
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00265-021-03034-z

ORIGINAL ARTICLE

Multi‑year assessment of variability in spatial and social relationships 
in a subterranean rodent, the highland tuco‑tuco (Ctenomys opimus)

Shannon L. O’Brien1 · Mauro N. Tammone2 · Pablo A. Cuello3 · Eileen A. Lacey1

Received: 10 December 2020 / Revised: 27 April 2021 / Accepted: 3 May 2021 
© The Author(s) 2021

Abstract 
In some species, populations routinely contain a mixture of lone and group-living individuals. Such facultative sociality may 
reflect individual differences in behavior as well as adaptive responses to variation in local environmental conditions. To explore 
interactions between individual- and population-level variabilities in behavior in a species provisionally described as facultatively 
social, we examined spatial and social relationships within a population of highland tuco-tucos (Ctenomys opimus) at Laguna de 
los Pozuelos, Jujuy Province, Argentina. Using data collected over 5 consecutive years, we sought to (1) confirm the regular occur-
rence of both lone and group-living individuals and (2) characterize the temporal consistency of individual social relationships. Our 
analyses revealed that although the study population typically contained lone as well as group-living animals, individual spatial and 
social relationships varied markedly over time. Specifically, the extent to which individuals remained resident in the same location 
across years varied, as did the number of conspecifics with which an animal lived, with an overall tendency for individuals to live 
in larger groups over successive years. Collectively, these analyses indicate that population-level patterns of behavior in C. opimus 
are consistent with facultative sociality but that this variation does not arise due to persistent differences in individual behavior 
(i.e., living alone versus with conspecifics). Instead, based on changes in spatial and social relationships across years, we suggest 
that variation in the tendency to live in groups is shaped primarily by local ecological and demographic conditions.

Significance statement  
Characterizing variation in conspecific relationships is critical to understanding the adaptive bases for social behavior. 
Using data collected over 5 successive years, we examined temporal variation in spatial and social relationships within 
a population of highland tuco-tucos (C. opimus) from northern Argentina. In addition to providing the first multi-year 
assessment of the behavior and demography of this species, our analyses generate important insights into relationships 
between individual behavior and population-level patterns of social organization. The behavioral variability evident in our 
study population suggests that C. opimus is an ideal system in which to explore the causes and consequences of individual 
differences in social behavior.

Keywords Behavior · Ctenomyidae · Facultative sociality · Home range · Space use · Subterranean

Introduction

Understanding the adaptive bases for differences in social 
relationships is a fundamental goal of behavioral research. 
In some species, these differences include the occurrence of 
both lone and group-living individuals within a population. 
Such variation—often referred to as facultative sociality—
has been reported for numerous taxa, including mammals 
(Le Roux et al. 2009; Eason 2010; Blumstein 2013; Smith 
et al. 2016), birds (Öst et al. 2015), reptiles (Riley et al. 
2018), fish (Soria et al. 2007), and insects (May-Itzá et al. 
2014; Shell and Rehan 2017; Smith et al. 2018). Despite 
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widespread use of this term, the definition of facultative 
sociality remains unclear. For example, facultative social-
ity has been used to describe adaptive variation in current 
social organization (Rabosky et al. 2012; Öst et al. 2015) as 
well as to imply an evolutionary progression from solitary 
to group life (Rehan et al. 2010; Shell and Rehan 2018). As 
part of distinguishing between these fundamentally differ-
ent interpretations, it is necessary to understand the nature 
of intraspecific differences in social behavior. In terms of 
current adaptive function, facultative variation in social 
relationships should be temporally persistent, meaning that 
this variation occurs across multiple seasons or years as 
individuals respond to omnipresent short-term fluctuations 
in ecological or demographic conditions. Accordingly, a 
critical step in characterizing a population as facultatively 
social is to demonstrate that it regularly contains a mixture 
of solitary and group-living individuals.

Population-level variation in social relationships results 
from the behavior of individuals. In facultatively social 
populations, lone versus group-living animals may arise for 
several reasons (Cahan et al. 1999). For example, individu-
als may vary in their tendency to associate with conspecifics 
(Lott 1984, 1991), resulting in some animals that consist-
ently live alone while others consistently live in groups, 
regardless of ecological or demographic conditions. Vari-
ation in social relationships may also occur if individuals 
alter their behavior to better capitalize on the relative fit-
ness benefits of different social options (Rehan et al. 2014; 
Ortiz et al. 2019). Finally, variation in social relationships 
may reflect stochastic demographic factors such as recruit-
ment or mortality, each of which may influence the number 
of conspecifics with which an individual lives (Blumstein 
2013; Hatchwell et al. 2013). Although these scenarios are 
not mutually exclusive, they generate distinct expectations 
regarding the temporal patterning of social relationships. 
Specifically, the first predicts that an individual’s behavior 
should remain consistent over time. In contrast, the second 
predicts that individual behavior will change; if one social 
option (e.g., living in a group) consistently yields higher 
fitness benefits (Hayes and Solomon 2004; Lacey 2004; 
Blumstein et al. 2018) then such changes may be direc-
tional, reflecting the tendency for all individuals to move 
toward the same best fitness outcome. The third scenario 
predicts that changes in social environment will not display 
any consistent directionality. Although facultative sociality 
likely reflects the complex interplay of one or more of these 
sources of behavioral variation, these predictions provide a 
useful framework for exploring relationships between indi-
vidual- and population-level patterns of behavior.

