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Thatcher, Amber, PhD., Fall 2022 Experimental Psychology
Getting to Know You: Relationship Formation Across the Lifespan in Octodon degus
Chairperson: Nathan Insel, PhD

Social relationships are a necessary part of group formation and cohesion across
many animal species and can increase the health and fitness of the individuals involved.
These benefits are seen across the lifespan, although the exact advantages and functions
differ across developmental stages. Our current understanding of how relationships are
formed and maintained is incomplete. Previous findings suggest that a measure of
stability may be a useful method for understanding how relationships are formed and how
this process may differ across development. The goal of this dissertation is to investigate
the variability of social interactions over time and how it is affected by familiarity, sex,
and age. We focused on same-sex peer relationships in degus, a highly gregarious rodent
species native to Chile. Animals were repeatedly exposed to familiar and unfamiliar
same-sex conspecifics in two sets of experiments. The first assessed the effects of sex and
familiarity on social interaction variability in adults, while the second examined how this
changed over stages of development. We found that total interaction levels depended on
familiarity, sex, and age. Variability of interactions differed between strangers and
cagemates in adult degus, with female strangers displaying more consistency in their
social interactions than female cagemates and adult males. Juvenile and adolescent
female degus did not show differences in the variability of social interactions due to
familiarity, and variability of the interactions decreased over time. Together these results,
while unexpected, suggest that the variability of social interactions cannot be used alone
as a general method of describing relationship development. They do indicate that in
females, familiar individuals have more variability of interactions while unfamiliar
individuals act in a less variable, more predictable manner. These differences warrant
further research using variability, in addition to other measures, to describe and
understand social relationships and their development.

Keywords: social relationships, Octodon degus, development, relationship formation,
familiarization, support vector machine, dyad classification, variability
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Chapter 1: What are social relationships in non-humans and how are they studied?

Many researchers have taken a functional approach to describing social groups
and ‘relationships’ in non-human animals and often focused on specific types of
relationships such as dominance and affiliative relationships (Kummer, 1978). In more
recent years, however, research on relationships has departed from the lens of Darwinian
selection and has begun to show that non-human relationships can be more than just a
strategy to increase survival. As more research turns its eye towards understanding the
nuances of animal relationships, it becomes more apparent that these animals are forming
relationships that are highly complex. How relationships are studied and classified,
however, is still inconsistent across species. A more generalizable method of
understanding relationships is therefore useful, highlighting the need for more research

on this topic.

Importance of Social Relationships

Within the animal kingdom, many species form and maintain social groups in
order to survive. This survival strategy comes with various costs and benefits, such as an
increased risk of disease and decreased risk of predation (Hinde, 1976; Majolo et al.,
2008). Relationships that form between individuals within a social group have been
shown to influence the cohesion and success of the group, and even the health and overall
fitness of the individuals. New groups of animals that do not have an established group
dynamic or even relationships with others within the group have been shown to result in
an increase in stress hormones. One example of this trend can be seen in a study of rhesus
macaques. Hair cortisol concentrations were collected from stable and unstable social

groups. The number of aggressive episodes and changes in the group hierarchy was used



to distinguish group stability. Hair cortisol concentrations in the unstable group were
significantly higher than in the stable group (Vandeleest et al., 2019). These increased
stress levels can have negative consequences on the health of the individuals, indicating
that stable group dynamics with established relationships are crucial to group cohesion
and to the health of each individual in the group (Sapolsky, 1990).

On the individual level, unstable or unestablished relationships also have negative
consequences. Many species of fish, for example, have increased stress levels when
confronted with an unfamiliar other, but as the relationship becomes more established
(i.e., as they fight to determine the dominant and submissive roles) the stress levels
decrease and eventually return to baseline levels (Corréa et al., 2003; Overli et al., 1999).
This demonstrates that the formation of established relationships also influences the
health of each individual.

When group dynamics and individual relationships are well established, stress
levels decrease, and benefits of group-living and social relationships become apparent.
Hyenas, for instance, use their close social associations to gain access to food and are
more likely to provide aid to a close association in a conflict (Holekamp et al., 2007).
Furthermore, the more social relationships an individual has lowers their mortality risk
(Ellis et al., 2017), increased survival rates for that animal (Brent et al., 2017; McFarland
& Majolo, 2013), and increased survival rates for the offspring of that individual (Cheney
et al., 2016; McFarland & Majolo, 2013). Altogether, this indicates that social
relationships are beneficial for the mental, physical, and overall well-being of the

animals.



As the stability of relationships within a group influence not only the group
dynamics but also the health and overall fitness of those involved, it is important to
understand how stable relationships are formed. This is essential for species where new
individuals frequently immigrate into the group. A constant influx of new individuals
requires the original members of the group to quickly form a relationship with the
newcomers. The importance of stability of social groups and individual relationships

highlights the need for a cross-species marker of relationship development and stability.

How are Social Relationships Measured in Non-humans?

Hinde (1979) defines a relationship as the outcome of multiple interactions
between two individuals and measuring these relationships must come from observations
of these interactions. The description of the interactions requires the content, quality, and
how the interactions are patterned across time and between the individuals. While
Hinde’s suggested definition and methods have been widely implemented, there are some
critiques of this definition that are important to consider. Whitehead and Dufaut (1999),
for example, argue the importance of creating a definition of relationships based on the
species of interest. The content and quality of interactions can differ greatly between
species. Indeed, baboons will use grooming as both an affiliative and agonistic behavior
while other species of primates (and other mammals) only use grooming as an affiliative
behavior (Barrett & Henzi, 2002). It is, therefore, necessary to make the patterning of the
content and quality of interactions species-specific. Furthermore, Barrett and Henzi
(2002) point out that the push to operationally define relationships places the focus of the
research onto the outcomes of the behaviors rather than the dynamics of sociality. This

view may then lead to an incomplete picture of the social processes of that species. The



partial view of the species' social processes is further emphasized by Whitehead and
Dufaut (1999) who also argue that the summary of interactions would be the most
beneficial and informative under a multivariate representation. A multivariate approach
would be beneficial to understanding the social processes of the species of interest as
there are multiple factors that could be used to define relationships (content, quality,
quantity, etc.). Additionally, the factors included in the multivariate approach can also
capture the dynamics of the interactions taking the concerns of Barrett and Henzi (2002)
into account.

Silk, Cheney, and Seyfarth (2013) expanded on the measurement of relationships
provided by Hinde (1979) and worked to add multiple factors or behavioral dimensions
for researchers to use when describing a relationship. Frequency of the interactions,
diversity of behaviors engaged in, the tension of the interactions, the overall tenor
(agonistic, affiliative, etc.), predictability of the behaviors, and the responses and stability
of the interactions over time were all proposed to describe and quantify a relationship.
The values of each behavioral dimension can then be used to understand the type of
relationship a dyad might have. If, for example, a dyad has a high frequency of
interaction with an overall affiliative tenor that is predictable and stable over time, it can
be determined that this dyad has an established affiliative relationship (Silk et al., 2013).
These behavioral dimensions can then also be used to determine the familiarity level of
the individuals involved. Not only are the values of certain dimensions found to differ
between familiar and unfamiliar dyads, but the stability of these values should also be
considered. Stability in the case of animal relationships has been defined as the

consistency and continuity of the interactions (Hinde, 1979). Continuity refers to how



many interactions two individuals have over a set time and when they interact (time of
year, after being separated, etc.) while consistency refers to the behaviors used during the
interaction. For example, a relationship between two individuals who frequently interact
but their interactions contain different behaviors would be continuous but not consistent.
The majority of research in this area uses either the continuity of the relationships of
certain behaviors and/or the consistency of the interactions and behaviors to determine
the stability of relationships. Either one of these descriptors or both can be used because
established and stable relationships can be continuous, but not consistent in certain
behavior types or they can be continuous and consistent over time.

Overall, researchers in this field seem to agree that when initially investigating the
social relationships of a species, including as many behavioral dimensions as possible is
the best method. There is no consensus on a method of research to capture relationships
in a more universal (across species) way; however, the use of ‘continuity’ and

‘consistency’ of relationships may provide a promising lead.

Measuring the Formation of Social Relationships

If consistency is an important measure of relationships, this raises questions of
how to study the formation of relationships, which might be expected to be inconsistent.
Much of the research on the development of new relationships has been focused on
specific types of relationships. While this focus on specific relationship types and their
formation is valuable to the species of interest, it does not often translate across species.

Some research has used time spent in proximity, grooming, and aggressive
interactions to mark the differences between established and unestablished relationships.

Male chimpanzees and female baboons, for example, have been found to consistently



groom and spend time in proximity to those with whom they have formed a social bond
over the course of many years (Massen & Koski, 2014; Massen & Sterck, 2013).
Crayfish, lobsters, and even mice demonstrate increased latency to fight and a reduction
in the amount or severity of fights when confronted with a familiar conspecific (another
individual of the same species) and in subsequent interactions with that same conspecific
(Gherardi et al., 2010; Graham & Herberholz, 2009). The initial change in the latency to
the first behavior, agonistic or otherwise, indicates the switch from an unfamiliar to a
familiar dyad. This latency then stabilizes across interactions, indicating that the
individuals have formed an established or stable relationship.

Other indicators of the familiarity of the individuals interacting that have been
used in research are vocalizations and variability in individual behaviors. Vocalizations
have been shown to increase in frequency when directed at unfamiliar individuals (Sasaki
et al., 2020). Individual behavior during social interactions, such as the types of agonistic
behaviors used or the boldness (e.g., number of approaches to the conspecific) of certain
individuals has also been shown to differ depending on familiarity. When male crickets
interact with familiar individuals, they display less variance, as measured by observed
changes in aggressive behaviors displayed, in individual aggressive behaviors and these
behaviors are more stable with repeated interactions. In other words, the behaviors
displayed during the first interaction were consistently displayed in subsequent
interactions (Jéger et al., 2019).

The changes in the variability of aggressive behaviors indicate that as the
behaviors are decreasing in their variability as the relationship progresses, the established

relationship may be a stable one. This idea can also be found in other research done in



mice. Lee and colleagues (2019) determined whether the relationship between two male
mice was established through the frequency of certain behavior types (e.g., aggressive, or
submissive) and whether those frequencies are performed equally by both individuals or
not (symmetry). The stability of these frequencies and their symmetry also indicated the
time course of the relationship. A dyad was only considered to have an established
relationship when the symmetry and frequency of their behaviors remained stable across
all subsequent interactions (Lee et al., 2019). This provides further support for the idea
that the variability of the relationship may be a useful marker to identify when an
established relationship between two individuals is formed.

Another example of the use of stability to indicate the formation of a relationship
can be seen in the formation of food-sharing relationships in female vampire bats. Carter
and colleagues (2020) tracked the process through which these bats test and grow
relationships, using the first instance of food-sharing as their marker of an established
relationship. When testing whether a stranger would make a trustworthy partner, all bats
slowly increased bouts of grooming to see whether the stranger reciprocated. Exchanges
of grooming increased until one of the bats shared their meal, or until the grooming was
not reciprocated, in which case, food-sharing did not occur. Much like the male mice,
each dyad demonstrated the same process of testing and forming relationships. The
process of testing and forming new relationships was variable, in that the amount of
grooming that occurred between a dyad would increase across interactions until the first
instance of food-sharing occurred. This instance of food sharing marked the point of an
established relationship and further evidence for this claim can be seen in the grooming

rates reported afterward. The amount of grooming between the two individuals with an



established relationship stabilized across subsequent interactions, meaning that the time
they spent grooming did not change between interactions.

