goodness of fit
tests, examining standardized residuals (>2) to identify
observations that strongly differed from expectations.
For some analyses, the different types of directional inter-
actions were pooled to compare with non-directional
interactions (i.e., spatial proximity). The expected val-
ues were calculated based on the sex ratio present in the
overall network. To assess the significance of the assor-
tativity values, we used permutation tests (2000 permu-
tations) where social links were randomly reassigned in
our network. We then compared our observed values to
the randomized distribution when identifying statisti-
cal significance. Additionally, to examine for differences
between the cobble field and large rock habitats, we cal-
culated assortativity using the interactions seen in each
habitat type and used permutation tests to check signifi-
cance. General linear models were developed to compare
social metrics (degree, betweenness, and strength) to
demographic measures. A step-wise model selection pro-
cess was employed, using sex, SVL, and their interaction
for the model examining relationships to degree, adding
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in degree for strength and betweenness models. We used
a square root transformation for normality.

Social Organization

We calculated home range estimates on site 2 using
Ranges (ver. 7; [38]) and analyzed them statistically in R
(ver. 4.0.0; [34]). Home range size was estimated using
minimum convex polygons (MCP; [41]) and neighbors
were defined as individuals whose home range poly-
gons exhibited any overlap. We calculated percent home
range overlap for each individual relative to all other indi-
viduals in the population and summed pairwise overlap,
resulting in many individuals with percent overlap val-
ues>100%. Core areas were estimated using 50% MCPs
(i.e., the smallest polygon containing 50% of an individu-
al’s locations; [39]). Core area overlap was calculated for
each lizard relative to all other lizards in the population,
using each individual’s 50% MCP. We developed general
linear models to examine space use measures with sex
and body size as factors in a step-wise model selection
process, which resulted in six models, one each for home
range size, core area size, home range overlap, core area
overlap, number of home range neighbors, and number
of core area neighbors. In addition, we tested for nested
influence, where aspects of home range predicted aspects
of core area, and whether overlap predicted number of
neighbors, as well as per capita overlap. Per capita home
range overlap and per capita core area overlap was cal-
culated as the average home range or core area overlap
for each individual with its neighbors. We used paired
Wilcoxon tests to examine the variation in the per capita
male and female home range or core area overlap.

We examined home range overlap and core area over-
lap in relation to the habitat type in ArcGIS Pro (version
2.7.26828). For each lizard, 100% MCPs were plotted
using their GPS coordinates, then all the individual poly-
gons were overlaid to compute the number of individu-
als overlapping in each cell (1x1 m) throughout the study
site. The same method was used for core areas (50%
MCPs).

Results

As expected, males were larger in body size than females
(Mann-Whitney U test: SVL: W=1636.5, P <0.05, males:
121 (64—138 mm) vs. females: 97 (69—112 mm); mass:
W=1659, P<0.05, males: 63 (9-99 g); vs. females: 34
(11-56 g)). The population size on both sites was similar
(site 1, n=44; site 2, n=43), as was the number of males
and females (19 males on each site; 25 females on site 1,
24 females on site 2), but site 2 was almost eight times
larger than site 1 (1.02 ha vs. 0.134 ha, respectively)
resulting in a density on site 1 that was almost eight
times higher than site 2 (328.4 vs. 42.2 lizards/ha, respec-
tively). The sex ratio of adults did not differ significantly
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from 1:1 (1-sample proportion test: site 1, P=0.45; site 2,
P=0.54) and was the same on both sites (Fisher’s exact
test: P=1).

Social Structure

Site 1 Social Network analyses

Of the 44 individuals on site 1, 30 (68%) lizards had social
links and were part of the network, while 14 lizards were
unconnected to the network. On site 1, the network had
one main component and two smaller components con-
sisting of pairs of individuals (Fig. 2). In the main com-
ponent, both sexes were equally represented and the
individuals with the highest degree included both males
and females. There was no sex difference in the propor-
tion of individuals with a degree of O (i.e., unconnected to
the network; females (n=10/25; 40%) vs. males (n=4/19;
21%); Fisher’s exact test: P=0.21). We observed 172 inter-
actions on site 1, 37 of which (22%) occurred on the large
rocks and 135 (78%) in the cobble field. The interactions
composed 68 social links yielding a network density of
15.6%.

