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Abstract of the Dissertation
Ringtailed lemur social networks and their role in pathogen transmission
by
Gena Sbeglia

Doctor of Philosophy
in

Ecology and Evolution

Stony Brook University

2017

Many of the pathogens that cause disease are transmitted through physical contact, which
makes patterns of social behavior potential routes of transmission. Questions about socially
facilitated transmission are best addressed by combining data on the observed contacts of the
host and the haplotype-level genetic differentiation of the pathogen because individuals must
harbor the same or related haplotypes of a particular pathogen for transmission to be deduced.
However, few studies simultaneously collect data on both the behavior of the host and the
genetics of the pathogen and those that do are limited by their use of culture-based methods.
Culture-based methods involve growing a sample on a nutrient plate and identifying the genetic
variation in each bacterial isolate across multiple loci. These methods are time- and labor-
intensive and unrealistic to accurately differentiate the multiple bacterial haplotypes of the same
species that can reside within an infected host. One-locus methods do not require a culturing step
and allow sequencing of every amplified haplotype in a sample. Such an approach is used in the

microbiome literature via the 16S gene, which can differentiate species or genera of bacteria, but
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is not appropriate for the haplotype-level differentiation that is necessary to identify incidences
of transmission. In this dissertation, I determined patterns of association in wild ringtailed lemurs
and developed a one-locus, culture-independent approach for the differentiation of E. coli
haplotypes that could be used to test hypothesized routes of pathogen movement. Although not
usually pathogenic, E. coli is valuable as a model “pathogenic” organism for social transmission
studies because its ubiquity and within-host diversity in mammals allows for the inference of
fine-scale patterns of transmission among a// individuals, instead of just those infected by an
occasional pathogen. Furthermore, its well-known genetics makes it suitable for the development
of a novel approach to haplotype differentiation because it is possible to assess the haplotype
diversity that is and is not captured by this new method.

I collected over 1000 hours of detailed social behavior data on 29 individually
identifiable ringtailed lemurs living in three sympatric social groups in Beza Mahafaly Specieal
Reserve in south western Madagascar from March—September 2015. Active and passive
affiliation had different temporal patterns with individuals decreasing the overall time in active
affiliation and increasing the time in passive affiliation from the pre- to the post-mating season.
Further, there was substantial variation across individuals in their network centrality for both
affiliative and agonistic interactions, but sex and dominance did not explain this pattern for
active or passive affiliation, which are the behavior modes most likely to cause pathogen
transmission. I also found that social groups differed in their connectedness and that living in
degraded habitat may coincide with properties of the social network that could cause heightened
pathogen transmission. Animals living in degraded habitat are often expected to have a higher

rate of infection because of the increased exposure to pathogens from humans and livestock, but

il



the results presented here suggest a possible amplification of these effects by an increase in
network connectedness.

To test these hypothesized patterns of transmission, I developed the first one-locus,
culture-independent approach for the differentiation of E. coli haplotypes. I identified and tested
primers at the FumC locus that target a single, highly variable 294-bp region and found it could
differentiate 91-172% of the haplotype diversity as compared to standard multi-locus methods.
When applying this method to wild-collected feces sampled bi-weekly throughout the
observation period, the results demonstrated its potential to capture much more within-host .
coli haplotype diversity than previously identified in any study to date. When coupled with
detailed data on social contact patterns, this method can revolutionize our ability to determine

fine-scale transmission dynamics and assess E. coli population genetics within a wild host.
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Introduction

Many of the pathogens that cause disease are transmitted through physical contact, which
makes patterns of social behavior potential routes of transmission (Rushmore et al. 2013, 2017 -
for examples, see Hoogland 1979, Nunn et al. 2000, Whiteman and Parker 2004). However,
there are relatively few studies in any animal group that simultaneously collect host infection
data (van Hoek et al. 2013, Rushmore et al. 2013) and only four that simultaneously genotype
the pathogen (i.e. Blyton et al. 2014, Springer et al. 2016, VanderWaal et al. 2014 a, b). Without
data on both host social behavior and pathogen genetics, attempts to answer questions about
socially facilitated pathogen transmission have a high possibility of mistakenly scoring
independently acquired infections of the same pathogen as social transmission, which limits the
ability to accurately test how the type and frequency of interactions contribute to fine-scale
transmission dynamics within and between groups (Craft 2015).