One mammal that has been described as facultatively 
social is the highland tuco-tuco (Ctenomys opimus). This 
subterranean species of rodent occurs in high-elevation habi-
tats in Argentina, Bolivia, and Peru (Patton et al. 2015). 

To date, the only behavioral studies of C. opimus that have 
been conducted were completed in northern Argentina, 
where these diurnal animals inhabit open grassland areas 
on valley floors and along waterways. Unlike most other 
tuco-tucos, C. opimus spends a substantial proportion of 
time foraging above ground, with the result that individuals 
are fully visible while feeding on salt grass (genus Distichlis) 
and other high Andean vegetation. Both direct observations 
and analyses of radiotelemetry data indicate that members 
of the population of C. opimus at Laguna de los Pozuelos, 
Jujuy Province, Argentina, are group-living, with multiple 
adults (mean = 3.7 ± 2.1 SD; range = 1–7) of both sexes shar-
ing burrow systems and subterranean nests (O’Brien et al. 
2020). A social group may occupy several nest sites, result-
ing in variable combinations of group mates that share a 
nest on a given night (O’Brien et al. 2020). Importantly, 
these analyses have also revealed the presence of solitary 
individuals within this population, raising the possibility that 
C. opimus is facultatively social.

These findings were based on only a single season of 
fieldwork; and thus, O’Brien et al. (2020) were unable to 
determine if the observed variation in social behavior is 
temporally persistent, with a mixture of solitary and group-
living individuals present in the population in multiple years. 
For the same reason, these authors could not evaluate how 
individual patterns of behavior contribute to population-level 
differences in social relationships. To explore these aspects 
of the social organization of C. opimus and to determine if 
the behavior of these animals is consistent with definitions 
of facultative sociality based on current adaptive function, 
we documented spatial and social relationships among mem-
bers of the population at Laguna de los Pozuelos across five 
consecutive years. Specifically, we sought to determine if 
(1) both lone and group-living animals were present dur-
ing each year of the study and (2) individual patterns of 
behavior (e.g., lone versus group-living) remained consistent 
across years. While these analyses focus on the temporal 
consistency of individual behavior, they provide a critical 
foundation for future studies aimed at exploring the roles of 
ecological and demographic correlates of living alone versus 
within a group. In addition to providing the first longitudi-
nal assessment of the social organization of C. opimus, our 
data generate important insights into interactions between 
individual- and population-level variabilities in social rela-
tionships in free-living animals.

Methods

Study site

The population of highland tuco-tucos (Ctenomys opimus) 
studied was located in Monumento Natural Laguna de los 
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Pozuelos, Jujuy Province, Argentina (22° 34′ S, 66° 01′ W; 
elevation: 3600 m); this is the same population of C. opimus 
studied by O’Brien et al. (2020). The ca. 3-ha study site was 
located near the park entrance, along the western bank of the 
Río Cincel (Fig. 1). Data were collected between November 
and January during each year from 2010 to 2014. The mean 
duration of each annual field effort was 14.6 ± 4.8 SD days 
(N = 5 years). All fieldwork was conducted during the late 
austral spring, which corresponds to the primary breeding 
season for the study population.

Animal capture and marking

Members of the study population were captured using tom-
ahawk-style live traps baited with carrots (O’Brien et al. 
2020). Open traps were placed at active burrow entrances, 
as identified by the presence of recently excavated soil and 
fresh fecal pellets as well as observations of animals using 
those entrances. Trapping was conducted during daylight 

hours; open traps were monitored continuously and animals 
were retrieved immediately upon capture. Alternatively, 
trap-averse individuals were captured by hand using a soft, 
elastic noose that had been placed around an active burrow 
entrance; this procedure is described in detail in Lacey et al. 
(1997). The location of each capture was recorded using 
a hand-held GPS unit (accuracy ~ 6 m). Additionally, we 
recorded each capture locality using a Cartesian coordinate 
system (8 m × 8 m grid cells; Fig. 1) that was (re)established 
on the study site each year prior to the start of trapping.

Upon first capture, each animal was marked for perma-
nent identification with a uniquely coded PIT tag (IMI-
1000, Bio Medic Data Systems, Inc., Seaford, DE) that was 
inserted beneath the skin at the nape of the neck. PIT tags 
were read using a hand-held scanner (DAS 4000 Pocket 
Scanner, Bio Medic Data Systems Inc., Seaforth, DE). Each 
time that an animal was captured, its sex and body weight 
were recorded. Data on body weight and reproductive status 
were used to determine the age class (subadult or adult) of 

Fig. 1  Map of the study site 
located at Laguna de los 
Pozuelos, Jujuy Province, 
Argentina. A representation of 
our 8 m × 8 m grid system is 
included in the lower left of the 
study site outline. Included are 
photos of (a) the study site with 
grid flags and (b) a highland 
tuco-tuco (Ctenomys opimus)
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each individual during each field season. The reproductive 
status of adult females was assessed based on the appearance 
of the external genitalia (sexually receptive), the ability to 
palpate fetuses (pregnant), or the presence of enlarged mam-
mae (lactating). Body weights for non-reproductive females 
were significantly less than those of reproductive individu-
als; and thus, non-reproductive females were classified as 
subadults (EAL et al., unpubl. data). In contrast, because 
the testes of males in the study population never descend 
externally, the reproductive status of these animals could not 
be determined based on external appearance. Instead, based 
on analyses of the distribution of male body weights within 
the population, individuals weighing less than 300 g were 
classified as subadults (EAL et al., unpubl. data). To facili-
tate visual observations of the study animals, human hair 
dyes (e.g., Manic Panic semi-permanent hair color cream) 
were used to mark the fur of each individual with a unique 
combination of colored patches, after which the animal was 
released at the location at which it had been captured.