Network structure

The degree distribution did not follow a Poisson distri-
bution (X?=82.9; df=11; P<0.001) but approximated
a power-law distribution with a slope of 1.1 (F }; =
30.4, P<0.001, R>=75.3%). Most lizards in the net-
work were somewhat peripheral, having relatively low
degree, betweenness, and strength values, while a small
subset of individuals in the network were highly inter-
connected (Figs. 2 and 3). Male and female degree
(X = 4.610.9; 4.5+£0.9, respectively), betweenness (X
= 16.1%£6.0; 13.7%+5.1), and strength (X = 13.4%3.6;
9.5+2.6) distributions did not differ (Chi-square test:
degree, X*>=0.6, df=2, P=0.76; betweenness, X*=1.4,
df=2, P=0.49; strength, X*>=3.9, df=2, P=0.14). In the
step-wise model selection process degree was not related
to SVL, sex, or their interaction. The best fit model for
betweenness included SVL, which was not significant
(F127=2.4, P=0.13) but indicated that betweenness was
strongly related to degree (F,,,=45.6, P<0.001; over-
all R*=66.4%). In the best fit model for strength in the
social network analysis, strength was positively related
to both SVL (F, ,,=5.3; P=0.03) and degree (F, ,,=131.5;
P<0.001; overall R>=84.4%). Examining associative
tendencies for sex, SVL, and degree yielded values = 0
(Table 3), indicating no strong inclination to associate
with the same sex, similar-sized lizards, or with lizards of
similar connectedness, respectively. We did not detect a
linear dominance hierarchy in M. atacamensis (Landau’s
index: h=0.02), but the dominance matrix used for the
calculation was largely unpopulated (i.e., low network
density), which could preclude a determination of exist-
ing dominance patterns.
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Edge Weights

1

2

— 3

O Highly Central Individuals

Fig. 2 Site 1 social network (n=30 individuals). Each circle is a node and represents a unique individual, with males in gray and females in black. Highly
central individuals (degree > 10) are represented by nodes with white circles. Lines between nodes are network edges, representing social links between
lizards. Edges are weighted by the number of interactions that were observed between a pair of individuals. For social links that occurred only once,
weight=1, for those occurring 2-5 times, weight=2, and for those occurring 6-14 times, weight=3

Interactions

About half of the total interactions were spatial proxim-
ity (Fig. 1B; n=88, 51%), with the remaining interactions
resulting in a clear winner (=directional; n=84, 49%).
The proportions of spatial proximity (49% vs. 51%) and
directed interactions (51% vs. 49%) were similar in cobble
fields and on large rocks, respectively. Male-male direc-
tional and male-female spatial proximity interactions
were more common than random expectations (Chi-
square test: X*=8.97, df=2, P=0.011; Table 4).

Among the directional interactions, larger individuals
won interactions more often (79%) than smaller individu-
als (21%). For same-sex interactions, larger lizards won
most often (n (% larger victors): males 34 (97%), females

13 (77%)). In male-female directional interactions
(n=37), larger lizards won 62% of the time and among
interactions where larger individuals won, the winners
were male in all but one interaction (96%). In male-
female interactions where the smaller individual won, all
winners were female (Table 5). Of the male-female direc-
tional interactions, females won 25% of 16 chases, 67%
of 12 displacements, 33% of three fights, and 33% of six
retreats (Table 4).

Between habitats

Of the 68 social links we observed, most occurred on the
cobble field (59%), where there were almost twice as many
as on the large rocks (32%); only six pairs of lizards were
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Fig. 3 Distribution of social metrics for site 1 (n=30). (A) Degree denotes the number of individuals interacting with a specific lizard. For M. atacamensis,
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seen interacting in both habitats (9%; Table 6). In the cob-
ble field and on large rocks, same sex and intersex social
link frequencies were similar to random expectations
(Chi-square goodness of fit test: cobble field, X*=1.62,

df=2, P=0.44; large rocks, X*>=2.16, df=2, P=0.34). Male
degree and strength were significantly larger in the cob-
ble fields than on the large rocks (paired Wilcoxon test:
n=8; degree, V=0; P=0.022; strength, V=1; P=0.016)
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Table 3 Assortativity values for individuals included in social Table 7 Space use metrics on site 2
network on site 1 Home Range Core Area