The merging of these two types of data has the potential to refine our understanding of
the link between social behavior and infection, challenge long-held ideas about the high cost of
socially transmissible diseases to social living, and revolutionize our ability to construct
predictive models for the future spread of pathogens. However, a major limitation in the
assessment of pathogen genetics is the use of culture-based methods to differentiate pathogen
haplotypes (Dias et al. 2010). This challenge is particularly relevant in mixed-haplotype samples,
which is a common condition of many infections (e.g. Bachmann et al. 2015, Eyre et al. 2013,
Taylor et al. 1995). Differentiating many bacterial haplotypes using culture-based methods is

time- and labor- intensive and likely to grossly underestimate the true haplotype diversity in a



sample (Bachmann et al. 2015, Dias et al. 2010). Culture-based methods involve growing a
sample on a nutrient plate and identifying the genetic variation in each bacterial isolate across
multiple loci. Using multiple loci allows for the incorporation of more genetic variation in the
differentiation of haplotypes, but it also makes it necessary to grow each isolate in culture so that
the relationship among loci in the same cell can be established. Therefore, a one-locus, culture-
independent approach to haplotype differentiation, similar to that used for genus-level
differentiation in the microbiome literature, would greatly improve the ability distinguish among
many bacterial haplotypes. When coupled with data on social contact patterns, routes of bacterial
transmission can be identified and demonstrate the types of interactions that are sufficient for
transmission to occur (Craft 2015). Unfortunately, there are no one-locus, culture-independent
methods currently available to differentiate haplotypes within a species. The 16S gene can be
used to differentiate species or genera of bacteria, but it is not appropriate for haplotype-level
differentiation, which is the necessary scale to identify incidences of transmission.

In the first two chapters of this dissertation, I examined patterns of association and the
traits that help generate them in three groups of wild ringtailed lemurs (Lemur catta) using Social
Network Analysis. These data are useful to generate hypothetical routs of pathogen movement.
In the third chapter, I developed and tested a culture-independent, one-locus approach to
haplotype differentiation in E. coli that bypasses the culturing step and is appropriate for high
throughput sequencing. This approach makes it possible test hypothetical routs of pathogen
transmission using the actual movement patterns of a real bacterial organism. I used E. coli as a
model “pathogen” because its near-ubiquity in mammals and high haplotype diversity within a
single host (Hartl and Dykhuizen 1984) allows the assessment each individual’s E. coli

community and contribution to bacterial transmission in a variety of species at all time points.



Furthermore, to develop a one-locus method, I required a bacterium whose diversity is well-
known so that I could evaluate how well this method captured that diversity. In the fourth
chapter, I report the application of the novel one-locus, culture-independent method developed in
Chapter 3 to fecal E. coli of wild ringtailed lemurs in a manner appropriate for the analysis of
socially facilitated E. coli transmission. I also provide preliminary results showing the potential
of this method to revolutionize our ability to determine fine-scale transmission dynamics and
assess E. coli population genetics within a wild host. The one-locus, culture-independent method
described and applied in this dissertation is the first to allow the large-scale haplotype-level
differentiation of bacteria, setting the stage for one of the most direct investigations into socially

facilitated transmission to date.



The magnitude and stability of dominance during the ringtailed lemur mating season using
the Elo-rating method

Chapter 1



Abstract: Ringtailed lemurs are seasonal breeders with all females entering estrus within two
weeks of one another for less than 24 hours each year. The rapid and frequent shifts in patterns
of social behavior and group membership during this period make it difficult to study dominance
characteristics with traditional matrix-based methods, which often cannot capture these shifting
dynamics. I used the Elo-rating method to investigate the magnitude and rank order stability of
the dominance relationships and hierarchies of three groups of ringtailed lemurs at Beza
Mabhafaly Special Reserve, before, during and after the annual mating season. Elo-rating can
estimate a rank order at any point in time that incorporates the sequence of dominance
interactions and is independent of demographic changes. Linearity of the dominance hierarchy
and stability in the magnitude of dominance scores declined during the mating season. However,
these occurrences did not coincide with marked instability of the order of the dominance rank for
most groups. The exception was the mating season for one group, which was characterized by
reduced rank order stability. The mating season was also the period for this group in which the
starkest changes in female rank order and the arrival of new males occurred. Therefore, while
instability in the magnitude of dominance could contribute to rank order instability, this is not
always the case, suggesting that dominance rank order may be more robust in this species than
expected. This study is the first to use the Elo-rating method in a lemur population and may
enable analyses of ephemeral dominance patterns, particularly those that change rapidly, in a
more nuanced and detailed manner than traditional methods. Ultimately, this method may lead to
different characterizations of social behavior than are currently available in the literature.