The common theme that appears across all studies that implement different
behavioral dimensions to measure the formation of relationships is stability. While these
studies do not explicitly report on stability, it is implied through their findings. In the
study on male mice, for example, relationships, once established, were stable. The
dominant and submissive mice only displayed behaviors related to their status and this
did not change across sessions (Lee et al., 2019). Furthermore, the grooming rates of
vampire bats stabilized after their relationship was established (marked by the first
instance of food-sharing; Carter et al., 2020). Regardless of the type of behavioral
dimension that is used, familiar individuals tend to have some aspect of their social
interactions remain stable over time.

“Some aspect” of their social interactions is highlighted here in an attempt to
demonstrate that not all of the behaviors or behavioral dimensions used during
interactions will remain consistent or continuous as the relationship progresses. In fact,
some amount of change is expected to occur in a relationship between two individuals, as
outside forces, such as food supply, group dynamics, and the individuals themselves are
subject to change as well (Hinde, 1979). Male chimpanzees, for example, have
demonstrated consistency in the amount of time they will spend in proximity to one
another, but the symmetry of the interactions is not consistent and decreases over time
(Koski et al., 2012). This demonstrates the importance of using multiple behaviors and
behavioral dimensions to describe relationships. Without the inclusion of proximity

scores and symmetry of interactions, we would not have a clear picture of the stability of



long-term relationships. It is therefore crucial, especially when investigating a species in
which the dynamics of long-term relationships are unknown, to include multiple
behaviors and behavioral dimensions initially.

Few studies have investigated the process through which two same-sex
individuals form a relationship and those that have focused on the development of a
specific type of relationship, such as opposite-sex bonds or dominant-subordinate
relationships. In order to compare relationship formation across species and even across
the lifespan, however, a more general method of describing relationships that is
independent of the type of relationship formed is necessary. When looking at the overall
findings of the research presented here, we see that the consistency or stability of
behaviors change during the formation of agonistic, affiliative, and dominance
relationships. Measures of stability of behaviors, such as the variability of behaviors
within and between interactions, may therefore be a more general method that could be

used for direct comparisons between species and ages.



Chapter 2: Relationships Across the Lifespan

Introduction

Bekoff (1972) said that in order to obtain a comprehensive understanding of
relationships within and between species, it is necessary to investigate these processes
across the lifespan. There is much research on social behaviors across the lifespan, but
how it is studied (i.e., the measures used, the methods, etc.) varies greatly. There is very
little research, however, on how new relationships are formed at different developmental
stages. Even in humans, the process of friendship formation, especially in children, is not
well known (Bowker & Weingarten, 2022). The characteristics of social interactions and
relationships, as well as the function of social interactions does change across the
lifespan, suggesting that relationship formation may also differ with age.
Differences in the Function of Relationships Across the Lifespan

The function of social interactions in adults likely includes physical benefits that
come from group living and social relationships. For example, the reproductive fitness of
a female baboon has been found to increase with larger numbers of social relationships
(Cheney et al., 2016). In younger animals, however, the function of social interactions is
related to their overall developmental success. The function of social relationships and
the interactions can be seen best through studies of social deprivation. Learning
appropriate social responses, cognition, memory, and stress responses are also affected by
social isolation or deprivation of play (Palagi, 2018; Pellis et al., 2010). For example,
adult rats who were deprived of play during their development tend to be hyper defensive
and more aggressive when interacting with unfamiliar peers. In addition to the behavioral

and cognitive consequences of play deprivation, the necessary pruning of neurons, and
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the formation of necessary connections within the brain can also be impaired (Bell et al.,
2010; Blakemore, 2008). In rats, neurons in the orbitofrontal cortex and medial prefrontal
cortex require social experiences such as play during development in order to develop
normal responses (Bell et al., 2010). Furthermore, patterns of c-Fos activation in response
to social stimuli have been found to differ in strength and effect between adolescent and
adult rats (Varlinskaya et al., 2012). The differences between the developmental stages in
the neural processes. Cognitive, and behavioral responses that underlie sociality and
responses to social stimuli further support that the function of social interaction differ
between adults and young animals.

The differing functions of social behaviors for adults and juveniles/adolescents
can be seen more directly during play. Juvenile rats play more than adults and are more
likely to test boundaries and new strategies when playing, suggesting that they are using
the play experience to learn what behaviors warrant certain responses and what may work
for them when playing with others in the future (Pellis et al., 2005). This finding also
suggests that juvenile rats have more variable play interactions than adults do. In humans,
relationships between age-matched infants and preschool-aged children aid in the
improvement of social skills such as, perspective-taking, communication, and amicable
play behaviors (Bukowski et al., 1998; Gottman et al., 1975). As the function of
relationships during the early developmental periods is to learn and test out different
behavioral strategies, then the social interactions that occur during these stages are more
likely to be variable (less stable). Previous research has shown that the more variability

that an individual encounters when learning certain tasks, improves their performance on
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those tasks during later testing. This finding occurs across multiple disciplines, but
whether this is true for social behaviors is still not well known (Raviv et al., 2022).

The differences the previous work has focused on highlights the differences of
behaviors between juveniles and adults, and adolescents and adults. There is research that
has also identified that the function of social behaviors in juveniles also differs from
those seen in adolescents. In freely interacting wild macaques, for example, social play
and grooming behaviors have been shown to provide a different function for juveniles
than for adolescents. Social play and grooming in juvenile macaques help to strengthen
social bonds, with play influencing the strength of the bond more than grooming
(Shimada & Sueur, 2018). Social play and grooming in adolescence, however, tend to
perform the function of defining their place in the hierarchy and maintaining group
cohesion (Kulik et al., 2015).

Relationship Formation Across the Lifespan

As the function of social relationships differs across the lifespan, it then follows
that how relationships are formed and maintained would also differ with age. There is
evidence that social interactions differ between familiar and unfamiliar individuals in
young animals. For example, Yamada-Haga (2002) demonstrated differences in the
behavioral sequences of agonistic interactions in unfamiliar male mice between juveniles
and adults. Juvenile mice often would use pouncing to transition between different
agonistic behaviors, while adults had more diverse transitions such as lateral display
following nosing while upright posture transitioned from pawing, nosing, and

approaching. However, there is currently no research investigating how these social
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interactions may change over time as the unfamiliar dyads became familiar with one
another.

One example of the effects of familiarity on social interaction comes from work
with female rats. Periadolescent female rats displayed higher levels of social investigation
and play behavior, and less time in passive contact or allogrooming with unfamiliar
compared to familiar dyads. Additionally, females showed higher levels of digging with
familiar partners and lower levels of play soliciting with unfamiliar partners (Cirulli et
al., 1996; Livia Terranova et al., 1999). These findings suggest that as there is an
observable difference in the social interactions of familiar, and unfamiliar individuals.

The common theme of the research on adult relationship formation was that
relationships became more stable as they progressed, whether this trend is also present in
younger animals, is hard to determine. The process through which relationships are
formed in juvenile and adolescents is not yet well researched and no study, to our
knowledge, has investigated social relationships over multiple encounters in juvenile or
adolescent non-human animals. Much of the previous work has focused instead on the
stability of social networks across development. For example, male juvenile ground
squirrels show a partner preference, which remained stable over time (Nunes et al.,
2015). The results of these studies indicate that the choice of partners may be stable over
time, but they do not explore the variability of the dyad’s interactions. In other words,
these results suggest that the social network of these individuals is stable, but a stable
social network does not necessarily mean that the interactions of these individuals are

stable.
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There are a few studies that suggest juvenile and adolescent non-human animals
do form stable social relationships over time which indicates that new relationships may
be variable, and therefore unstable. The stabilization of relationships in younger
individuals may, however, take longer to occur. In humans, for example, five- and six-
year-old children demonstrated relationship stabilization over the course of a year (Wang
et al., 2019). In non-human animals we see similar findings. Wild female juvenile and
adolescent gelada baboons, for instance, demonstrate stable grooming partners and
grooming rates over multiple years (Barale et al., 2015).

Further support for the potential importance of stability of social relationships can
be seen in studies that manipulate social stressors by creating unstable social situations.
In adulthood, unstable social relationships are linked to increases in stress, as measured
through cortisol (Corréa et al., 2003; Vandeleest et al., 2019). In adolescent and juvenile
golden hamsters as well as male and female adolescent rats, social instability increases
cortisol levels (Asgari et al., 2021; Hodges et al., 2017; McCormick et al., 2007). Unlike
the research done on social instability in adults, these studies define social instability as
the changing of housing conditions. It may therefore be that juvenile and adolescent
animals prefer stable partners, rather than constantly being exposed to new individuals.
Whether social instability in regard to the variability of interactions with other individuals
is stressful for young animals is not yet known. It may therefore be true that while young
animals prefer stability in their peer group, the interactions of those individuals may be
highly variable.

The current body of literature on social relationships during early development is

limited but does suggest that much like adults, juvenile and adolescent animals interact
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differently with unfamiliar individuals and prefer a stable social network. The specifics of
the interactions of juvenile and adolescent animals, however, do differ from those seen in
adults. Furthermore, the function of social relationships changes across the lifespan, with
learning being one of the main functions for juveniles and adolescents. The differing
functions and interactions from adult animals suggest that how young animals form new

relationships may also be different, but this has yet to be directly investigated.
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Chapter 3: Researching Relationship Formation in Octodon degus

The importance of social relationships has been well documented across many
taxa but understanding how relationships form and how this process differs at different
developmental stages is still not well understood. One reason for this lack of
understanding may come from the absence of an agreed-upon measure for social
relationship that is generalizable across species, development, and relationship type.
Consideration of the stability of social relationships (i.e., consistency in the interaction
patterns between two individuals) is a common trend found across much of the research
on relationships and their formation. This measure, however, is often treated informally
and differently across different studies, in this dissertation I apply new, formal measures
of “interaction variability” to better gauge the stability of relationships in adult and
developing animals. Specifically, I use this to study relationship formation in Chilean
degus.
Why degus are valuable for studying relationship formation

In order to research the process through which new relationships are formed, a
highly gregarious species that tends to interact and form new relationships with strangers
was needed. This is true of Octodon degus (the degu) a species of caviomorph rodent
native to South America. Degus have many unique behaviors, social structures, and traits
that make them a useful model for the study of social behavior. Their group dynamics,
stability of their groups, their ability to recognize familiar peers, and differences in
interactions over time and between the sexes make this animal a useful model for the
investigation of how relationships are formed and change over time. Laboratory-based

research on this species has strengthened the claim that the degus are particularly
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predisposed to be affiliative with unfamiliar others, are highly motivated to be social, and
can be beneficial to the area of social behavior research (Colonnello et al., 2011). Social
recognition studies done with degus have demonstrated that degus spend more time
investigating unfamiliar individuals than familiar ones (Uekita & Okanoya, 2011).

Degu behaviors during interactions with individuals differ in many ways from
other rodent species. Rats, for example, play fight much more often than degus (Pellis et
al., 2010). Male mice, compared to male degus, can be very aggressive. They fight and
establish dominance during an interaction with a same-sex stranger (Kondrakiewicz et
al., 2018). This effect is dependent on the strain and life history of the mouse. While male
degus do engage in agonistic behavior when presented with an unfamiliar male, the types
of agonistic behaviors used differ from mice and they are often less severe, resulting in
fewer injuries; (Fischer et al., 1986; Fischer & Meunier, 1985; Lee et al., 2019; Meaney
& Stewart, 1981). Male-male social interactions also become more tolerant and less
aggressive during the non-breeding seasons (Soto-Gamboa et al., 2005). Female degus,
when compared to prairie voles, are much less aggressive and agonistic towards same-sex
others. When female prairie voles have pair-bonded they are much more likely to act
aggressively towards other females (Lee et al., 2019). Aggression between female degus,
on the other hand, is rare (Fischer & Meunier, 1985; Fulk, 1976).