Scan sampling of animal locations

Previous analyses of the study population revealed no sig-
nificant differences between spatial and social relationships 
identified based on analyses of radio-telemetry data versus 
direct visual observations of animal locations (O’Brien 
et al. 2020). For simplicity, only visual observations were 
recorded during this study. A scan sampling protocol (Alt-
mann 1974) was used to record the localities of all animals 
visible on the study site. Typically, the study site was divided 
into three sub-sections, each of which was monitored by a 
different observer stationed at a fixed location. Scans of each 
sub-section of the site were conducted simultaneously, with 
each observer visually searching their portion of the site 
following a standard pattern. It was not possible to record 
data blind because our study involved focal animals in the 
field. The locality of each animal detected was recorded 
to the nearest half meter using the 8 m × 8 m grid system 
established on the study site (O’Brien et al. 2020); esti-
mates of the locations of objects placed at known locations 
revealed this procedure to be accurate to within < 1 m. Scans 
(~ 10 min each) were completed multiple times per day with 

a minimum of 1 h between successive scans. Scan sampling 
was conducted during daylight hours (0700–2000 h) on most 
days of each field season.

Spatial relationships

Patterns of space use were analyzed using 95% minimum 
convex polygons (MCPs) generated with the adehabitatHR 
package in R (Calenge 2015). MCPs are a commonly used 
method for visualizing the areas occupied by free-living ani-
mals (Harris et al. 1990). Although MCPs may overestimate 
home range size, exclusion of the 5% of data points that 
are most distant from an individual’s centroid of activity 
(95% MCPs) reduces this tendency and provides a generally 
robust procedure for determining if the areas used by dif-
ferent animals overlap, as expected in group-living species 
(Ebensperger et al. 2004; Sobrero et al. 2014). The minimum 
number of observations allowed per individual was 6, which 
exceeds the minimum number of data points required by 
adehabitatHR to construct a home range (Calenge 2015); 
during each year of the study, most (> 90%) of the individu-
als for which 95% MCPs were constructed were character-
ized by > 10 data points (Table 1). Given that home range 
sizes tended to increase until ca. 30 data points per indi-
vidual were examined (O’Brien et al. 2020), use of fewer 
localities to characterize spatial relationships should have 
been conservative with respect to the size of the area used 
by an individual and thus the potential for spatial overlap 
with conspecifics. For animals captured during two or more 
years of the study, we examined the temporal consistency of 
patterns of space use by comparing estimates of home range 
size in successive years.

To characterize spatial relationships among members 
of the study population, we generated pairwise estimates 
of percent overlap between 95% MCPs. Because overlap 
between pairs of animals may not have been symmetric, 
estimates were calculated from the perspective of each indi-
vidual in a pair. Within years, percent overlap was calculated 
for all pairwise combinations of individuals for which 95% 
MCPs were available; these data formed the basis for social 
network analyses aimed at identifying distinct social units 
within the study population (see below). Between years, the 

Table 1  Summary of the data analyzed. For each year of the study, 
the number of animals of each sex is indicated, as are the dates of 
data collection, the mean (± 1 SD) number of days during which data 

were collected per individual, and the mean (± 1 SD) number of vis-
ual fixes recorded per individual. For means, the range of values is 
reported in parentheses

Year Field season # of animals monitored Mean # days observed Mean # fixes recorded

2010 23 Dec – 9 Jan 8 M, 29 F 6.9 ± 4.0 (2 – 16) 30.2 ± 25.0 (7 – 120)
2011 29 Nov – 18 Dec 16 M, 24 F 9.4 ± 4.7 (3 – 19) 38.3 ± 25.3 (7 – 98)
2012 23 Nov – 9 Dec 27 M, 43 F 12.6 ± 3.8 (2 – 16) 48.8 ± 20.4 (6 – 112)
2013 20 Nov – 29 Nov 4 M, 6 F 6.6 ± 2.0 (4 – 9) 22.5 ± 12.4 (12 – 44)
2014 2 Dec – 18 Dec 16 M, 11 F 6.9 ± 2.3 (3 – 10) 24.9 ± 13.5 (6 – 46)
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consistency of home range locations was assessed by calcu-
lating pairwise estimates of percent overlap of an individual 
with itself; these estimates were generated for all animals 
present on the study site during two or more successive field 
seasons.