Introduction:

Dominance relationships result from the interaction patterns of pairs of individuals. These
relationships can be characterized as egalitarian (i.e. a lack of dominance relationships), despotic
(i.e. one individual dominant to all others), or somewhere in between (van Schaik 1989; Sterck et
al. 1997). Dominance hierarchies emerge from the collective dominance relationships of all
dyads in a social group and allow individuals to be ranked by their ability to “win” dominance
interactions (Bernstein 1981). The determination of dominance ranks is a frequent goal of
behavioral work in social animals because an individual’s rank is often associated with its
fitness. High ranking individuals can receive priority access to food (Isbell et al. 1999, Whitten
1984), mates (Altmann 1962, Koyama 1988), and affiliative interactions (Snyder-Mackler et al.
2016), which can reduce external parasite load, reduce stress, and reinforce collaborations. As a

result, high ranking individuals are expected to have higher reproductive success (Majolo et al.
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2012, Ostner et al. 2008, Pusey et al. 1997, Taylor 1986). There are many methods to assess the
dominance hierarchy of a social group but they come with important challenges. Most of these
methods are based on square interaction matrices in which the frequency of “wins” and “losses”
for each dyad are tabulated (Albers and de Vries 2000, Neumann et al. 2011). One of the
challenges associated with these matrix-based methods includes accounting for empty cells in the
matrix, which occur when dyads were not observed in a dominance interaction. Additionally,
dynamic social environments can cause rapid or frequent changes in dominance relationships and
group membership (Neumann et al. 2011), which become problematic for accurate assessments
of dominance patterns. Matrix-based methods to assess dominance cannot readily incorporate the
temporal sequence of dominance interactions or the presence or absence of group members at
particular times. Therefore, it is difficult to use matrix-based dominance methods to reflect the
shifting nature of dominance relationships over time and during periods of rapid social change
(Albers and de Vries 2000, Neumann et al. 2011). Separating interaction data into multiple
matrices across periods to represent different dynamics can sometimes mitigate this difficulty,
but this approach could cause more empty cells in each matrix and reduce the reliability of the
resulting conclusions (Neumann et al. 2011).

To deal with the shortcomings of matrix-based methods, a method called Elo-rating has
been proposed to assess dominance hierarchies in social animals (Albers and de Vries 2000,
Neumann et al. 2011). Elo-rating was developed in the 1960s to assess and rank chess players
(Elo 1961). This method does not rely on matrices but rather on the sequence with which
dominance interactions occur. Each individual’s Elo-rating can be used to estimate a rank order
at any point in time (Neumann et al. 2011). Unlike matrix-based methods, Elo-rating can be

applied to groups of any size, generate scores independent of demographic changes, and



incorporate the sequence of dominance interactions into the determination of dominance scores,
which allows tracking of changing dominance patterns through time (Albers and de Vries 2000,
Neumann et al. 2011).

Elo-rating has so far been used sparingly in the social behavior literature and has never
been applied to analyses of lemur dominance structures. In this paper, I applied this methodology
to dominance behavior in three groups of wild ringtailed lemurs. Its application to dominance
patterns in this species is particularly valuable because ringailed lemurs can exhibit flexible
dominance hierarchies that have been observed to be linear, transitive, and stable for long
periods of time (Norscia and Palagi 2015), but also non-linear and unstable (Sauther et al. 1999).
This variation in dominance patterns is particularly evident during the mating season, which
occurs over a few consecutive weeks each year with each female being receptive for under 24
hours (Jolly 1966). Though short in duration, these few weeks have been characterized as
socially chaotic because the prevailing dominance hierarchy has been observed to temporarily
break down (Jolly 1966, Budnitz and Dainis 1975). In addition, adult males temporarily or
permanently transfer groups every few years and this migration typically occurs immediately
before, during, or immediately after mating (Sussman 1992, Gould 1996). Therefore, shifts in
patterns of social behavior and group membership are frequent and rapid during this several-
week period and are difficult to study with matrix-based methods. Unlike matrix-based methods,
Elo-rating allows the incorporation of unstable grouping and interaction patterns during these
narrowly defined periods without compromising the integrity of the hierarchy estimation. In this
paper, I investigate the structure and stability of dominance hierarchies in three groups of wild

ringtailed lemurs during a six-month time period that spans the highly chaotic mating season. In



doing so, this paper represents the first analysis of ringtailed lemur dominance relationships

using the Elo-rating method.