A systematic examination of differences between degus and other rodent species
uses the partner preference tests. Rats and mice do not show a peer preference and prefer
to remain in neutral areas (Beery et al., 2018; Lee et al., 2019). Prairie voles and meadow
voles display a partner preference for same-sex familiar peers (Lee et al., 2019). Degus

do not show a partner preference but will split their time huddling with both the stranger
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and familiar conspecific (Insel et al., 2020). This may indicate that degus have an innate
drive to interact with strangers and familiar individuals, unlike other rodent species such
as the prairie vole. This is emphasized by the finding that degus are the only rodent
species that display huddling behaviors with unfamiliar conspecifics (Beery &
Shambaugh, 2021).

Further justification for the use of this species can be seen when comparing their
developmental periods to those of other rodent species. Compared to rats and mice, degus
have a longer period of adolescence and reach puberty between two and three months of
age. The slightly longer adolescent period can be useful for the study of long-term social
relationships in younger animals, which is not as easily accomplished in rats or mice
(Colonnello et al., 2011).

Social behavioral ecology of the degu

The family of caviomorph rodents to which degus belong are highly variable in
their social structures and behaviors. Of those, only a few have been studied in the
laboratory setting, e.g., Cavia porcellus (guinea pigs) and Ctenomys sociabilis (tuco-
tucos). Like degus, the tuco-tuco does not display a preference for familiar or unfamiliar
peers in partner preference tests; unlike degus, however, they also tend to have highly
flexible social strategies and will often remain solitary, suggesting that they are not as
motivated to be social and tend towards social tolerance rather than social bonding
(Ebensperger & Hayes, 2016). Domestic guinea pigs, on the other hand, live in social
groups consisting of dominant males, subordinate males, and harems of females. Female
guinea pigs display social hierarchies, although they are weak and tend to change

frequently. Females also do not appear to display preferred social associations, other than
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with their dominant males. These social patterns differ from those of degus, which form
consistent same-sex social associations (Ebensperger & Hayes, 2016; King, 1956).

In the wild, degus typically are found in large communities within one area that
consists of multiple smaller groups made up of one to two males and two to five females
(Ebensperger et al., 2004, 2006). Unlike many species, a non-kin group structure is
typical of this species with natal philopatry, non-sex-based dispersal, and high predation
rates leading to high turnover which drives group formation (Davis et al., 2016). This
species has also been found to communally raise their young (Ebensperger et al., 2004).
Within their communities’ female degus tend to form distinct social units of around two
to four individuals. These females shared nest sites at night, and during the day interacted
more with their co-nesting group members than with other females. Another study
observed and reported that male and female degus, in their natural habitat, act more
agonistically towards intruders and were more affiliative with other residents of their
groups (Fulk, 1976). Interestingly, this ability does not seem to be entirely kin-
dependent. Unlike most other species that rely on the olfactory system and chemo
signaling, degus will differentially investigate a conspecific's urine based on familiarity
level of the individuals when reared apart, regardless of their genetic relatedness
(Villavicencio et al., 2009). This indicates that degus may change their behaviors and
interactions with others based on their level of familiarity and not their relatedness.

Groups of wild degus can experience high rates of turnover. Young animals
immigrate into new groups and emigrate from their own groups, and high predation rates
lead to the disappearance of many group members. The individuals in the group,

especially females, are therefore exposed to new unfamiliar individuals often and must
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find ways to live and interact with each other quickly (Davis et al., 2016). Interestingly,
the impact that the group dynamics has on the degu tend to be sex specific. Stable group
dynamics has been found to increase reproductive fitness in female degus, while males
receive more reproductive fitness when their group is unstable (Ebensperger et al., 2009,
2017). The fitness benefits that are seen for males and females in stable and unstable
groups suggests that females may be more motivated to form stable relationships with
new individuals to maintain group stability, while males do not.

Another study by Davis (1975) compared the interactions of two unfamiliar male
degus to interactions of the same two males one month later. It was observed that the
initial encounter was asymmetrical in nature, with one degu initiating most of the
interactions. Interactions tended to begin with olfactory investigation of the head and rear
of each individual and fighting also tended to occur early in the interaction. Subsequent
interactions were reported to be more symmetrical, with less fighting, increased latency
to the first behavior, and more variable in the behaviors that were demonstrated (Davis,
1975). These findings, however, were not analyzed with any statistical methods, nor did
they compare repeated interactions with unfamiliar individuals to those of familiar
individuals. Fischer and colleagues (1986) investigated potential sex differences in initial
encounters with unfamiliar same-sex partners in degus. It was found that females
interacted more than males, and males engaged in more agonistic behaviors than females,
who were more affiliative than males. This study was unfortunately underpowered and
also did not investigate how these interactions changed over time so inferences cannot be

confidently drawn from them.
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One recent study investigated differences in the frequency of interaction and
frequency of behavior types used in an initial interaction of two individuals. They
compared the behaviors and sequences of those behaviors used during interactions with
two familiar and unfamiliar individuals. A significant difference in the total time spent
rear-sniffing and vocalizing was observed with unfamiliar dyads engaging in more rear-
sniffing and vocalizing than familiar dyads. Additionally, the total time unfamiliar dyads
spent interacting was higher than familiar dyads, but the difference approached
significance (Lidhar et al., 2021). These findings suggest that there are behavioral
differences in how individuals interact with familiar and unfamiliar individuals, although,
how these differences change over time is still not known. There is also no work on how
these differences differ between the sexes or change across the lifespan.

The previous research done with degus demonstrates their usefulness for studying
relationships and their formation. The behaviors the degu displays both in the wild and in
laboratory-based research highlight the differences in relationships between the sexes and
make this species ideal for the search of a method to describe relationships generally.
Furthermore, the motivation of female degus to interact with new individuals and form
stable social bonds with their peers suggests that this species is unique and lends
themselves to the investigation of the variability of social interactions as a measure of

relationship formation.
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Chapter 4: Goals, Hypotheses, and Procedures

The overarching goal of this dissertation is to gain a better understanding of the
process by which degus form peer relationships by considering the stability (or
conversely, variability) of their interactive behaviors. The main hypothesis of this
dissertation is that new relationships (i.e., between initially unfamiliar degus) are more
variable in the sets and levels of social interaction than familiar relationships. This
predicts that A) measures of variability will be lower in long-term cagemate dyads
relative to dyads that are initially strangers, and B) with increasing time and familiarity,
initial stranger da will become less variable.

This dissertation additionally asks a second question: whether relationship
formation differs development and adult stages lifespan stages. Research suggests that
younger animals interact with familiar and unfamiliar individuals differently (Chapter 2).
The function and types of social interaction also differ across these stages (Cheney et al.,
2016; Palagi, 2018; Pellis & Pellis, 2007). Social learning is important during
development, and play behavior is known to take place with both familiar and unfamiliar
peers. Here I test the hypothesis that juvenile and adolescent degus display high
variability in their social interactions regardless of the familiarity levels of the
individuals. This predicts that when presented with a repeated-reunion protocol, juvenile
and adolescent degus will not display variability differences between unfamiliar and
familiar peers, nor will variability decrease over sessions. A brief overview of the
methods and statistics used to test these hypotheses is given below. A more detailed

explanation of the methods and statistics are presented in subsequent chapters.
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Experimental Procedure

In order to investigate how the variability of social interactions changes over time,
we repeatedly reunited familiar and unfamiliar same-sex dyads over the course of 20 to
40 days. Prior to the reunions, animals were acclimated to a testing chamber by placing
them alone in the chamber for at least 5 minutes each day for 5 days. Then, over a 20-day
period, each degu experienced five, 20-minute “reunion” sessions with a familiar partner
(cagemate) and five, 20-minute reunion sessions with an unfamiliar partner (stranger;
Figurel A). The order of these sessions was pseudo-randomized and counterbalanced to
avoid order effects. The use of five-session is consistent with previous work examining
relationship development in mice (Lee et al., 2019). All degus were isolated for 24 hours
prior to each reunion to maximize the time that animals interact during the recording
session (consistent with observations made by Lidhar et al., 2021).

Preliminary results from the adult female reunion indicated that even after 5
sessions, stranger dyads continue to show higher levels of interaction than cagemate
dyads. To allow the strangers more time to form stable relationships, they were co-
housed in their home cages and then were reunited for two more sessions. A subset of
adult female strangers was further co-housed for a period of 7-days and experienced 2
additional 20-minute reunion sessions (see Figure1B). Adult males were not run through
this paradigm due to the potential risk of injury due to fighting in the homecage.

An additional two reunion sessions with a brand-new individual were run
following the conclusion of the co-housing period (females) or the 10 reunion sessions
(males) to control for behavioral changes over the course of the protocol that are not

related to social novelty. This also allows for comparisons in the behavior types and
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strategies between two unknown conspecifics. This comparison highlights whether the
behavioral differences are explained by the level of familiarity or individual differences.
If there was no significant difference between the behavioral types and strategies in
stranger dyad A and stranger dyad B, it could then be inferred that degus use a general
strategy to interact with unknown individuals. Furthermore, this comparison allowed us
to control for the potential influence of increased time or increased social exposure as we
were able to compare whether the behaviors and stability of the dimensions are solely due

to increased experience.

Figure 1
Experimental Design
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Note. A) Degus received a repeated sequence of 24 hr isolation, 20-minute reunion
recording sessions, and 24 hr co-habitation with cagemates. CAG = cagemate reunion,
STR = stranger. B) Sequence of recording sessions over days. Cagemate and stranger
reunions were interleaved. Degus were subsequently housed with the initial strangers
creating “new cagemates” (STR->NC) tested after one day, and then after one week. In
two final reunion sessions, they were presented with a new stranger (NST).

In order to investigate potential differences in relationships and relationship
development across the lifespan, additional groups of degus were tested at two
developmental stages. First, degus were tested when they were juveniles, and then again
as adolescents, soon after they displayed signs of sexual maturity (vaginal opening in

females and penile spikes in males). These two age groups were chosen based on

previous findings indicating that there are differences in the social behaviors and the
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function of relationships between juveniles, adolescents, and adults (Kulik et al., 2015;
Pellis et al., 2005; Shimada & Sueur, 2018). Degus are considered to be juveniles from
PND 28 to 35 and adolescents from PND 56 to 112. Prior to PND 28 young degus are
still nursing. To maintain the same protocol used in adults, which involved 24 hours of
isolation, we did not test degus before they were weaned. Juvenile and adolescent female
degus experienced the same paradigm as adults, with one exception. Due to the relatively
short juvenile developmental period, juveniles were not used in the 7-day co-housing
tests.

Analysis of behaviors and behavioral dimensions

Video recordings were scored using Behavioral Observation Interactive Research
Software (BORIS; Friard & Gamba, 2016). This software can be used to observe animal
behavior and log specific events. The logs of events that are produced by the BORIS
software were analyzed using MATLAB. The ethogram used consisted of 13 different
behaviors which are described in Table 1 and are grouped into 5 behavior categories;
agonistic (biting, wrestling, avoiding, marking, rear-push, mounting, and tail shaking),
affiliative (huddling, grooming, and in-proximity), and investigative (face-to-face, rear

sniffing, body sniffing).