Social network analyses

To characterize social relationships among members of the 
study population, we used social network analyses (Wey 
et al. 2008; Krause et al. 2009) to identify the number of 
conspecifics with which each individual was associated 
during each year of the study. Specifically, pairwise meas-
ures of percent overlap between 95% MCPs were used 
to generate association matrices that were then analyzed 
in SOCPROG (Whitehead 2009) to identify hierarchical 
spatial clusters of individuals. The fit between association 
matrices and the resulting clusters was assessed using the 
cophenetic correlation coefficient, with values ≥ 0.8 consid-
ered indicative of a strong correspondence between these 
datasets (Bridge 1993). Significant clusters of individuals 
were identified using the maximum modularity criterion, 
which provides a measure of the degree to which a popu-
lation is divided into distinct spatial units; values > 0.3 
are generally interpreted as evidence of significant spatial 
clustering (Newman 2006; Whitehead 2008). To describe 
the results of these analyses, we use the term “social unit” 
to refer to any spatially distinct subset of animals identi-
fied by SOCPROG, including both lone and group-living 
individuals.

For individuals captured during two or more years of the 
study, we evaluated the temporal consistency of social rela-
tionships by examining the number of animals with which 
each individual was spatially associated (i.e., social unit 
size) during each year that they were present in the study 
population. We also examined annual changes in several of 
the social network metrics generated by SOCPROG (White-
head 2009). The metrics examined were network strength (a 
measure of the sum of an individual’s associations), eigen-
vector centrality (a measure of how well an individual is 
associated plus how well their associates are associated), 
affinity (a measure of the weighted average strength of an 
individual’s associations), reach (a measure of how well an 
individual is indirectly connected to other individuals in the 
population), and the clustering coefficient for the network (a 
measure of how well an individual’s associates are associ-
ated). Detailed descriptions of these parameters are provided 
in Whitehead (2009). To assess the consistency of social 
relationships across years, for all animals captured in two or 
more successive field seasons, we compared the identities of 
the animals with which they were associated (i.e., the other 
members of the social unit to which they were assigned) in 

one year to the identities of the animals with which they 
were associated in the following year.

Statistical analyses

All statistical tests were performed in R v. 3.5.0 (R Core 
Team 2013). For two-sample tests, normality of the data was 
assessed using Shapiro–Wilk’s tests, after which parametric 
or non-parametric statistics were employed as appropriate. 
For animals monitored during two or more field seasons, 
we used linear models to identify predictors of home range 
size, social unit size, and the extent to which each individ-
ual overlapped spatially with itself in successive years. For 
each of these response variables, Q-Q plots were used to 
determine the underlying distribution that best fit the data 
obtained. Based on these analyses, models were constructed 
as follows:

1. Home range size. Linear mixed models based on a 
Gaussian distribution were used to identify predictors of 
home range size, with sex, age class (adult or subadult), 
and number of years (1, 2, or 3) on-site as fixed effects, 
and animal ID and year of data collection as random 
effects. Models were run with and without all possible 
interactions between predictor variables.

2. Social unit size. Generalized linear mixed models based 
on a Poisson distribution were used to examine predic-
tors of social unit size. As with analyses of home range 
size, sex, age class (adult or subadult), and number of 
years (1, 2, or 3) on-site were included as fixed effects, 
and animal ID and year of data collection were included 
as random effects. Models were run with and without all 
possible interactions between predictor variables.

3. Overlap with self. Linear regressions based on a Gauss-
ian distribution were conducted with sex and age class 
(adult or subadult) included as fixed effects. Overlap 
with self was determined based on comparisons of home 
ranges in either years 1 and 2 or years 2 and 3 that an 
individual was present on the study site. The model was 
run with and without all possible interactions among 
predictor variables.

The Akaike information criterion (AIC) was used to 
identify the best fit model for each response variable. 
When appropriate based on model outcomes, we used post 
hoc Tukey’s honest significant differences (HSD) tests to 
determine if variation in our response variables was influ-
enced by the number of years that an animal was on-site. 
Kruskal–Wallis tests and Dunn’s post hoc tests were used to 
examine differences in social network metrics relative to the 
number of years that an animal was present on the study site. 
Throughout the text, means are reported ± 1 SD.
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Results

A total of 208 (84 males, 124 females) highland tuco-tucos 
was captured during the course of this study. Review of 
trapping records and field notes indicated that the number 
of uncaught animals ranged from 1 to 4 per year, repre-
senting a mean of 7.6 ± 5.5% of the individuals present on 
the site during each year of the study. Of the animals cap-
tured, 184 (88.5%; 71 males, 113 females) were observed 
a sufficient number of times for analyses of spatial and 
social relationships. The number of animals for which suf-
ficient data could not be obtained ranged from 0 to 5 per 
year, representing a mean of 4.5 ± 3.6% of the individuals 
captured during each year of the study. Of the 184 animals 
for which home ranges were constructed, 27 (14.7%; 20 
males, 7 females) were subadults at the time of first cap-
ture. Flooding of the study area during December 2012 
resulted in a marked reduction in the number of animals 
resident on the site during the 2013 field season; although 
this event reduced the sample sizes for some analyses, it 
did not preclude efforts to characterize variation in social 
relationships within or between years. For each year of the 
study, the dates of data collection, the number of animals 
monitored, the mean number of days per individual on 
which data were collected, and the mean number of visual 
fixes recorded per individual are given in Table 1.