Sex SVL Degree Size (m?) 715+ 123 (43-3532) 89+22 (0-698)
Overall Network 0.029 (0.16) 0.068 (0.09) 0.072 (0.08) Overlap (%) 458+ 35 (24-854) 62+9(0-189)
Cobble Field —0.062 (0.56) 0.024 (0.19) —0.04 (0.64) Number of Neighbors (n) 145+ 1.2 (2-30) 25+0.3(0-10)
Large Rocks 0.041(0.3) —0.039 (0.56) 0.237 (0.04) Values are mean +SE (range) for each metric combined for both sexes (n=39)

We calculated whether animals preferentially associated with individuals of like
sex, size, and degree (i.e., assortativity) using all interactions in each habitat
type (cobble fields or large rocks) observed on site 1. We report assortativity
values (P) from permutation tests, with significant probabilities in bold

Table 4 Frequency and percent of each type of interaction for
pairs of animals on site 1

MM MF FF Total
Chase 16 (41%) 16 (41%) 7 (18%) 39
Displacement 11 (41%) 12 (44%) 4 (15%) 27
Fight 0 (0%) 3(100%) 0 (0%) 3
Retreat 7 (47%) 6 (40%) 2 (13%) 15
Spatial Proximity 19 (22%) 58 (66%) 11 (12%) 88
Total 53 (31%) 95 (55%) 24 (14%) 172

We present values as n (%) for same sex (MM=male-male, FF=female-female)
or opposite sex (MF) pairs of M. atacamensis. Percentages sum across rows (i.e.,
behaviors) but not columns (i.e., pairs). Chase, displacement, fight, and retreat
are directional interactions

Table 5 Directional interactions on site 1

Directional Freq of Larger Freq of
Interactions (n) Winner Smaller Winner
MM 34 33 (97%) 1 (3%)
FF 13 10 (77%) 3(23%)
MF 37 23 (62%) 14 (38%)
Total 84 66 (79%) 18 (21%)

We present the number of directional interactions (n) of same sex or opposite
sex pairs (Freq = frequency), and the number and percent (n (%)) of larger or
smaller individuals that won each interaction

Table 6 Site 1 social links (network edges) by habitat type

Habitat MM MF FF Total
Large Rocks 4 (18%) 9 (41%) 9 (41%) 22
Cobble Field 13 (33%) 20 (50%) 7 (17%) 40
Both 1(17%) 4 (66%) 1(17%) 6
Total 18 33 17 68

We present the number of social links and their percent occurrence (n (%))
in each habitat type by same sex (MM or FF) or opposite sex (MF) pairings.
Percentages sum across rows (i.e., within habitat) but not columns (within
demographic group)

but did not differ for females (n=7; degree, V=3.5;
P=0.341; strength, V=2; P=0.093). Betweenness did not
differ significantly between habitats for either sex (males,
V=8, P=0.35; females, V=7, P=0.529). When split by
habitat, assortativity values for sex, SVL, and degree were
=0, indicating that there was no trend in a lizard’s assor-
tative mixing, except for degree on large rocks where
lizards with similar degree values interacted more than
randomly expected (P=0.042; Table 3).

Social Organization

Space use

We conducted 21 surveys on site 2, using 557 locations
obtained from lizards with >3 sightings for the home
range analyses (n=39 lizards; X = 14, range=6-22 sight-
ings per lizard). Mean home range size was 715 m?, while
mean core area was 89 m? (Table 7). Home range size
was positively related to the number of locations used
to calculate the MCPs (F,,,=11.63, P=0.002; overall
R?=23.9%), with the mean number of sightings likely to
underestimate home range size for some animals (Fig. 4).
Core area size was positively related to both the num-
ber of locations used (F,,;,=19.83, P<0.001) and home
range size (F;,,=11.38, P=0.002 overall R?=55.8%).
No included variable was strongly related to home
range overlap, but we retained home range size in the
model F, ,,=2.22, P=0.145; overall R*=5.7%). Core area
overlap was positively related to home range overlap
(F12,=19.59, P<0.001; overall R?=35.2%). The number of
home range neighbors was significantly related to home
range size (F, ,,=19.92, P<0.001; overall R*=35%), while
the number of core area neighbors was related to home
range overlap (F,,,=6.4, P=0.016), core area overlap
(F12,=17.14, P<0.001), and core area size (F;,,=5.96,
P=0.02; overall R*=63.2%). Sex and body size were not
related to any of the metrics.