Scoring was primarily done by Amber Thatcher, who also trained other scorers.
Training of new scorers was done through the use of a written protocol and video
recording of an example video. After the trainee completed a single session, they
received detailed feedback about the scoring choices to minimize inter-scorer differences.
This process then was repeated until the scoring of the trainee matched the scoring of the

trainer. Out of the 1,042 videos scored for this dataset, 449 were completed by Amber
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Thatcher. The remaining 593 were scored by undergraduates trained by Amber Thatcher.
The interrater reliability (IRR) was calculated on the interaction vectors of a subset of
sessions and compared between randomly selected scorers. This statistic is useful for
experimental designs with three or more scorers and for data with interval variables
(Hallgren, 2012). A subset of observations was chosen at random and scored by a second
individual. Previous literature states that a subset of at least 10% of the original data is
needed to perform these analyses (O’Connor & Joffe, 2020). The ICC model chosen
reports the degree of absolute agreement of measurements that are averages of k
independent measurements on randomly selected objects (McGraw & Wong, 1996). The
median ICC we obtained indicated that variability between raters was high (M = 0.83,

Mdn = 0.90).

Statistical Analyses

The primary measure used in this research was the proportion of session time
animals spent interacting, and the time budgets (i.e., proportion of time spent in each
individual behavior) across the five behavior categories. The time budgets of each animal
within a dyad together comprised an “interaction vector”, which could then be used to
compare similarity across sessions. These measures were used to examine potential
differences in how familiar and unfamiliar dyads interact and how these interactions
might change over time. To test for significant differences between groups and across
days, multiple mixed-effects ANOV As were used, with corrections for false discovery

rates when running separate analyses for each of the five interaction types.

In order to determine the overall variability of a dyad a vector-distance measure
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was used. This allowed us to compare the overall variability (how similar each interaction
vector is within a dyad) for strangers and cagemate groups, and to see whether this
variability changed across days. We chose to use the cosine distance metric for this
analysis as Euclidean distances can be influenced by the size of the vectors, or in this

case, the total amount of interactions, which we expected to be higher in strangers.

Another method to test variability is to examine whether a dyad is consistent
enough in its behavior to be distinguished from other dyads. Approaching the question in
this way allows for the use of classification methods that can ignore behaviors that are
irrelevant for assessing variability. For example, if rear-sniffing is a behavior that
depends on other contextual variables, then it may appear that a dyad has a lot of
variability even if it has a strong social relationship. We therefore used “dyad
classification success” as an additional measure that considers within- versus between-
dyad variability. We then trained support vector machine classifiers to distinguish
between each pair of dyads within a group (adult female cagemate, adult female stranger,
adult male cagemate, etc.). The SVM models were trained to discriminate the five full-
session interaction vectors of two dyads within the same group. The models used were
trained using a leave-one-out cross-validation method. This training method uses all
observations, except one, for training, then the model is used to predict the category of
the one observation left out. This process was then repeated for each observation, and the
final result was a “success rate” used as our variability measure. Success rates of
classification fell between 0 and 1 with a success rate of 0.5 being the probability
expected by chance. The success rates of dyad classification were then compared using a

2-way mixed-effects ANOVA.
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Chapter 5: Female Degus Show More Stable Social Interactions in New
Relationships

Introduction

Much research has shown that social investigation decreases with familiarity
(Winslow, 2003), and that certain behavioral responses change with increasing familiarity
(Curtis et al., 2003). Whether the variability of social behaviors is affected by familiarity,
however, it still not well studied. Some research has indicated that the variability of
interactions between individuals may change as the individuals become more familiar
with one another, but this has not been investigated directly (Carter et al., 2020; Lee et
al., 2019; details of these studies can be found in chapter one). For agonistic relationships
it has been shown that relationships become more stable over time and the variability of
these interactions decreased (Jager et al., 2019). These examples focus on agonistic
relationships, and still leave us with the question of whether social familiarity is also
associated with reduced behavioral variability in other relationship types. Affiliative
relationships do tend to show similar trends, with the frequency and symmetry of
grooming behaviors becoming less variable as the relationship develops (Carter et al.,
2020). These findings imply that behavioral variability may in fact be a useful measure in
understanding the process of relationship formation, independent of the type of
relationship that is formed.

The goal of the present study was to investigate the effects of familiarity on the
behavioral variability of the degu (Octodon degus), a highly gregarious rodent native to
Chile. The principal hypothesis of this study is that novel relationships between

unfamiliar degu dyads have more variable social interactions than those of familiar degu
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dyads. We predicted that the variability of social interactions differs between familiar
cagemate and initial stranger dyads, and furthermore that they decrease over time
(become more stable), indicating that a relationship is being formed, regardless of the
type of relationship or the sex of the individuals. In order to test this hypothesis, we
repeatedly reunited familiar and unfamiliar same-sex peers over the course of 20 to 40
days.

Methods

Subjects

Fifty-two adult female degus aged seven to twenty-nine months (M = 11.9 mo,
Mdn = 11 mo) and 44 male degus aged six to twenty months (M = 10.4, Mdn= 10) were
used. Degus reach developmental maturity by 3.5 months (Hummer et al., 2007;
Mahoney et al., 2011) and can live in laboratory settings for up to 8 years (T. M. Lee,
2004). Age effects are not reported due to uneven sampling and potential history threats
(e.g., the oldest dyads had been transferred from another colony). All degus had been
weaned from parents and separated from opposite-sex siblings between postnatal days 30

and 60 (M = 42 days).

All animals were housed in same-sex pairs in 50.8 x 40.6 x 21.6 cm plastic cages
in a breeding vivarium at the University of Montana. Degus were fed a 1:1 mixture of
chinchilla and guinea pig “Teklad” feeds (Envigo; Indianapolis, IN). Animals were
housed on a 12:12 h light/dark cycle, with all tests occurring during the light (active)

cycle. Each cage was also equipped with additional enrichment (e.g., hay, cardboard
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enclosures, plastic “bones”, and wooden blocks) and, prior to the start of the study,

provided with occasional dust baths and handling sessions.

Cagemate dyads were created by pairing two same-sex individuals together at the
time of weaning, resulting in 24 cagemate dyads that were full siblings (highly familiar
and genetically related) and 2 that were not (highly familiar but not genetically related).
Animals used for stranger dyads were the same as those used for cagemates, and pairings
were selected in an attempt to keep animals matched for age but were otherwise random.
Strangers inhabited the same vivarium, so olfactory, auditory, and visual contact was
possible prior to testing; however, in no cases had strangers been in physical contact with
one another. These conditions for strangers are the same as those used in prior studies

from our lab (Insel et al., 2020; Lidhar et al., 2021).

Apparatus

All sessions recorded video and audio using a Logitech HD Pro Webcam C920
USB2 camera and recorded at a sampling rate of 30 frames/s. The recording chamber was
a 50 x 50 x 50 cm wooden box (Figure 1B). Following each social exposure, the
enclosure was cleaned using 70% ethanol and then dried to prevent residual olfactory

cues from affecting the behavior of subsequent animal pairs.

Testing

During the week prior to testing, each animal was pre-exposed to the testing
chamber for at least 5 minutes each day over five days. Pre-exposures to the recording

chamber were performed without other animals present. Twenty-four hours prior to the
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first testing session, all individuals were separated into individual cages within the same
vivarium room. Testing began after degus were transported to the testing room and the
backside of one degu was marked for identification (Pet Paint; Camarillo, CA). The
painted degu was then placed in the chamber with an unpainted conspecific, either its
cagemate or a stranger. The pair were allowed to interact freely in the recording chamber
for 20 minutes. Once animals completed their 20-minute session they were returned to
their home cage with their cagemate and were left undisturbed for 24 hours. Animals
were placed back with their cagemate following each reunion session to allow the dyad to
“recalibrate” their relationships, preserving their dyadic interactions over the weeks and
minimizing the impact of the stranger exposures. At this point, this cycle of co-housing,
isolation, and testing would repeat, with exposures to strangers and cagemates interleaved
in a consistent, pseudo-randomized order for a total of 5 cagemate and 5 stranger sessions

(counterbalancing stranger-first and cagemate-first across dyads).

Following 10 reunion sessions, adult female stranger dyads were co-housed
together for a period of 24-hours there were again isolated for 24-hours and finally tested
for an additional reunion session. After the completion of this reunion, the “new
cagemate” dyad was housed together for another 24-hour period followed by isolation
and another testing session. The purpose of creating the “new cagemates” was to
maximize familiarity between the initial strangers, with the expectation that behavioral
patterns (variability and levels of interaction) would become like those of cagemates if
they had not already. Following the 24-hour co-housing procedure, adult female stranger
dyads were co-house for an additional 7 days and then were tested twice more (with the

24-isolation period occurring prior to the reunion session).
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Following re-housing reunion sessions in the females and the 10 reunion sessions
in the males, all animals were subsequently returned to their original cagemates and then,
following 24 hours of isolation, tested with a new stranger. This procedure was done
twice. The purpose of the “new stranger” reunions was to establish whether changes in
stranger behavior across repeated exposures were due to increased social familiarity,

rather than acclimation to the recording chamber or testing protocol.

Behavioral Scoring

Software. Scoring of physical behavior was performed using BORIS (Behavioral
Observation Interactive Research Software; Friard & Gamba, 2016)), which allows users
to log events during video playback. All analyses were custom written in MATLAB and

will be made freely available.

Behavioral Scoring. Filenames for video recordings were changed prior to
scoring to ensure raters were blinded to conditions. Raters coded the start and end times
of each observed behavior, the type of behavior, and the animal that initiated the
behavior. The following behaviors were scored: agonistic (mounting, biting, wrestling,
boxing, marking, rear-push, tail shaking), allogrooming (sniffing of neck or body with
small, repetitive movements), rear-sniffing (anogenital sniffing), face-to-face (nose-to-
nose and nose-to-mouth sniffing/contact), and body sniffing (sniffing toward neck and
body; see Table 1 for more detailed descriptions of each behavior). Sessions were said to
start when the second degu was introduced into the chamber and to end when a degu was
removed. Occasionally there were accidental omissions of behavior “end” times; to

ensure these did not impact results, these interactions were said to end when the same
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degu initiated a new behavior, or after a time-out threshold of 6 s (based on the

distribution of all interactive behaviors across all sessions).

Measures

For simplicity and consistency with prior work (Lidhar et al., 2021; Thatcher &
Insel 2021) the 17 behaviors listed on the ethogram were collapsed into five behavioral
categories: Agonistic (mounting, biting, wrestling, boxing, marking, rear-push, tail
shaking), allogroom (sniffing of neck or body with small repetitive movements), rear-
sniffing (anogenital sniffing), face-to-face (nose-to-nose and nose-to-mouth sniffing
and/or contact), and body sniffing (sniffing of neck and body). As almost all instances of
agonistic type behaviors in juvenile and adolescent animals can be classified as play
behaviors, as they rarely escalate into serious fights, and so we will therefore consider
agonistic encounters observed here as play behaviors and will refer to them as play from
this point on (Pellis et al., 2010). All measures were computed from ethogram-based
scoring of behavior, performed manually in BORIS. The majority of the measures were
based on the time animals spent using different behaviors during each session, or during
part of a session (i.e., time budget analysis). Examination of total interaction time across
sessions revealed a tailed distribution that closely resembled a gaussian distribution
following a cubed root transformation. This transformation was applied to all measures of

interaction time prior to statistical analyses.

The first measure created and used for analyses was total interaction time (or time
budget analysis). This variable was computed as a proportion of session time, with total

time spent interacting created through the summation of all behavior types (total time
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spent interacting divided by total session time). Interaction vectors were then created for
each behavioral category and used for a more detailed analysis of social interactions
across sessions. Interaction vectors were also computed as a proportion, but of total
interaction time rather than of session time (i.e., total time interacting agonistically

divided by the total amount of time spent interacting).