Annual variation in social unit size

Social network analyses generated cophenetic correla-
tion coefficients > 0.8 (range = 0.84–0.97) for all years 
of the study (Supplementary Fig. 1), indicating a strong 
correspondence between overlap of 95% MCPs and the 
association indices generated by SOCPROG. Maximum 
modularity was > 0.43 (range = 0.43–0.76) in all years, 
suggesting significant spatial clustering of individuals 
within the study population. Based on the clusters of ani-
mals identified by these analyses (Supplementary Fig. 1), 
the study population contained a mix of lone and group-
living animals in four of the five years monitored; the sole 
exception was the 2012 field season, when only group-
living individuals were detected (Table 2). In all cases, 
lone individuals were adults; 4 (66.7%) of the 6 lone indi-
viduals identified were females (Supplementary Fig. 1). 
Comparisons of home ranges for these animals with field 
notes and localities recorded for individuals for which 
home ranges could not be constructed indicated that in no 
case did putatively lone animals overlap with individuals 
not included in analyses of social unit size. The number 
of social units composed of ≥ 2 animals ranged from 3 
to 9 per year (mean = 5.2 ± 1.8, N = 5 years). Social unit 
size (i.e., the number of individuals per social unit) varied 

significantly across years (one-way ANOVA, F = 7.46, 
df = 4, p < 0.001). Post hoc comparisons revealed that this 
difference was due to the large sizes of social units during 
2012 (Tukey HSD, p < 0.05 for all pairwise comparisons 
including 2012; p > 0.05 for all other pairwise compari-
sons). All social units consisted of adults or a mix of adults 
and subadults; no social units consisting solely of sub-
adults were detected.

Recaptures of marked animals across years

A total of 39 individuals (12 males, 27 females) were cap-
tured during two or more years of the study (Fig. 2). At first 
capture, 7 (17.9%) of these individuals (4 males, 3 females) 
were subadults; the remaining 32 individuals were adults 
when first caught (Fig. 2). With one exception, all individu-
als were recaptured in consecutive years; the exception was 
a female that was originally captured in 2010, not recaptured 
in 2011, but then recaptured in 2012. Most (61.5%, N = 9 
males, 15 females) of the animals recaptured were trapped 
during two consecutive field seasons; the remaining individ-
uals (38.5%, N = 3 males, 12 females) were captured during 
3 successive field seasons. Of the 15 individuals captured 
during 3 successive field seasons, 3 (20%, N = 2 males, 1 
female) were subadults at first capture.

Spatial consistency of individuals across years

Of the 39 individuals captured during two or more field 
seasons, 31 (79.5%, N = 7 males, 24 females) had sufficient 
spatial data to characterize their home ranges (95% MCPs) 
for each year in which they were present in the study popu-
lation; 20 of these animals (64.5%, N = 6 males, 14 females) 
were captured during 2 different field seasons while the 

Table 2  Summary of spatial clustering of individuals within the study 
population. For each year of data collection, the number of lone ani-
mals, pairs (2 individuals), and groups (3 + individuals) revealed by 
social network analyses (Supplementary Fig.  1) are indicated, as is 
the total number of social units identified during that year. All social 
units included ≥ 1 adult; no social units were composed only of sub-
adults

Year Social unit size

Lone Pairs Groups Total 
#social 
units

2010 2 0 4 6
2011 2 0 7 9
2012 0 0 5 5
2013 1 2 1 4
2014 1 5 4 10
Total 6 7 21 34
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remaining 11 (35.5%, N = 1 male, 10 females) were cap-
tured during 3 different field seasons (Supplementary 
Table 2). Comparisons of AIC values revealed that the best 
fit model for individual home range size included the inter-
action between sex, age class, and number of years onsite as 
predictor variables (AIC = 1159.69, df = 9; Supplementary 
Table 3). Number of years on-site was a significant predic-
tor of changes in home range size between years 1 and 2 
(Tukey HSD, p < 0.01), with size increasing significantly 
between an individual’s first (721.5 ± 720.8  m2) and sec-
ond (1806.6 + 1573.6  m2) years on the study site (Wilcoxon 
signed rank, V = 42, N = 31, p < 0.001). In contrast, number 
of years on-site was not a significant predictor of changes 
in home range size between years 1 and 3 (Tukey HSD, 
p = 0.08) or between years 2 and 3 (Tukey HSD, p = 0.91). 
Accordingly, there were no significant differences in home 
range size detected between an individual’s first and third 
years or second and third years on the site (Wilcoxon signed 
rank, both p > 0.05).

Recaptured animals varied markedly with regard to spa-
tial consistency across field seasons, ranging from individu-
als that displayed no overlap with themselves in successive 
years (N = 1 male, 9 females) to individuals whose home 
range during their first year was overlapped completely by 
their home range during their second year (N = 2 males, 2 
females; Fig. 3; Supplementary Fig. 2). Comparisons of 
home ranges from successive years revealed that the mean 
percent overlap of an individual with itself from year 1 to 
year 2 was 25.5 ± 24.3% (N = 31). In contrast, mean over-
lap with other conspecifics in year 2 was 34.2 ± 30.7% 
(N = 31); this tendency to overlap more with other con-
specifics was significant (Wilcoxon signed rank, V = 150, 
p = 0.05). For animals captured during three different field 
seasons (N = 11), mean percent overlap of an individual with 
itself (year 2 to year 3) was 42.1 ± 22.1% versus a mean of 
34.9 ± 29.8% overlap with other conspecifics (year 3); this 
difference in overlap was not significant (Wilcoxon signed 
rank, V = 45, two-tailed p = 0.32). For individuals captured 