Overlap

Core areas overlapped significantly less than home
ranges (paired Wilcoxon test: V=741, P<0.05; Fig. 5).
Lizards shared a home range with X = 14.5 neighbors,
but only shared a core area with X = 2.5 neighbors.
When examining the extent of overlap in home range
compared to core area, a similar difference in magni-
tude is evident: lizards had a mean home range over-
lap of 458%, but a mean core area overlap of only 62%
(Table 7; Fig. 5). When examining overlap by location
on the study site (Fig. 5), most home range overlap
occurred in the largest cobble field, with up to 14 lizards
sharing space (i.e., home ranges). Most areas outside
of the largest cobble field were used by 3-5 individu-
als and areas of high overlap extended onto the edges
of the large rocks along the cobble field borders (Fig. 5).
When core areas were mapped by location, most core
areas were exclusive with a maximum of three individu-
als overlapping (Fig. 5).
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Sex differences

The sexes did not differ in the number of home range or
core area neighbors (Mann-Whitney test: home range,
W=339.5, P=0.573; core area, W=301.5 P=0.386). They
also had similar levels of overlap in their home ranges and
core areas (Mann-Whitney test: home range, W=354.0,
P=0.777; core area, W=323.0, P=0.814). Among males,
the average home range overlap with male neighbors did
not differ from the average home range overlap with female
neighbors (paired Wilcoxon test: V=68, P=0.7119). Among
females, the average home range overlap with female neigh-
bors was greater than the average overlap with male neigh-
bors (paired Wilcoxon test: V=39, P=0.006). However, for
both males and females, the average core area overlap with
male neighbors did not differ from the average core area
overlap with female neighbors (paired Wilcoxon test: males,
V=13, P=0.546; females, V=44, P=0.46).

Discussion

The social system of M. atacamensis is complex and can be
understood better by examining both social structure and
social organization. Our analysis of social structure indi-
cated that the social network is held together by a few key
individuals, with connections maintained by male-male
competition and male-female associations that vary across
the two habitats. Our examination of their social organi-
zation indicated that individuals overlapped broadly in
their use of space, but maintained small exclusive areas in
the large rock habitat. In combination, social structure and
social organization point towards a social system that is not
strictly territorial, but is composed of location-dependent
territoriality (on large rocks) and location-independent
dominance relationships (in the cobble fields), likely driven
by the heterogenous distribution of resources.

Social Structure

The social network of M. atacamensis contained many
interconnected individuals, but most had only a few associ-
ates (i.e., low degree; Fig. 3) and few of the possible social
links were realized (ie., low network density (15.6%)),
indicating that the network is held together by indirect
connections maintained through a few highly central indi-
viduals (Figs. 2 and 3). The degree distribution approxi-
mated a power law, pointing out that our network resembles
the “fit-get-rich” model, in which a few nodes with high
degree values link nodes of lesser degree [40]. However,
our interpretation is tentative, as the scale of our network is
considerably smaller than other networks analyzed similarly
(e.g., the world wide web) [41]. The indirect connections we
observed might arise from the separation of resources (e.g.,
basking sites and feeding areas) that results in highly central
individuals interacting with different lizards in the two habi-
tat types. The extent to which “central” individuals actively
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pursue interactions or simply move in ways that increase the
likelihood of encounters requires further investigation.

Social systems can be variable when food is inconsistent
or unpredictable [1, 26]. While the intertidal zone can con-
tain high food availability, territoriality is unlikely in the
cobble fields due to the unpredictability of marine subsidies,
which lowers the net benefit of defending food resources [7,
42] but does not preclude a stable dominance system con-
trolling access to food in the cobble fields. In our popula-
tion of M. atacamensis, larger individuals engaged in more
repeat interactions (i.e., higher strength) and won more of
their encounters, indicating that body size could form the
basis of a dominance hierarchy. Body size can be impor-
tant in determining which individuals access, acquire, or
defend resources [6, 43, 44]. Larger M. atacamensis might
have higher resource holding potential and be better able to
defend small, high-quality, food areas that frequently change
location within the cobble fields. Defending or controlling
entry to small areas in the intertidal zone can occur as food
density and competitor abundance changes, as when Sand-
erlings (Calidris alba) adjust their territorial defense with
shifting feeding sites [45]. Despite not finding evidence of
linear dominance (via Landau’s index) in our population,
the timeframe of our study could have influenced our abil-
ity to detect a dominance hierarchy (days vs. months [46]).
The extent to which dominance relationships form can be
appraised by more intensive data sampling. Additionally,
future investigations into the characteristics associated with
resource holding potential and whether individuals defend
small areas in the cobble fields, as well as the extent to which
food abundance and locations shift is merited.