The variability of social interactions was compared between sessions through two
measures, “interaction vector distances” and “dyad classification success”. Interaction
vector distances were created by computing the distance between the vectors associated
with different sessions within the same individual. This yields a vector of 10 elements (5
interaction types by each degu in the dyad). For the purposes of this study, however, face-
to-face interactions of both individuals were combined as it is a mutual interaction
resulting in a vector of 9 elements for this study. Cosine distances were used to compute
the distances between interaction vectors. Cosine distance has many advantages over the
other options, such as Euclidean distance which can be affected by the number of
interactions, while cosine distances do not. Pearson correlations also are not affected by
differences in the length of vectors would ignore changes that are common across all
interaction types. This would therefore not capture the full variability of interactions

across sessions.

Dyad classification success was computed by finding the degree to which a group
of interaction vectors could be discriminated from another group. Classification success
combines the variables of within-dyad variability, and between-dyad diversity. The
advantage of dyad classification success compared with interaction vector distances is

that, after a model is trained, it should ignore types of social interactions that are not
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useful for the discrimination between two dyads. It is also able to emphasize the
interactions, or combinations of interactions that do have a large influence in the
discrimination of dyads from one another. Classification success was determined through
the use of a binary support vector machine classifier (SVM). This method identifies the
boundaries (or hyperplanes) through n-dimensional space that best differentiate between
two sets of data. Support vectors are the data points closest to the boundaries which
separate data into two categories. This allows for us to estimate common patterns
between the two sets of data based on how successful the model is in its classification. A
leave-one-out cross-validation method which uses all observations (in this case of the 9
interaction vectors, the model is trained on 8), except one, for training, then the model is
used to predict the value of the one observation left out. This process is repeated for each

observation. This training method is less biased than using a single test/training.

Statistical Analyses

Null-hypothesis significance testing was used to evaluate differences between
strangers and cagemates, age groups, sessions, interaction variability across sessions and
age groups and classification success. To investigate overall interactions levels between
strangers, cagemate, juveniles and adolescents across session days a 3-way mixed effect
ANOVA was run with stranger/cagemate and session day as repeated measures and age
as the between subjects’ measure. To assess the effects of exposure day and
stranger/cagemate for each behavior a separate 2-way mixed effects ANOVA was
conducted. Due to the multiple comparisons, significance values are corrected using the

Benjamin & Hochberg (1995) false discovery rate procedure.
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Results
The effects of stranger/cagemate, sex, and familiarity on general interaction levels

In order to explore the general effects of familiarity on social interactions of
degus we first examined how the total interactions times differed between strangers and
cagemates, and how this differed between the sexes. In line with our hypothesis and
previous findings, degus interacted more with strangers than with their cagemates (3-
factor mixed ANOVA with exposure day and stranger/cagemate as repeated measures
and sex as between-subject; effect of stranger/cagemate: F(1,94) =34.18, p=7.2x 10®,
5’ =0.003 ; Figure 2A). Both stranger and cagemate male degus interacted more than
females (effect of sex: F(1,94) = 12.47, p = 6.4 x 10, #° = 0.004). A significant
interaction between stranger/cagemate and exposure day indicated that the amount of
time stranger and cagemate dyads spent interacting decreased over time (interaction
between stranger/cagemate and exposure: F(4,376) = 3.16, p = 0.014, #* = 0.001). This
effect was driven by the males as female dyad interaction levels did not change over
exposure day (F(1,4) =0.48, p=0.75, 5° = 0.001).
To investigate the effects of familiarity on specific behavior types we divided the
interactions into five types: agonistic, allogrooming, rear-sniffing, face-to-face, and body-
sniffing. Both male and female degus had more agonistic (primarily mounting)
interactions with strangers than with cagemates (2-factor mixed ANOVA, repeated
measures over days, false discovery rate correction for 5 tests, female agonistic: F(1,51)
=8.70, p = 0.001, ° = 0.02; male agonistic: (F(1,43)=17.44,p=1.4x 10 #°=0.02;
Figure 2C, right panels). Female stranger dyads also demonstrated more rear-sniffing and

face-to-face interactions than cagemates (rear-sniffing: F(1,51) =12.37, p=9.3 x 104, »°
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=0.01, and face-to-face: F(1,51) = 3.56, p = 0.01, ° = 0.002; Figure 2E, left panels).
Changes in stranger versus cagemate interaction levels across days could only be detected
in face-to-face interactions in female degus (F(1,51) = 10.32, p = 0.002, ;72 =0.002; all
other individual interaction types: p > 0.05). Males decreased face-to-face interactions
over time, more so in strangers than cagemates (F(4,172) =4.00, p = 0.01, 172 =0.002;
Figure 2C). Trends for other behavior types indicated a decrease in interactions across
exposure days only in males (e.g., higher rear-sniffing over the first few days, session x
stranger/cagemate interaction: F(4,172) = 2.36, p = 0.056, ° =0.01).

As we did not observe any significant changes in the interaction levels of female
stranger or cagemate dyads, we wanted to further explore whether dyads with overall low
levels of interaction were impacting these results. We therefore divided female dyads into
those that showed significantly higher levels of interaction with strangers (“SC-HIGH”,
16 of 52 degus, determined using a paired t-test on each animal across 5 stranger, 5
cagemate sessions, p < 0.1) and those that did not (“SC-LOW™, 36 of 52 degus). We then
ran a 2-factor repeated measures ANOVA for each group. There was no evidence that
stranger-cagemate interaction levels changed over days in either the SC-HIGH animal (2-
factor repeated-measures ANOVA stranger/cagemate: F(1,15) = 83.40, p = 1.63x 107, 5°
=0.02 day: F(4,60) = 0.89, p = 0.47, ° = 0.001; stranger/cagemate x day: F(4,140) =
0.20, p = 0.94, #° = 0.001) or the SC-LOW animals (stranger/cagemate: F(1,35) = 8.00 x
10, p = 0.98, #° = 0.00; day: F(4,140) = 1.49, p = 0.22, #° = 0.001; stranger/cagemate X
day: F(4,140) = 0.20, p = 0.94, #° = 8.72 x 107 ; Figure 2C). Even after co-housing the
stranger dyads for a period of 24 hours and 7 days interaction levels of these dyads

remained higher than long-term cagemates (paired t-test, averaging all cagemate sessions

37



and both 24-hr co-housed stranger sessions, # = 5.50, p = 3.80 x 10#; 7 days of co-
housing (7 =2.98, p = 0.021)).

In order to investigate the potential effects of habituation to the procedure on the
observed changes in interaction levels over time. In both males and SC-HIGH females,
levels of interaction with new strangers were higher than interactions with cagemates
(paired t-test between within-animal averages in cagemates and new-strangers, males: 43
=5.13, p=6.66 x 106, SC-HIGH females: ti5 = 4.17, p = 8.18 x 10*) and were not lower
than interactions with the original strangers (males: t43 = 1.76, p = 0.086 with new

stranger > old stranger; SC-HIGH females: t15 = 1.13, p = 0.28, Figure 2D).
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Note: A) Total interaction levels for females (left panel) and males (right panel) across
the 5 initial exposures (errorbars are mean = SEM; statistics are cagemate/stranger factors
in 2-way ANOVA). B) Colormaps of interaction types for each degu in 2 s bins across
the five exposures helps illustrate the variance within and between animals. Individual
degus (rows) are sorted according to their peak levels of agonistic interactions (AG, red;
other abbreviations: GR = allogrooming, RS = rear-sniffing, BS = body sniffing, FF =
face-to-face). More interactions were observed when degus interacted with strangers (left
panels), with particularly high variance in males (bottom panels). C) Breakdown of
interaction levels across different types of interactions. Higher levels of agonistic, rear-
sniffing, and face-to-face were observed in female strangers relative to cagemates (left
panels). Among males, some interaction types decreased and others increased over days
(right panels). D) Interaction levels over days in female degus that interacted more with
strangers (SC-HIGH, top) and those that did not (SC-LOW, bottom). Levels of social
interaction between new cagemates (exposures 6 through 9), as well as levels in new
strangers (blue), were consistent with those observed in initial strangers on exposures 1
through 5.

The effects of stranger/cagemate, sex, and familiarity on session-to-session variability

The next set of analyses focus on the variability of social interactions. To
measure this, we first computed “interaction vectors”: social interaction time budgets
across each of 5 interaction types (agonistic, allogrooming, rear-sniffing, body-sniffing,
and face-to-face), in each of the two individuals in a dyad. We then computed the
distances (dissimilarity) between interaction vectors to observe the overall variability
within each dyad. We found that the cosine distances between interaction vectors was
significantly higher in cagemates than in strangers (F(1,92) =32.09, p=1.7x 107, ° =
0.02). This observed difference was driven by the females, as subsequent analyses did not
show any significant differences in males (cagemate/stranger: F(1,41) = 1.85, p =0.18, »°
=0.01; exposure day: F(4, 164) = 1.91, p = 0.46, n° = 0.002). A significant increase in
female stranger-cagemate differences was observed with variability in stranger dyads

decreasing after the first exposure day (2-way mixed ANOVA, repeated measures over

days, cosine distance: cagemate-stranger: F(1,47) =2.19, p = 0.14, #* = 0.01, exposure
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day F(4,188) = 1.9, p = 0.10, #° = 0.002, cagemate-stranger x exposure day: F(4,188) =

2.75, p = 0.030, 7 = 0.003)).

We then used a classifier-based method to establish whether dyads could be
distinguished from one another using unique combinations of interaction vector elements
(illustrated in Figures 3A&B). This classifier method measures “discriminability”, which
evaluates within-dyad variability relative to differences between dyads. This relative
measure of variability is useful in that it allows specific interaction behaviors (and
combinations) to be ignored if a dyad is inconsistent in that behavior, effectively zeroing
in on behaviors that more selectively define the social relationship. Dyad classification
success was evaluated using SVM models trained to discriminate the five, full-session
interaction vectors of one dyad from the five interaction vectors of another dyad within
the same group (e.g., a given SVM model was trained to classify one female cagemate
dyad from another). Each model was repeatedly trained and tested using a leave-one-out
cross validation method, yielding a success rate between 0 and 1 where a success rate of
0.5 would be exactly the probability expected by chance. Female cagemate and stranger
groups each included 325 SVM models (number of unique pairings between 26 dyads)
and male cagemate and stranger groups each included 231 models (pairings between 22
dyads). The average success rate in each of these groups was higher than chance,
suggesting that in spite of session-to-session variability, individual dyads expressed
behavioral patterns that were distinguishable from other dyads (binomial probability
distribution predicts ~5% probability of success classifying at least 7 of 10 sessions,
mean rates for female cagemates = 7.1, female strangers = 7.8, male cagemates = 7.6,

male stranger = 7.3). Classification success was significantly higher in female strangers
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than cagemates. In males, however, stranger dyads had significantly lower classification
success than cagemates (2-way ANOVA effect of stranger-cagemate: F(1,1108) =7.11, p
=0.0078, #° = 0.01; effect of sex: F(1,1108) =0.03, p = 0.86, ° = 2.64 x 10°%; stranger-
cagemate x sex interaction: F(1,1108) =23.56, p = 1.4 x 10", »° = 0.02; Figure 3D). The
effects were not due to any one interaction type, as the sex difference remained even after
the removal of any specific type (agonistic, allogrooming, rear-sniffing, face-to-face, or
body-sniffing) from the interaction vectors (stranger-cagemate x sex interaction for each:

»<0.01).