Fig. 2  Proportion of animals in the study population that were recap-
tured from the previous field season. For each year of the study, the 
proportion of recaptured animals that had been adults during the pre-
vious field season is shown, as is the proportion of recaptured animals 
that had been subadults during the previous season. Values of N rep-

resent the total number of animals captured each year; the number of 
individuals corresponding to each capture category is shown within 
the associated pie chart. Animals captured in 2010 are described in 
O’Brien et al. (2020)
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during three successive field seasons (N = 11), there was a 
significant tendency for mean percent overlap of an animal 
with itself from year 1 to year 2 (21.6 ± 23.5%) to be less 
than that from year 2 to year 3 (42.1 ± 22.1%; Wilcoxon 
signed rank, V = 4, p = 0.01). Comparison of AIC values 
revealed that the best fit model for overlap of an individual 
with itself included sex and age class as predictor variables 
(AIC = 284.15, df = 4; Supplementary Table 3). Age class 
was a significant predictor of overlap with self (t = 2.15, 
p = 0.04), with individuals first captured as subadults dis-
playing greater overlap (52.5 ± 13.6%; N = 6) than individu-
als first captured as adults (19.0 ± 21.8%; N = 25); because 
all individuals were adults in year 2, overlap between years 
2 and 3 was not affected by differences in age class.

Social consistency of individuals across years

Comparisons of social unit sizes for animals captured in 
successive field seasons revealed that no individuals were 
solitary for more than 1 year. Of the 6 animals identified 
as solitary during this study, only 2 (33.3%) were present 
in the study population for a second year; both of these 
individuals were assigned to social units containing mul-
tiple conspecifics during their second year. No individuals 
identified as social during their first year were solitary in 
subsequent years. More generally, of the 31 individuals 
captured in ≥ 2 years, most (58.1%, N = 18) lived in larger 
social units during their second year; in contrast, 9 animals 
(29.0%) lived in smaller social units and 4 animals (12.9%) 
experienced no change in social unit size from their first to 
their second year (Supplementary Table 4). This distribu-
tion differed significantly from that expected if each of these 
outcomes (increase, decrease, no change in social unit size) 
was equally likely (X2 = 9.86, df = 2, two-tailed p = 0.0072). 
Of the 11 individuals captured during a third year, almost all 
(90.9%, N = 10) experienced an increase in social unit size 
from years 2 to 3; social unit size for the eleventh animal 
did not change.

Comparisons of AIC values revealed that the best fit 
model for social unit size included sex, age class, and num-
ber of years on-site as predictor variables (AIC = 427.87, 
df = 6; Supplementary Table  3). Number of years on-site 
was a significant predictor of differences in social unit 
size between an individual’s first and second (Tukey HSD, 
p < 0.01) and first and third (Tukey HSD, p < 0.01) years on 
the study site; in contrast, number of years on-site did not 
predict differences in social unit size between an animal’s 
second and third years on the site (Tukey HSD, p = 0.21). 
Social unit size increased significantly from year 1 to year 2 
(6.3 ± 3.1 versus 11.0 ± 7.7 animals/group; Wilcoxon signed 
rank, V = 77.5, N = 31 individuals, p = 0.007) and from year 
1 to year 3 (7.0 ± 3.4 versus 14.6 ± 7.2 animals/group, Wil-
coxon signed rank, V = 4.5, N = 11 individuals, p = 0.02).

Analyses of social network metrics indicated that values 
for eigenvector centrality (Kruskal–Wallis, X2 = 7.99, df = 2, 
p = 0.01), network strength (Kruskal–Wallis, X2 = 19.94, 
df = 2, p < 0.001), reach (Kruskal–Wallis, X2 = 21.14, df = 2, 
p < 0.001), and affinity (Kruskal–Wallis, X2 = 21.37, df = 2, 
p < 0.001) varied significantly with the number of years 
that an animal was present in the study population (Fig. 4, 
Supplementary Table 5). In contrast, values for clustering 
coefficients did not differ with the number of years that an 
individual was present (Kruskal–Wallis, X2 = 1.84, df = 2, 
p = 0.40, Fig. 4, Supplementary Table 5). For each of the 
four metrics that varied, post hoc Dunn’s tests revealed that 
values were significantly greater for animals during their 
second year relative to their first year on-site (Table 3). Val-
ues for network strength and reach were also significantly 
greater for animals in their third year relative to their first 
year on-site (Table 3). All pairwise comparisons of meas-
ures of affinity were significant, with values of this metric 
increasing with each additional year that an animal was pre-
sent in the population (Table 3).

Over the course of the study, we identified 9 instances in 
which > 2 animals resident in the same social unit in a given 
year were recaptured in the following year (N = 37 recaptures 
for 30 animals in 9 social units; Table 4; Supplementary 
Table 6). In 3 (33.3%) cases, all animals (N = 9) assigned 
to the same social unit in year 1 were also assigned to that 
social unit in year 2. In the remaining 6 (66.6%) instances, 
not all animals were resident in the same social unit in year 
2; in these cases, an average of 60.8 ± 31.6% (range = 0.0 
– 85.7%; N = 28 animals) of individuals assigned to the same 
social unit in year 1 were still residing in the same social 
unit in year 2. A total of 9 individuals (1 male, 8 females) 
changed social units between years. These changes occurred 
even though at least one other individual from an animal’s 
social unit in year 1 was still present in the study population 
in year 2, indicating that these changes were not due to the 
loss of all other members of an individual’s initial social 
unit.