Most lizards did not interact with the same associates on
both large rocks and in the cobble field (Table 6), indicating
the importance of habitat-specific interactions (i.e., cobble
field or large rocks). When comparing habitat-specific net-
works, most social links occurred in the cobble field. Fur-
ther, males were more socially engaged (i.e., higher degree
and strength) in the cobble fields than on large rocks, while
females interacted similarly in both habitats. Although not
quantified, we often observed larger male lizards displaying
from high points in the cobble field and seeming to con-
trol which individuals accessed the splash zone [pers. obs.].
More elevated display locations are often associated with
greater dominance as they can could enhance effective com-
munication distance by providing greater visibility [20, 47].

In terms of social links, same sex and intersex social links
were similar to random expectations in the cobble field
(Table 6), supporting the idea that males and females use
the cobble fields in similar ways. However, overall male-
male aggressive and male-female non-aggressive interac-
tions were most common (Table 4). Male-male aggression
is common when there is competition for resources [48],
while male-female associations involving spatial proxim-
ity could be a way of strengthening reproductive pairs or
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alliances. In the Australian sleepy lizard, Tiliqgua rugosa,
long-term male-female associations increase reproductive
success [8]. Ultimately, the high frequency of male-male
and male-female interactions indicates the importance of
male competition and opposite sex cooperative or tolerant
associations in shaping the social system.

Social Organization

Our prediction that social organization, reflected by pat-
terns of space use and overlap, would vary with habitat
was supported. Lizards exhibited relatively high home
range overlap, primarily in the cobble fields rather than
on large rocks (Fig. 5). Core areas overlapped much less,
tended to be exclusive, and were more dispersed across
the two habitat types than home ranges (Fig. 5). Overall,
the cobble fields were areas of high use, as indicated by
high home range overlap, whereas the large rocks were
isolated areas where M. atacamensis spent a major-
ity of their time, as evidenced by low core area over-
lap. The resource dispersion hypothesis asserts that
when resources are distributed unevenly, larger areas
are needed by individuals to encompass the variation in
necessary resources across the habitat [10], which could
explain M. atacamensis space use. Home ranges are nec-
essarily large to access food in the cobble fields, while
also covering enough area that individuals can maintain
exclusive core areas on the large rocks for refuge and
basking. The low overlap in core areas provides circum-
stantial support for the notion that M. atacamensis could
be territorial on the large rocks. We hypothesize that
their core areas function as refuge and basking locations,
but quantifying specific microhabitat use was beyond
our scope. Future research could test the hypothesis and
assess the extent of competition for specific rock features.

Sex differences in Social Organization

Home range and core area size estimates and overlap did
not differ significantly between the sexes, indicating an
overall similarity in space use for males and females. The
tendency for greater female per capita home range over-
lap with female neighbors points to a social organization
of overlapping home ranges with non-random associa-
tions between females, indicating that females are more
tolerant of sharing space with each other than males.
However, all individuals regardless of sex had much more
isolated core areas.

Conclusion

Animals can exhibit different behavioral strategies in
different locations within their home range based on
resource abundance [2, 49]. For M. atacamensis, the
cobble field habitat was important to the social system,
as activity in the cobble fields was greater than on large
rocks when examining both social structure (i.e., higher
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frequency of interactions), and social organization (i.e.,
greater home range overlap). Although not all social
systems are organized by aggression, we observed many
agonistic interactions. Variation in agonistic behavior
with habitat, body size, and sex points to the possibil-
ity that M. atacamensis could have a variable social sys-
tem, with territoriality organizing the social system on
large rocks, while aggressive interactions, potentially
organized through dominance hierarchies, play a larger
role in the social system in cobble fields. Microlophus
atacamensis is not, by far, the only lizard species with a
complicated ecology, thus the complexity we observed
in their social system, specifically social structure and
organization, is unlikely to be unique. We recognize that
many other squamates likely have complex social systems
that deserve further comprehensive study that would aid
in the understanding of lizard socioecology.
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