We then further investigated the effects of familiarity on inter-session variability
by comparing dyad classification success across each of the five social exposures/reunion
sessions. Consistent with the results seen using the cosine distance metric, the variability
of female stranger dyads decreased over (2-way mixed-effects ANOVA, repeated
measures over days, cagemate-stranger: F(1,699) =29.6, p = 7.4 x 10, #° =0.002;
exposure day: F(4,2796) = 6.65, p = 2.53 x 107, #° = 0.001; cagemate-stranger x
exposure day: F(4,2796) = 5.65, p = 1.6 x 10, #° = 0.001; Figures 3E&F, left panels). In
males, changes over days were less apparent, though classification success rates showed
signs of increasing in cagemates after the first exposure, while strangers showed less
evidence of change (2-way mixed ANOVA, stranger-cagemate: F(1,503) = 1.5, p =0.22,
7’ = 0.0001; exposure day: F(4,2012) = 6.05, p = 7.74 x 103, ° = 0.001; stranger-
cagemate x exposure day: F(4,2012) = 4.54, p = 0.001, »° = 0.001; Figures 3E&F, right

panels).

Figure 3
Variability Across Sessions and the Effects of Sex and Familiarity
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Notes. A) Diagram illustrating analysis methods. Each column of boxes represents the
interaction vector from a single session (abbreviations same as in Figure 1). To the right,
vectors are plotted in cartesian coordinates to illustrate measures of variability. The top
right shows SVM-based classification success, with the dashed line representing a
hyperplane separating groups in the relevant feature space. The bottom panel shows
interaction vector distances, with points placed in 3 dimensions to emphasize that even
non-relevant features contribute to the measure. Lines between points depict within-
(light colored) and between- (dark colored) dyad distances. B) Plot of all female dyad
interaction vectors using the first two principal components of the vector feature space.
Dark black dots show all 5 sessions from one example cagemate dyad, red dots show all
5 sessions from one stranger dyad. In this example, the first two principal components
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reveal higher clustering (less session-to-session variance) in the stranger relative to
cagemate. C) Swarm plots showing the distribution of within-dyad interaction vector
distances (operationally “variability”; top: Euclidean, bottom: cosine) in cagemate and
stranger dyads of both sexes. F and P values refer to interaction between
cagemate/stranger and sex. D) Success rate of SVM classifiers discriminating pairs of
dyads among within each of the four groups (error bars are mean + SEM). E) Within-
dyad interaction vector distances after separating-out each exposure, e.g., “exposure 17
only includes distances between exposure 1 vectors and other days—it would not include
distances between exposures 2 and 3, or 3 and 4. Values are across-dyad averages of
within-dyad medians, #SEM, F and P values refer to interaction between exposure day
and cagemate/stranger. F) Relative success rates for different days, e.g., “exposure 1”
only includes models trained on exposures 2 through 5, with accuracy tested for the
exposure 1 vector.

Discussion

The main goal of this research was to identify whether the variability of social
interactions differed between familiar and unfamiliar individuals and measure these
differences over time and between males and females. The overall variability of social
interactions, as measured by cosine distances, were found to differ between strangers and
cagemates in both males and female, but not in the direction we predicted. We predicted
that social interactions would be more variable in initially unfamiliar (new) relationships
than in established (familiar) relationships independent of sex. Surprisingly we found that
female stranger interactions were more stable than those of cagemates. This result was
unexpected, but the results of our dyad classification provide further support for this
finding. We also predicted that the variability of interactions would decrease (interactions
would become more stable) over time. This prediction was partially supported by our
data with female strangers, male strangers, and male cagemates all showing decreased

interaction variability across exposure days.
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While we did not find results to support our hypothesis that these measures of
variability could be used to identify social relationships independent of the type of
relationship formed, we did observe several unexpected but interesting results. The first
unexpected result was that 30% of degus that interacted more with stranger peers than
with familiar cagemates did not decrease interactions to cagemate levels even after
becoming highly familiar with their new partners. The second was that female cagemates
showed relatively higher levels of variability in their interactions than strangers and
cagemate interaction variability increased over time.

Previous work has also shown that adult female stranger degus displaying higher
interaction levels compared to cagemate dyads (Insel et al., 2020; Lidhar et al., 2021;
Villavicencio et al., 2009) and is supported by previous work reporting a preference for
and increased behavioral response to novel social stimuli (Cavigelli et al., 2011; Moy et
al., 2004). The highly social nature of this species in the wild also lends its support to this
finding as females degus are known to form close associations with other female group
members, nest with unrelated females and nurse each other’s pups (Ebensperger et al.,
2004; Fulk, 1976). The high turnover rates experienced by these groups in the wild, also
is indicative of a motivation to interact with and form relationships with new, unfamiliar
others (Davis et al., 2016). These natural behaviors also imply, that these animals would
be driven to form stable, cooperative relationships with new individuals. Our results,
however, indicate that this process may not occur as it is implied. We observed that
interaction levels of initial strangers were initially high, but did not decrease over time as

the individuals began to familiarize themselves with one another. Even after a period of
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24 hours of cohabitation and a period of 7 days of cohabitation did not decrease the
interactions levels to those seen in long-term cagemates.

One potential explanation for this effect is the genetic relatedness of the long-term
cagemates compared to the non-sibling relationships between our strangers. It may be
that the relationship formed between the long-term full sibling cagemates early in their
development is fundamentally different from relationships (non-sibling or sibling)
formed during adulthood. Many species do display a kinship bias and display differential
interactions in relationships with siblings compared to non-siblings (Gauffre et al., 2009;
Lee, 1987). There is little to no research on the differences of social interactions between
siblings and non-sibling pairs over time, however, so it is unclear whether this would
explain our results. Further support for the potential effects of genetic relatedness on
social interactions has been seen in degus. While in the wild, degus do not display a
kinship bias, laboratory based research has shown that genetic kinship can influence
social behavior, just not as strongly as familiarity (Quirici et al., 2011; Villavicencio et
al., 2009). Further research with non-sibling cagemates should be completed in order to
determine the true effects of kinship on the social relationships of captive degus.

We also observed that, contrary to our predictions, female cagemate dyads
exhibited high levels of variability relative to strangers. Previous findings suggested that
established relationships were less variable in their interactions (or more stable) than
new, not yet established relationships, making our results much more surprising to us
(Carter et al, 2020; Lee et al., 2019). As our established relationships were formed
months prior to testing, it may be that these relationships when newly established were

stable, but over time the individuals became much more relaxed and comfortable. This
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more relaxed state may have then allowed for the emergence of more variable behaviors
that are dependent on day-to-day circumstantial factors (e.g., hormonal fluctuations,
ambient odors, etc.). Another potential explanation for these results is that stranger dyads
may be more wary, and therefore less likely to engage in more variable, and therefore
less predictable behaviors. Research does tend to support the idea that being
unpredictable with strangers is potentially dangerous and not conducive to the formation
of any form of affiliative relationship. Many primates, for example use sets or rituals of
specific vocalizations and physical interactions when they encounter strangers. These
behaviors often occur between similar-ranking males or when younger individuals greet
older conspecifics and signify that these behaviors signal predictability and function to
reduce uncertainty and tension (Aureli & Schaffner, 2007; Dias et al., 2008; Kutsukake et
al., 2006; Smuts & Watanabe, 1990; Whitham & Maestripieri, 2003). According to this
explanation, it could by hypothesized that female degus are predisposed for lower
variability social interactions with strangers as part of their natural motivation to form
cooperative relationships with new individuals (Ebensperger et al., 2004).

Several potential methodological factors must be considered when interpreting
these results. The first is the novelty of the testing environment. While all animals were
individually exposed to the chamber for five days prior to the beginning of the
experiment, they may not have fully habituated to the chamber, room, or the overall
procedure. This was observed through the low interaction levels between degus,
especially in the females (averaging around 4 and 6% of the session for cagemate and
stranger dyads respectively, or just over 8% in SC-HIGH animals). Previous work with

rats demonstrated similar effects of environmental novelty on social behaviors
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(Varlinskaya, 2008). A similar testing procedure done with adult degus in the home cage
setting report much higher levels of interactions and while these results are not directly
comparable, when taken in combination with previous work in rats it does suggest that
the novel environment could have impacted the social interactions of these animals
(Lidhar et al., 2021). Another potential methodological factor that may have influence the
results is the categories of social behaviors used. Many of the categories, such as rear-
sniffing includes several distinctive behaviors such as anal sniffing, genital sniffing, and
rump sniffing. It may be that these behaviors should have been separated out rather than
combined into one category. Furthermore, there are several behaviors that were left out of
these analyses that may have provided a more detailed and in-depth depiction of the
degu’s relationships. For example, behavior such as in-proximity, while not an active
interaction, is still a common marker of affiliative relationships in primates (Silk et al.,
2013). It is also important to note, however, that these behavioral categories were created
to provide a more general description of social interactions. They also allowed us to
remove specific behavior types to investigate whether any behaviors were driving the
differences we observed.

The overall purpose of this paper was to investigate the effects of sex, familiarity,
and time on the behavioral variability of degu social interactions. In order to do this, we
developed a new methodology (distance metrics and classifiers) in an attempt to directly
measure this variability in a way that could be compared between the sexes, across
species, and throughout development. Our results suggest that the methods used to
measure and compare interaction variability were successful, just not in the way we

initially predicted. We did identify clear differences in the variability of interactions
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between cagemates, strangers, males, and females and while differences did not change
significantly over time, it still suggests that these measures could be useful in describing
relationships. Further research needs to be conducted comparing these results to other
species, however, to fully determine the usefulness of these measures. Furthermore, given
the unexpected nature of several of our results it may be that these measures are not able
to fully capture the full picture of relationship formation, and should be further

investigated with the inclusion of other generalizable methods.

48



Chapter 6: Relationship Formation Across the Lifespan in Female Octodon Degus
Introduction

Social relationships serve many important functions across the lifespan of
animals. In many species, adults receive increased reproductive fitness and life
expectancy with increasing number of social relationships (Brent et al., 2017; McFarland
& Majolo, 2013). In younger animals, however, the function of social relationships
differs. The function of social relationships for younger animals has instead been
attributed to learning appropriate social responses, the development of muscles, motor
control, neurological pathways, and even normal cognitive development (Blakemore,
2008; Pellis et al., 2010; Shimada & Sueur, 2018; more details on the differences in
social behaviors across development can be found in chapter two). As the function of
relationships during the early developmental periods is in part to learn and test out
different behavioral strategies, it could be that the social interactions that occur during
these stages are more variable in order to increase learning. Previous research has shown
that the more variability that an individual encounters when learning certain tasks,
improves their performance on those tasks in later testing, across multiple disciplines, but
whether this is true for social behaviors is still not well known (Raviv et al., 2022).