Methods:
Subjects and Data Collection

I collected detailed social
behavior data on 29 individually
identifiable lemurs in three
sympatric social groups (Group 1,
Group 2, and Group 3) in or near
Parcel 1 of Beza Mahafaly Special
Reserve in southwestern
Madagascar from March —
September 2015. These months
reflect a transition between the wet
and the dry season and include the
period of female mating (May)

and gestation (late May to
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Figure 1. Map of Beza Mahafaly Special Reserve.
From Brockman et al. 2008.

September or October). Parcel 1 consists of 80 hectares of mixed vegetation forest (figure 1).

The western portion of Parcel 1 consists of xerophytic/scrub forest and the eastern portion

consists of lush gallery forest adjacent to the Sakamena River (Sussman and Rakotozafy 1994).

The territory of Group 1 was located in the western scrub forest and the territory of Group 3 was

located within the lush gallery forest. The territory of Group 2 was south and southwest of parcel



1 and almost entirely outside of the reserve. The area outside of parcel 1 is heavily disturbed dry
forest with less canopy cover and sparse vegetation due to human logging and livestock
(Gemmill and Gould 2008) and a lower availability of preferred food (Gould 1996; Sauther
1992, 1993).

Group 1 consisted of 13 individuals (4 adult females, 1 subadult female, 1 juvenile
female, 2 adult males, 1 subadult male, 1 juvenile male, 3 infant males). At its maximum size,
Group 2 consisted of 12 individuals (4 adult females, 5 adult males, 1 sub-adult male, 2 infant
males). At its maximum size, group 3 consisted of 18 individuals (5 adult females, 1 sub-adult
female, 3 juvenile females, 4 adult males, 1 subadult male, 2 juvenile males and 2 infant males).
Only the adult and sub-adult individuals were treated as focal animals resulting in 15 female and
14 male focal animals. The details of all interactions of the focal animal were documented and
included in relevant analyses.

I conducted full day follows (~7:00-17:00) of each group twice per week. During these
observation periods, I conducted continuous all occurrence focal sampling (Altmann 1974) of
social behaviors (active affiliation, passive affiliation, submission, low intensity (LI) agonism
and high intensity (HI) agonism; see table 1) of each adult and subadult individual for 45 — 60
min, aiming to observe each focal animal in the same group in the same day. The sequence of
observations was designed to generate similar observation times in the morning and afternoon
for each focal animal. On average, each focal animal was observed for approximately 1.5-2
hours every week for a total of 1,038 hours of observation (Group 1: 344 hours, Group 2: 341
hours; Group 3: 353 hours). For the purposes of this paper, all submissive, LI, and HI agonistic
interactions were documented from their time of initiation to the time of completion. Behaviors

that ended almost immediately after they begin, were considered to last for a total duration of



one second. These duration times were summed for each dyad for each observation day and used

to generate dominance scores, as described below.

High-intensity agonism Low-intensity agonism

Stink fight” Grab Plosive bark” Chutter”

Lunge Push Mouth to face threat  Yip/spat call’
Chase Bite Squeal” Displace/supplant
Hit Contact fight Cackle/deep spat” Chase/lunge threat

Table 1. List of high and low intensity agonistic interactions. ®Between males only. bTerms
taken from Macedonia (1993).

Establishing the Mating Period

Ringtailed lemurs live in stable multi-male, multi-female groups and mate polygamously
during the singular annual mating season. They are seasonal breeders with all females entering
estrus for less than 24 hours each year and within one to three weeks of one another (Sauther et
al. 1999). At Beza Mahafaly Special Reserve, the mating period occurs in May and the peak of
births occur in October (Sauther et al. 1999). The period of mating for these three groups was
determined to begin at the first sign of mating-related behaviors, such as the temporary absence
of one or more adult males for long periods of time (observed and assumed to be prospecting
other groups in possible preparation for a group transition), or the appearance of sexual swellings
and copulatory plugs, the latter of which occur 1-2 days after mating and last one day (Sauther
1991). Additionally, all females were surveyed biweekly for the presence of an infant from early
September to mid-November. Ringtailed lemurs at Beza Mahafaly Special Reserve have
gestation times between 136 and 145 days (Sauther 1991). I estimated the date of conception in
this study as 136 days prior to the first day an infant was observed. The last day of the mating
period was determined based on the secession of observed mating-related behaviors or the last

estimated date of conception. Because some males were away from their group for extended
10



periods of time, a guide was tasked with following the males starting early in the morning so that
their regularly scheduled observations could continue and so that we could confirm prospecting

behavior.