Discussion

Our analyses revealed intriguing variation in social rela-
tionships among members of the study population. Both 
lone and group-living animals were detected in most 
years of this study, a pattern that is consistent with spe-
cies described as facultatively social (Öst et  al. 2015; 
Blumstein et al. 2018; Smith et al. 2018). However, no 
animals lived alone for more than one field season and no 
group-living individuals were later detected living alone. 
Although there was an overall tendency for social unit size 
to be smaller during an animal’s first year on the study site, 
the magnitude and the direction of between-years changes 
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in social unit size varied considerably. Furthermore, while 
most animals remained in the same social unit (i.e., with 
the same group mates) in successive years, between-years 
changes in social unit membership were detected despite 
the continued presence of at least some of an animal’s 
group mates from the previous field season. Members of 

the study population also displayed marked variation in 
individual patterns of space use, notably the tendency 
to overlap spatially with themselves in successive years. 
Collectively, these findings suggest that the variation in 
social relationships reported here is not due to persistent 
differences in individual behavior but instead may reflect 

Fig. 4  Social network metrics 
in relation to total number 
of years on the study site. 
Box and whisker plots depict 
minimum, maximum, median, 
quartile measures, and outliers 
of network strength, eigenvec-
tor centrality, reach, affinity, 
and clustering coefficient, 
as calculated by SOCPROG 
(Whitehead 2009). For each 
metric, significant contrasts are 
indicated with asterisks (*). 
Measures of network metrics 
for each individual included in 
these analyses are presented in 
Supplementary Table 5
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Table 3  Results of post hoc 
Dunn’s tests for all pairwise 
comparisons across years 
for measures of strength, 
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affinity, and clustering 
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Significant results are in bold

Years Strength Eigenvector centrality Reach Affinity Clustering coefficient

1–2 Z =  − 3.62
p < 0.001

Z =  − 2.60
p = 0.02

Z =  − 3.48
p = 0.001

Z =  − 3.36
p < 0.001

Z = 1.35
p = 0.53

1–3 Z =  − 3.75
p < 0.001

Z = 0.09
p = 0.92

Z =  − 4.06
p < 0.001

Z =  − 4.17
p < 0.001

Z = 0.34
p = 0.73

2–3 Z =  − 1.14
p = 0.26

Z = 1.98
p = 0.10

Z =  − 1.54
p = 0.12

Z = 1.75
p < 0.001

Z =  − 0.63
p = 1.00
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short-term responses to variation in factors such as eco-
logical or demographic conditions.

Variation in spatial relationships

Our analyses of social relationships were based on spatial 
data; and thus, examining patterns of space use by mem-
bers of the study population may generate insights into the 
variability in social behavior reported here. Among animals 
captured in successive years, the tendency to remain resi-
dents at the same location varied, with between-years spatial 
overlap of an individual with itself ranging from none to 
almost complete congruence of annual home ranges. Over-
all, overlap tended to be greater between an individual’s sec-
ond and third years on the study site, suggesting that animals 
became more spatially consistent over time. Individuals first 
captured as subadults overlapped more with themselves than 
did animals first captured as adults, indicating that age may 
contribute to individual patterns of space use (Rayor and 
Armitage 1991; Salvioni and Lidicker 1995; Ortiz et al. 
2019). Variation in between-years overlap may also reflect 
differences in dispersal history (Murray 1982; Nelson and 
Mech 1984; Costello 2010). For example, it is possible that 
animals first captured as subadults were individuals that had 
been born on the study site after the previous field season; 
in contrast, animals first captured as adults may have immi-
grated to the site. These differences in age and/or dispersal 
history may have contributed to variation in the location, 
size, or quality of individual home ranges during an animal’s 
first year in the study population (Dahle et al. 2006; Saïd 
et al. 2009); and this variation may, in turn, have affected 
the tendency for an individual to shift its location over time. 
Dispersal patterns in C. opimus are not well understood and 
additional studies that monitor individuals throughout the 

year are required to evaluate the potential effects of age and 
dispersal history on temporal patterns of space use within 
the study population.

Variation in social relationships

Social relationships—as measured by social unit size—
varied at both the population and individual levels. Within 
years, social units ranged from one to up to two dozen indi-
viduals. This variation was evident during four of the five 
years of this study, indicating that a mix of lone and group-
living animals was a persistent feature of the study popula-
tion. Although sample size was limited, no individuals lived 
alone for more than one field season; this observation, in 
conjunction with the overall spatial and social variability 
detected, suggests that living alone was not a consistent 
behavioral tendency among some members of the study 
population. At present, however, phenotypic or other predic-
tors of living alone remain unknown. All lone animals were 
adults, providing no evidence that age contributed to the 
occurrence of this social outcome. Each of these individu-
als was living alone during the first field season in which it 
was captured, raising the possibility that lone animals were 
immigrants to the study population. However, other ani-
mals captured for the first time were group-living, making 
it difficult to evaluate the effects of demographic history on 
an individual’s social environment. As noted above, future 
studies that provide more detailed information regarding 
individual patterns of movement should help to clarify the 
factors underlying variability in social relationships.