The present study, therefore, aims to describe the social interactions of juvenile
and adolescent female degus and examine whether the variability of interactions differs
between familiar and unfamiliar individuals, and over time. We chose to examine female
degus because adults of this sex and species have been shown to become quickly
affiliative with strangers, and in natural environments, unrelated adult females form

cooperative interactions. We hypothesized that juvenile and adolescent female degus will
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have high variability in their interactions regardless of the dyad’s familiarity level.
Previous research has indicated that the main function of social interactions in early
development is learning, and increased variability of situations and behaviors enhances
learning. We therefore predicted that the variability of social interactions will not be
significantly different between familiar (cagemates) and unfamiliar (strangers) for either
age group. We also predicted that the variability of the interactions will not decrease over
time. To test these predictions, we repeatedly exposed juvenile and adolescent female
degus to a cagemate and stranger same-sex peer and allowed them to interact freely for
10, 20-minute sessions. The total time spent interacting and the time spent performing
specific behavior types was recorded and compared. Then, using two distance metrics
compared the variability of interactions between and within dyads over time.
Methods
Subjects

24 juvenile female degus aged 28 to 35 days (mean = 1.36 mo, mode = 1.3 mo)
and 24 adolescent female degus aged 56 to 112 days (mean = 2.49, mode = 2.13) were
used. As the procedure chosen included a 24-hour period of isolation prior to testing,
juvenile degus only entered the procedure once weaning had occurred. This was done in
order to keep testing procedures consistent between adults and juvenile animals and so
juveniles were not deprived of their mother’s milk too soon. All degus had been weaned
from parents and separated from male siblings between postnatal days 20 and 45 (M =
30.36 days). After weaning all animals were monitored for evidence of vaginal openings,
noting any changes in coloration of the vaginal region and the opening of the vaginal

membrane three times a week (Mahoney et al., 2011). The first day of complete vaginal
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opening was defined as the onset of puberty (mean age of onset of puberty = 61.97 days,

min = 55, max = 94).

All animals were housed in the same conditions described in chapter 5. Cagemate
dyads were created by pairing two same-sex individuals together at the time of weaning,
resulting in 11 cagemate dyads that were full siblings and 1 that was not related.
Unfamiliar “strangers” were created using age-matched individuals with no history of
interaction or genetic relatedness. Olfactory, auditory, and visual contact were possible
prior to testing as all animals inhabited the same vivarium; however, in no cases had
strangers been in physical contact with one another (consistent with methods described in

Insel et al., 2020; Lidhar et al., 2021).

Apparatus

All sessions recorded video and audio using a Logitech HD Pro Webcam C920
USB2 camera and recorded at a sampling rate of 30 frames/s. The recording chamber was
a 50 x 50 x 50 cm wooden box (Figure 1B). Following each social exposure, the
enclosure was cleaned using 70% ethanol and then dried to prevent residual olfactory

cues from affecting the behavior of subsequent animal pairs.

Testing

During the week prior to testing, each animal was pre-exposed to the testing
chamber for at least 5 minutes each day over five days. Pre-exposures to the recording
chamber were performed without other animals present. Twenty-four hours prior to the

first testing session, all individuals were separated into individual cages within the same
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vivarium room. Testing began after degus were transported to the testing room and the
backside of one degu was marked for identification (Pet Paint; Camarillo, CA). The
painted degu was then placed in the chamber with an unpainted conspecific, either its
cagemate or a stranger. The pair were allowed to interact freely in the recording chamber
for 20 minutes. Once animals completed their 20-minute session they were returned to
their home cage with their cagemate and were left undisturbed for 24 hours. Animals
were placed back with their cagemate following each reunion session to allow the dyad to
“recalibrate” their relationships, preserving their dyadic interactions over the weeks and
minimizing the impact of the stranger exposures. At this point, this cycle of co-housing,
isolation, and testing would repeat, with exposures to strangers and cagemates interleaved
in a consistent, pseudo-randomized order for a total of 5 cagemate and 5 stranger sessions

(counterbalancing stranger-first and cagemate-first across dyads).

Following 10 reunion sessions, juvenile and adolescent stranger dyads were co-
housed together for a period of 24-hours there were again isolated for 24-hours and
finally tested in an additional reunion session. After the completion of this reunion, the
“new cagemate” dyad was housed together for another 24-hour period followed by
isolation and another testing session. The purpose of creating the “new cagemates” was to
maximize familiarity between the initial strangers, with the expectation that behavioral
patterns (variability and levels of interaction) would become like those of cagemates if
they had not already. Following the 24-hour co-housing procedure, adolescent stranger
dyads were co-house for an additional 7 days and then were tested twice more (with the
24-isolation period occurring prior to the reunion session). Due to the typical length of

the juvenile developmental period in this species, no juveniles were run through the 7-day
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re-housing paradigm. The 7-day co-housing paradigm was completed with adolescents as
previous work with adult female degus has shown that 5, 20-minute sessions was an

insufficient amount of time for unfamiliar dyads to establish a relationship (Chapter 5).

Following re-housing reunion sessions, degus were subsequently returned to their
original cagemates and then, following 24 hours of isolation, tested with a new stranger.
This procedure was done twice. The purpose of the “new stranger” reunions was to
establish whether changes in stranger behavior across repeated exposures were due to
increased social familiarity, rather than acclimation to the recording chamber or testing

protocol.

The software, behavioral scoring, and statistical analyses sections of these

methods are the same as described in chapter five.

Results

To order to assess the general differences in interactions between juvenile and
adolescent female degus we first evaluated the effects of social novelty on total
interaction time. We discovered that adolescent stranger dyads interact more than
cagemate dyads (3-way mixed effects ANOVA, with cagemate/stranger and session day
as repeated measures and age as the between-subjects variable, interaction of age,
exposure day, and stranger/cagemate, F(4,168) = 3.31, p = 0.01, ° = 0.001; Figure4A).
Juveniles, on the other hand do not initially differ in their interaction levels between
stranger and cagemate dyads. Over time juvenile stranger dyads slowly increase the
amount of time that they spend interacting, and by day 5, the interaction levels of stranger

dyads are significantly higher than that of cagemate dyads (2-way repeated measures
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ANOVA; interaction effect of stranger/cagemate and exposure day: F(4,92) =4.85,p =
0.01, 7°=10.01).

To identify which behaviors accounted for the differences between strangers and
cagemates we compared the interaction vectors of specific behaviors: play, allogrooming,
rear-sniffing, face-to-face, and body sniffing (2-way mixed effects ANOVA for each
behavior in each age group, applying the Benjamin & Hochberg (1995) false discovery
rate procedure; Figure4B). Juvenile stranger dyads were found to increase their rates of
allogrooming and rear-sniffing behaviors over days (allogrooming: F(4, 230) =9.13, p <
0.001, #° = 0.12; rear-sniffing: F(4, 230) = 3.45, p <0.01, °=0.05). Juveniles also
demonstrated a trend of increasing play behaviors and body sniffing over time (play: F(4,
230) =2.94, p = 0.02, n° = 0.05; body sniffing: F(4, 230) = 2.90, p = 0.02, #° = 0.04).
Juveniles overall had more face-to-face interactions in stranger dyads than in cagemates
(F(4,230) =8.67, p = 0.003, #°=0.03). Adolescent female degus increased allogrooming
and body sniffing across exposure days (allogrooming; F(4, 190) = 3.63, p = 0.01, 5° =
0.07; body sniffing: F(4, 190) =3.47, p = 0.01, #° = 0.06). Adolescents also demonstrated
more face-to-face interactions in stranger dyads than in cagemate dyads (F(4, 190) =
32.72, p < 0.001, #° = 0.12). Indicating that the specific behaviors that are used during
interactions differ between the age groups. The exposure day seems to affect the
prevalence of behaviors most with stranger/cagemate differences only appearing in face-

to-face interactions.

Figure 4

The Effects of Age and Familiarity on Interaction Levels
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Note. A) Total interaction levels for juveniles (top) and adolescents (bottom) across the 5
initial exposures, the 24-hour co-housing tests, and the 7-day co-housing tests (7-day test
only completed with adolescents; error bars are mean + SEM; statistics are
cagemate/stranger factors in 2-way ANOVA). B) Breakdown of interaction levels across
each behavior type. Higher levels of grooming, rear-sniffing, and body sniffing were
observed in juveniles across session days (left panels). Among adolescents, agonistic and
grooming behaviors increased over sessions (right panels).

The effects of stranger/cagemate, age, and familiarity on session-to-session variability

The main goal of this research was to investigate the variability of juvenile and
adolescent social interactions. To estimate the differences in the variability of behavior
between sessions within each dyad we calculated the cosine distances between interaction
vectors. There was no statistically significant difference in the interaction variability of
juveniles compared to those of adolescents (F(1,40) =2.24, p = 0.14, #°=0.01). In line
with our predictions we did not observe a significant difference in the variability of

stranger dyads compared with cagemate dyads in either age group (2-way mixed effects
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ANOVA; effect of stranger/cagemate: F(1,40)=0.12, p=0.73, #°=7.07 x 1075,
Figure5A). Interestingly, we did visually observe a bimodal distribution in adolescent
stranger dyads with about half of the dyads seemingly to fall well below the mean of
cagemate variability and half falling well above the mean, however none of the analyses
demonstrated this effect statistically. This may indicate that some of the adolescent
females are beginning to display patterns seen in adult female degus (Chapter 5). Both
adolescent and juvenile dyads, regardless of whether they were strangers or cagemates,
had decreasing levels of variability over time (F(4, 160) = 3.78, p = 0.005, ° = 0.005;
Figure5B). This pattern was in contrast with the prediction that variability would remain
high across sessions, independent of their level of familiarity. This result suggests that the
relationships became more stable across sessions.

The dyad classification method was then used to investigate to what extent
juvenile and adolescent relationships are distinguishable from one another within each
group (cagemate vs. stranger). A benefit of using the support vector machine (SVM)
method of classification is that it can effectively perform classifications in high-
dimensional spaces even when the number of dimensions (i.e., interaction vectors) is
greater than the number of samples (i.e. dyads). Another advantage of SVMs is that they
are able to handle classification even when the data is not linearly separable. It can
therefore identify non-linear boundaries that effectively separate the classes. The rates of
dyad classification success were not significantly different in cagemates and strangers (2-
way mixed effects ANOVA; effect of stranger/cagemate: F(1,218) =0.11, p =0.74, > =
0.001; Figure5C). Interestingly, juvenile degus were more easy to classify than

adolescent degus (F(1,218) = 15.31, p <0.001, #° = 0.06). These findings partially
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support our prediction that juvenile and adolescent animals do not seem to form
individual specific relationships based on familiarity, but contrary to what we predicted,
juveniles do seem to form more unique and therefore distinguishable relationships
compared to adolescents. This finding is also inconsistent with the results seen using the
cosine distance metrics. The variability of social interactions of juveniles was not
significantly different from adolescents on any exposure day. Dyad classification success
rates increased over session days in adolescent female dyads, which is consistent with the
finding of decreased variability over time (F(4,428) = 5.74, p < 0.001, #°=0.01;
Figure5D). This increase may indicate that as they age and become more familiar with
their environment and their peers they begin to form more distinct relationships,
specifically for stranger dyads (cagemate/stranger and exposure day F(4,428) =4.43,p =

0.002, #°=0.004).

Figure 5
Variability Across Sessions and the Effects of Age and Familiarity
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Note. A) Swarm plot showing the distribution of within-dyad interaction vector distances
(operationally “variability”) in cagemate and stranger dyads of both age groups. There
were no significant differences between strangers and cagemates for with age group.
Adolescent strangers do display a bimodal distribution. B) Within-dyad interaction vector
distances after separating-out each exposure, e.g., “exposure 1 only includes distances
between exposure 1 vectors and other days—it would not include distances between
exposures 2 and 3, or 3 and 4. Values are across-dyad averages of within-dyad medians,
+SEM in juveniles (left) and adolescents (right). C) Success rate of SVM classifiers
discriminating pairs of dyads among within each of the four groups (error bars are mean
+ SEM). D) Relative success rates for different days, e.g., “exposure 17 only includes
models trained on exposures 2 through 5, with accuracy tested for the exposure 1 vector
in juveniles (left) and adolescents (right).