Linearity, Magnitude, and Rank Order Stability of Dominance Hierarchies

I evaluated the dominance hierarchy for each group using all dyadic and decided (clear
“winner “and “loser”) submissive, LI and HI agonistic interactions. The direction of behavior for
all interactions was organized from the dominant to the subordinate individual. I categorized
each interaction into one of three time periods for each group; before mating, during mating, and
after mating. I calculated the linearity of the dominance hierarchy using statistical methodology
developed by de Vries (1995) and available in the R package compete v 0.1 (Curley 2016). This
methodology calculates linearity by placing all interactions in a square matrix and calculating
how many triads (i.e. groups of three individuals) in a given matrix were circular (i.e.
A>B>C>A) as opposed to linear (i.e. A>B>C, A>C) as compared to the maximum number of
possible triads (Appleby 1983). The output of this analysis is Landau’s index (%), which indicates
the degree of linearity of a matrix on a scale of 0 to 1 (de Vries 1995). A linearity value of 0
indicates that all individuals are dominant to the same number of group members (i.e. non-linear)
and 1 indicates strongly linear interactions. I consider a linearity between 0.80 - 1.0 to be
strongly linear, 0.50-0.80 to be moderately linear and 0.50 — 0 to be weakly or non-linear
(Bergstrom and Fedigan 2010).

I calculated the rank order of dominance hierarchies using the Elo-rating method via the
R package EloRating v. 0.43 (Elo 1978, Neumann and Kulik 2014). Elo-rating works by

assigning each individual in a social group a dominance score of 1000 at time zero. Scores are
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then updated after each sequential dominance interaction (Group 1: 989 interactions, Group 2:
925 interactions; Group 3: 1220 interactions) based on the outcome of the interaction (i.e. win,
lose, or tie) and the pre-interaction probability of that outcome. Interactions with a high
probability of occurring alter each individual’s score less than interactions with a low probability
of occurring (Albers and de Vries 2001). For example, a dominant individual winning over a
subordinate individual is an expected outcome and changes dominance scores by only a small
amount. Likewise, if the subordinate animal were to win, both scores would change in the
opposite direction by a much larger fraction. The actual magnitude of the change in score for
each dominance interaction is a function of a pre-set value, k (100 in this study), weighted by the
expected probability of the outcome of a particular interaction (Albers and de Vries 2001). I also
included data on which individuals were absent each day, which allowed the program to omit
them from the final plot for those days. The ability to specify presence and absence of
individuals is valuable for constructing hierarchies in which individuals leave or join a social
group on a temporary or permanent basis during the observation period.

I evaluated the number of rank changes within and across dyads by determining the
difference in score for each observation day for each dyad and adding up the number of times

¢ 9

that score changed its sign (i.e. “+” to “-” or “-” to “+”). Days with missing Elo scores were

assigned the Elo score from the last available observation day. I did not consider the Elo scores
from the first two observation days because there often are not enough interactions at this point
to provide reliable scores. Rank changes were considered permanent if rank positions that were
observed for at least 10 observation days, switched for at least another 10 observation days and

remained until the end of the observation period. Because the two new males that entered the

group during the mating season, entered with a pre-determined Elo score of 1000 (as did all focal
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individuals during their first observation period), I replaced the first two Elo scores with scores
observed from observation day 3 after interactions had time to accumulate.

I measured the magnitude of dominance changes among and within individuals in each
time period by calculating the slope and standard deviation of each individual’s set of Elo scores.
A negative slope for the Elo scores of a particular lemur indicated a decline in dominance and a
positive slope indicated an increase in dominance. A large slope indicated large fluctuations in
the magnitude of within-individual dominance. Finally, a large standard deviation in the slopes
of Elo scores indicated a large variation in the trajectory of dominance across individuals.