Among animals captured in successive years, annual 
changes in social unit size varied markedly, although there 
was an overall tendency for social unit size to increase with 
time. More specifically, number of years on the site was 
a significant predictor of social unit size, with number of 
group mates in year 1 being significantly less than that in 
years 2 or 3. Consistent with this, animals that initially lived 
alone were group-living during their second year on the 
site. Furthermore, values for most social network metrics 
examined were significantly greater for animals present in 
the study population for 2 or 3 years, suggesting that the 
strength of social associations increased over time. Although 
the number of years on the site was not a direct measure of 
age, these outcomes suggest that individuals tended to asso-
ciate with more conspecifics as they grew older. In general, 
individuals were assigned to the same social unit in suc-
cessive years, raising the possibility of enduring relation-
ships among specific members of the study population. For 
individuals that changed social units, the factors contribut-
ing to those changes remain unknown. Future studies that 
explore interactions between social unit size and composi-
tion in greater detail should help clarify the reasons for the 

Table 4  Proportion of animals remaining in the same social unit in 
successive years. For each entry, the numerator indicates the num-
ber of animals assigned to the same social unit in years 1 and 2; 
the denominator indicates the number of animals captured in year 
1 (members of the same social unit) that were recaptured in year 2. 
Data for 9 distinct social units are shown. No animals were recaptured 
together from 2012 to 2013, and thus that pair of years is marked as 
N/A. The identities of specific pairs of individuals captured together 
in successive years are given in Supplementary Table 6

Successive years captured

2010–2011 2011–2012 2012–2013 2013–2014

4/4 3/3 N/A 0/3
2/2 3/5 - -
2/3 6/7 - -
- 6/7 - -
- 2/3 - -
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variability in social relationships reported here (Ebensperger 
et al. 2009).

Characterizing facultative sociality

The persistent occurrence of lone and group-living ani-
mals in the study population suggests that C. opimus can be 
described as facultatively social, as originally proposed by 
O’Brien et al. (2020) based on data from a single season of 
research at Pozuelos. Intraspecific variability in spatial and 
social relationships can generate important insights into the 
adaptive bases for these aspects of behavior and compara-
tive analyses of facultatively social taxa should facilitate such 
efforts (Rubenstein and Abbot 2017). Such comparisons are 
challenging, however, due to the lack of a consistent defini-
tion for facultative sociality. While some authors view the co-
occurrence of lone and group-living conspecifics as part of an 
evolutionary transition toward obligate sociality (Rehan et al. 
2010; Shell and Rehan 2018), others interpret such variation 
as differences in adaptive responses to current environmental 
conditions (Rabosky et al. 2012; Ortiz et al. 2019). The latter 
perspective assumes that individuals adjust their behavior to 
reflect the fitness consequences of living alone versus within 
a group (Lacey 2004; Ebensperger et al. 2012); this assump-
tion is critical to distinguishing adaptive variation in behavior 
from differences that arise due to more stochastic factors such 
as mortality of group mates. Relative fitness has not yet been 
assessed for lone versus group-living C. opimus, and thus we 
cannot exclude the possibility that the observed variation in 
social unit size reflects random changes within the study pop-
ulation. However, the pronounced between-years differences 
in behavior detected for some individuals (e.g., no overlap of 
annual home ranges) as well as the tendency for some animals 
to change social units despite the continued presence of previ-
ous group mates suggest that temporal variation in spatial and 
social relationships is not simply a consequence of stochastic 
changes in the composition of the study population.

Implications for social organization

In facultatively social populations, variation in social 
behavior may arise due to persistent differences in indi-
vidual behavior that lead some animals to consistently live 
alone while others consistently occur in groups (Krause 
et al. 2010; Wilson et al. 2013). Alternatively, animals may 
live alone versus in groups due to variability in the fitness 
consequences associated with these behavioral options 
(McGuire et al. 2002; Silk 2007; Woodruff et al. 2013). Dis-
tinguishing between these sources of behavioral variation is 
critical to evaluating the adaptive bases for population-level 
differences in social relationships. The fitness outcomes of 
behavior are influenced by current ecological and demo-
graphic conditions (Silk 2007; Rehan et al. 2011; Blumstein 

2013), as well as by differences in individual phenotypes 
(Öst et al. 2015; Ferree et al. 2018). Each of these param-
eters may change over time, resulting in a dynamic suite 
of variables that can impact the adaptive bases for living 
alone versus within a group and, hence, the social organiza-
tion of the population. As a result, understanding how eco-
logical, demographic, and phenotypic differences interact 
to shape the behavior of individuals can generate critical 
insights into larger patterns of social behavior. We found 
no evidence that the tendency for members of our study 
population to live alone versus in groups occurred due to 
persistent differences in individual behavior. Instead, we 
suggest that the observed variability in spatial and social 
relationships reflects differences in adaptive responses to 
immediate ecological and demographic conditions. To test 
this hypothesis, we recommend that future studies of C. opi-
mus include more detailed information regarding individual 
demographic histories as well as quantitative assessments 
of critical ecological parameters such as food resources 
and population density. These data, in conjunction with 
long-term monitoring of individual behavior, should sub-
stantially improve our understanding of the adaptive bases 
for facultative differences in social organization in this and 
other group-living species of animals.
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