Discussion

As the function and the specific behaviors observed during social interactions has
been found in previous literature to differ across the lifespan, we first investigated the
total interaction time and of specific behaviors in juveniles and adolescents. We also
explored whether these differences changed over time. In line with our predictions,
interactions were found to differ between juveniles and adolescents both in the amount
and type of behaviors observed. Much of the previous literature on the effects of
familiarity on the social interaction of juveniles, however, indicated that play and social
interaction levels were higher with familiar individuals than unfamiliar individuals
(Argue & McCarthy, 2015; Cox & Rissman, 2011; Terranova et al., 1993). These
findings are in contrast to what our study shows that juvenile female degus spend similar
amounts of time interacting with familiar and unfamiliar individuals. This effect was
constant across the first three or four sessions, but on the fourth or fifth exposure day they
began to interact more with strangers than cagemates. We posit that the differences seen

in interactions between strangers and cagemates in the last few sessions are not due to
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familiarity, but instead due to the age of the individuals. We observed that adolescent
animals do in fact interact differently due to familiarity, with more interactions between
stranger dyads than cagemates. As the end of the juvenile experiments often overlapped
with the degus transition from the juvenile phase to the adolescent phase, these effects are
likely due to this transition. The lack of differences in interactions due to familiarity of
the individuals further suggests that unlike juvenile rats and mice, juvenile degus do not
interact differently with familiar and unfamiliar individuals. This may speak to species
differences in the function of relationships at this stage of development.

The main purpose of this project was to test whether interaction variability as
measured by a distance metric and classification success would differ between juvenile
and adolescent female degus. The variability of social interactions was not significantly
different between strangers and cagemates, supporting our prediction. There were several
unexpected results, however, that were not in line with what was predicted. The first
unexpected result was that the variability of interactions decreased over time in both
juvenile and adolescents. The second unexpected observation regarded the dyad
classification success rates. We observed more successful classification rates in juveniles
than in adolescents and this result was not consistent with the variability observed using
the cosine distance method. The final unexpected observation was that adolescent’s
classification rates became more successful across sessions, especially in stranger dyads.

While there is not much research on the stability of social interactions in juvenile
and adolescent animals, previous research does suggest that relationships are more
variable (and therefore less stable) than those of adults (Argue & McCarthy, 2015;

Borgeaud et al., 2016; Terranova et al., 1993). The interaction variability of adult
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relationships, however, is greatly affected by the familiarity level of the dyad (Lee et al.,
2019). The results this study indicate a very different pattern to those suggested in
previous work. We found that the variability of social interactions does not differ with
level of familiarity in either juveniles or in adolescents, but they do become more stable
(less variable) across sessions. The lack of differences in the variability of social
interactions due to familiarity suggests interactions between familiar and unfamiliar
dyads are overall more alike than they are different. This finding is further supported by
the results of the dyad classification success rates as this method also did not reveal a
significant difference between stranger and cagemate dyads. In other words, for juvenile
and adolescent female degus, whether the dyads are familiar with one another or not does
not influence the variability of their interactions. Our prediction that the variability of
interactions would not change was influenced by the function relationships have at these
stages of development, learning appropriate social behaviors and testing the behavioral
responses of others. Our result of less variability (more stable) across sessions may
suggest that juvenile and adolescent relationships take much longer to form and stabilize
and are therefore more variable initially. Another potential interpretation of this result
regards the novelty of the environment. Exposure to new environments is known to
increase stress levels and alter the number of social interactions that occur (Varlinskaya
& Spear, 2008). While this study reports a decrease in the number of social behaviors that
occur when in a novel environment, and even our own results show that social
interactions increase across sessions these interactions may still be more variable initially

and decrease with familiarity of the environment.
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The final two unexpected observations are closely related, and therefore will be
discussed in conjunction with one another. The observation that juvenile relationships,
independent of their familiarity had been more easily classified than adolescent
relationships was surprising, even more so when looking at the cosine distance measure
of variability. We did not see any statistically significant difference in the variability of
juvenile interactions compared to those of adolescents. This may suggest that measures of
variability may not be useful for detecting relationships within or between age groups. It
may be that the SVM dyad classification method used something other than variability to
identify a dyad, or it used variability in conjunction with a specific behavior. In other
words, variability cannot be used alone as a marker of relationship formation, however
further investigation should be done to identify what made juvenile relationships easier to
classify than adolescents. Another surprising result was that adolescent cagemate and
stranger interactions became more stable over time. This was observed through both the
decreased variability and increased classification success across sessions. The increase in
classification success over time was more apparent in adolescent strangers, an effect that
was also seen in adult female degus. Adult female stranger dyads were more variable and
more easily classified than cagemate dyads. This similarity may suggest that as the
adolescents begin to reach the end of the adolescent developmental phase, they begin to
interact more like adult females do. The change we observed over sessions, if truly due to
the aging of the animals, implies that there are distinct differences in the social
interactions of adolescent and adult female degus, and also the function of these
interactions. Adolescent social interactions were initially more variable, suggesting that

they may be sampling different methods of interacting with peers, and therefore learning
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appropriate social behaviors. As they age, the variability decreases, the interactions
become more stable, and the function may be to form new bonds and maintain group
cohesion.

There are several limitations of these methods that may have impacted the results
observed in this study. First, we must consider the potential confounding effects of stress.
The novel environmental setting in addition to the stress associated with post-weaning
isolation (for the juveniles specifically) may have contributed to the relatively low
interaction levels we observed. In both mice and rats, prolonged social isolation post-
weaning increases cortisol responses and abnormal social behavior, and these effects last
into adulthood (Toth et al., 2011; Walker et al., 2019). While our animals did not
experience more than 24hours of isolation at a time, the repeated nature of the isolation
may have produced similar effects. Another limitation of this study are the limited
behaviors included in our ethogram. Previous work with juvenile and adolescent male
degus, for example, have identified many more nuanced behaviors that are involved in
play and play-fighting in degus that we did not include here (Pellis et al., 2010).
Furthermore, previous work suggests that measures of “in-proximity” greatly influence
measures of affiliative behavior in adults, as well as juvenile and adolescent animals
(Brent et al., 2014; Kulik et al., 2015). Inclusion of these behaviors may have altered the
results observed in this study and therefore the impact of the findings as well. A final
limitation of this study regards the isolation procedure. Due to the reliance on their
mother’s milk until at least four weeks of age, we were not able to begin the juvenile
phase of this study until after the pups were weaned. This often resulted in juveniles

reaching the adolescent phase of their development prior to the end of their juvenile
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reunion sessions and could have influenced the effects seen in juvenile social
interactions, specifically the effects seen in the last few interaction sessions.

Though the results of the measures of variability were unclear with the juvenile
degus, the results still provided some useful observations. We were able to demonstrate
that measures of variability alone were not sufficient markers of relationship formation.
The decreasing variability of juveniles and adolescent dyads, regardless of their
familiarity also suggests that their relationships are changing. This change may be due to
the increasing age, or it may be due to the formation of more established relationships.
The result from our adolescent degus further supports the possibility that age is
influencing their relationships. The decrease of variability over time may indeed be
suggestive that as the degus age the function of social interactions changes from learning
to one of social cohesion. Additionally, the results of this study greatly add to the body of
literature on social interactions in juvenile and adolescent rodents through the
introduction of a new species, and the addition of multiple interactions. There is very
little research on the social behavior of degus, and even less about juvenile and
adolescent behaviors. This research not only adds to our knowledge of the ontogeny of
social behaviors in the degu, but also furthers our understanding of the formation of

social relationships over time during early development.
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Chapter 7: Summary and Future Directions

It was the goal of the current project was to identify a method of measuring social
relationship formation that could be generalizable across ontogeny and species. Our
results suggest that the methods used to measure and compare interaction variability were
valuable and provided us with important information but cannot be used in isolation to
describe social relationships and their formations. We did identify clear differences in the
variability of interactions between cagemates, strangers, males, and females and across
development. The variability of interactions was highest in adult males and lowest in
juvenile females with adult females and adolescent females resting in between them.
These differences do suggest that variability should be included in future studies in
addition to other more general methods of measuring relationships.

In adult degus, while the results were not as we predicted still provided
information needed for future research. Our finding that female strangers were more
variable than cagemates suggest that in female degus, new relationships are initially
stable, which may be an attempt to reduce uncertainty and increase feelings of safety
while getting to know one another, as has been seen in other species (Aureli & Schaffner,
2007; Dias et al., 2008; Kutsukake et al., 2006; Smuts & Watanabe, 1990; Whitham &
Maestripieri, 2003). These findings also suggest that there may be distinct differences in
the relationships between siblings and non-siblings in the laboratory setting. As many
young degus emigrate to other groups in wild degu populations long-term relationships
between adult female siblings has not been documented and may not be a common
occurrence. This interpretation is also supported through laboratory-based research which

has shown that genetic kinship can influence social behavior, just not as strongly as
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familiarity (Quirici et al., 2011; Villavicencio et al., 2009). As these dyads were highly
familiar with one another (many being housed together since their weaning) and their
genetic relatedness they may have more unique relationships that are not easily formed
with unfamiliar peers.

The results of our developmental study, when compared with our adult females
have provided useful insight into the ontogeny of social relationships. The decreasing
variability of juveniles and adolescent dyads, regardless of their familiarity indicate that
as the degus age the function of social interactions may be changing from learning to
social cohesion. It has been found in previous work that increased variability benefits
learning across many disciplines and our work adds to this concept in the social realm
(Raviv et al., 2022). This is further evidenced through the classification success results in
adolescents. The increase in classification success over time was more apparent in
adolescent strangers, an effect that was also seen in adult female degus. Adult female
stranger dyads were more variable and more easily classified than cagemate dyads. This
similarity may suggest that as the adolescents begin to reach the end of the adolescent
developmental phase, they begin to interact more like adult females do.

The results of this project highlight the usefulness of methods such as these and
warrant further investigation. Furthermore, while our results of how this variability
changed over time were not what we predicted, they still provided a useful initial glance
into the connection between the variability of interactions and social relationships.
Additionally, the results of this project have added to the limited body of research on how
social relationships are formed, and the ontogeny of this process. Further research needs

to be conducted comparing these results to other species, however, to fully determine the
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usefulness of these measures. Given the unexpected nature of several of our results it may
be that these measures are not able to fully capture the full picture of relationship
formation and should be further investigated with the inclusion of other generalizable

methods.
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Table 1

Ethogram with Descriptions of Each Behavior

Behavior Type | Behavior Description
Agonistic Wrestling

rapid movement of both bodies and usually accompanied by
other actions such as punching, biting and body-slams;
often visible hair loss or blood

Biting
mouth/head of one degu making contact with any part of the
body of the other, paired with a vocalization and/or rapid
movement of the degu being bitten

Rear Push
one animal approaching the other and swiping their rear end
against the other animal or using their rear end to push the
other animal

Marking
any time an animal lifted their rear leg close to any area of
the other animal’s body

Boxing
both animals rearing on their hind legs and pushing each
other with their forepaws

Tail Shake
rapid movement of the degu’s tail side to side

Avoid
One degu runs from another as they approach or during an
interaction

Mounting

one degu placing its front paws above or on top of the other
animal
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Affiliative

Huddling

both animals sitting next to the other with some part of their
body touching

Grooming

nose/face of one degu touching any area of the conspecific
paired with rapid head or mouth movements

In-Proximity

both animals sitting, inactive within one quadrant of the
enclosure, neither animal is touching or interacting with the
other

Investigative

Face-to-face

both faces of the degus are touching or close to touching

Rear-Sniffing

one degu’s nose close to the rear and/or tail of the other
animal

Body-Sniffing

nose to the any area of the body between the ears and hind-
leg
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