I also calculated the degree of hierarchy stability (S), which is a measure of the ratio of
rank changes per individual over a given time period weighted by the standardized Elo-rating of
the highest-ranked individual involved in a rank change. S ranges from 0 and 1, with 1 indicating

a stable hierarchy with no rank changes (Neumann et al. 2011).

Results:
Mating Behavior and the Mating Period

Mating-related behaviors were directly observed in all groups between late April and
early June. In Group 1, the two subordinate males (Dy and Vn; figure 3) displayed confirmed
prospecting behavior, usually as a pair, beginning in late April, which continued through late
May, at which point both males remained in their original group. No matings were directly
observed in this group but all four surviving sexually mature females (Rz, Mm, Cc, Sy)

successfully birthed infants (all first observed on October 3"; figure 2). The date of conception
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was estimated to be on or around May 21*, two days after the secession of male prospecting
behaviors.

In Group 2, the two

E
Group 1 I 0 igig
dominant males (Ev and Cy; "
figure 3) displayed confirmed Group 2 I
prospecting behavior in early
: : : n
May (again, as a pair) but this Group 3 -
behavior was not regularly 9/15 9/20 9/25 9/30 10/5 10/10 10/15 10/20
observed throughout the Figure 2: Timing of births in 2014 and 2015

remainder of the mating season and both males remained in their original group. Two non-native
males (Fr and Ha) that eventually joined this group were consistently observed nearby beginning
in mid-May. Although Fr was observed mating with a resident female during the mating season
and both males became accepted members of the group in the post-mating season, they fell to the
lowest rank after mating (figure 3). Three matings were directly observed between one female
(Bn) and three males (Ev, Fr, Cy, in that order; figure 3), but all sexually mature females
successfully birthed infants over a two-week time period (September 29" — October 16™; figure
2), roughly in the order of the pre-mating dominance rank (Sa, Ma, Bn, Dt). This timing puts the
date of conception for all females in this group between May 17" and June 3", an 18-day period.
In Group 3, one mating was directly observed (between Mg and Nt) but most surviving
sexually mature females (Y1, Rd, Gy, Vi) successfully birthed infants (all infants first observed
on September 20"; figure 2), putting the date of conception for all females on or around May 8".
Although female Ht did not birth an infant, she was observed with a sexual swelling around the

time of conception of the other females in her group. Ht is an older, subordinate female who had
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one of the only two surviving infants in the prior year. It is not known if she mated, got pregnant,
or lost an infant before or soon after birth. One of the most subordinate males (Pa; figure 3) was
last observed in the group on May 24™ and did not return. Given the timing of his absence, it is
presumed that he attempted to disperse to a different group.

Observed or inferred mating behaviors mostly overlapped in the three groups and
spanned a similar number of days (Group 1: 28 days, April 24" - May 21%; Group 2: 31 days
May 4™ - June 3"; Group 3: 24 days, May 1% - May 24™; Figure 2). However, Group 3 was
estimated to complete conception approximately two weeks before the females in
Groups 1 and 2. As a result, the birthing dates of Group 3 were earlier than is typical for this
species at Beza Mahafaly Reserve (Sauther et al. 1999; figure 26). Furthermore, the length of
time during which indicators of female receptivity or recent matings could be observed (i.e.
sexual swellings, mating events, copulatory plugs) differed across groups (Group 1: not directly
observed; Group 2: 24 days; Group 3: nine days). This length of time seems to roughly coincide
with the timing and estimated range of conception dates within each group. Specifically, females
in Groups 1 and 3 had no or few days of observable estrus and a small range of dates during
which conception was estimated to occur. However, females in Group 2 had a much longer
period of observed estrus and their conception dates were estimated to span an 18-day period.
Interestingly, the timing of birthing dates for each group was similar to what was observed in the
prior year, with Group 3 completing the birthing of infants by mid-September, and Groups 1 and
2 beginning the birthing of infants at the end of September and continuing through the beginning
of October (figure 2), roughly in the order of the 2015 dominance hierarchy (Group 1: Rz, Bl,

Mm; Group 2: Sa, Ma, Bn, Dt).
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Figure 3. Elo scores through time for Groups 1 (top), 2 (middle), and 3 (bottom). Females
are shown in shades of red and males in shades of blue. The dashed vertical lines indicate
the first day that mating behaviors were observed or inferred, the estimated or last estimated
date of conception, and the last day that mating behaviors were observed or inferred. In the
case of Groups 1 and 2, the estimated date of conception was the final indicator of mating.
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Dominance Linearity, Magnitude and Stability

The hierarchies of all groups were significantly linear before the mating season with
Groups 1 and 2 being strongly linear (Group 1: h%; = 1,n =8, p < 0.001; Group 2: h*; = 0.83, n
=8, p<0.01) and Group 3 being moderately linear (Group 3: h*%; =0.75,n= 11, p < 0.001). The
hierarchies of all groups declined in linearity during mating although two groups remained
significantly linear (Group 1: h*;=0.93,n=8, p < 0.001; Group 3: h*,=0.71,n=11,p <
0.001) and one became non-linear (Group 2: h’,=0.43, n= 10, p = 0.18). All hierarchies were
again linear in the months following the mating season (Group 1: h’%s=1,n =8, p < 0.001; Group
2:h%3=0.78,n =10, p <0.001; Group 3: h’3=0.91,n= 11, p < 0.001) with Group 1 and Group
2 regaining a linearity score that was similar to their pre-mating score and Group 3 displaying its
highest linearity out of all three time periods.

Before the mating season, the slope of Elo scores was near zero or negative for all males

(Xslope = -4.3, SD = 3.82) and near zero or positive for all females (Xslope = 3.06, SDgematc =
3.39). Therefore, females tended to increase in dominance and males tended to decline in
dominance during this period. During the mating season, however, the patterns of the Elo scores
changed dramatically with individuals of both sexes varying widely in the magnitude and
direction of their slopes, as indicated by the large standard deviations of the Elo scores (SDpale =
6.74, SDfemate = 7.09). This increase in the standard deviation of the slope of Elo scores from the
pre-mating to the mating period indicated a large variation among individuals in the magnitude
of within-individual dominance change, with some individuals having a large slope and others
having a near-zero slope. After the mating season, the within-individual slope of Elo scores for
both sexes regained a similarly small standard deviation to the pre-mating period, but no longer

showed a sex-specific directionality. Rather, both males and females had markedly smaller, near-
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zero slopes, indicating a pattern of high within-individual consistency of dominance ()_( slopemale

=-0.59, SDpate = 2.48, Xslopefemate = 0.92, SDfemate = 3.99).

All adult and subadult females were dominant to all adult and subadult males for the
majority of all time periods as indicated by the generally higher Elo scores among females
(figure 3; females shown in shades of red and males in shades of blue). Therefore, sex and Elo
score were strongly correlated in the three social groups (Spearman: r = 0.74, p < 0.001).
Furthermore, the dominance rank order was generally stable for all three groups in all time
periods. In fact, two of the groups displayed consistently higher S indices in each consecutive
time period (Group 1: Si; = 0.982, S2-0.993, Si3-0.999; Group 3: Si1 = 0.978, Sp=0.987, Sy =
0.996) indicating few rank changes. Group 2, on the other hand, had similarly high S indices in
the pre- and post-mating period as the other groups but declined in rank stability during mating
(Group 2: S;1=0.982, Spp = 0.966, Si3 = 0.995). Therefore, in all groups, the post-mating period
was the most stable of all three time periods, but the mating season showed different stability
patterns across groups, which was likely caused by the permanent rank shifts of several females.
Specifically, the first (Ma; figure 3) and second ranked female (Sa; figure 3) in the pre-mating
period permanently switched rank positions during the mating season. Similarly, the third (Bn;
figure 3) and fourth ranked female (Dt; figure 3) in the pre-mating period also permanently
switch rank positions during the mating season. As a result of these two rank order shifts, the
first (Mn) and fourth (Dt) ranked females (Mn) in the pre-mating period ended up with very
similar Elo score to one another at the end of the mating season, a pattern that persisted
throughout the post-mating period. Three other permanent rank shifts occurred in this group, all

in the post-mating period and all occurring among resident and transfer males or between the two
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temporary rank switches in all groups
(Group 1, 29% of dyads; Group 2,
40% of dyads; Group 3, 38% of dyads). Temporary rank switches generally lasted for one or two
days and were most likely to occur among dyads with similar Elo scores (figure 4). Furthermore,
those with more similar scores switched ranks more often than those with more dissimilar scores
(figure 4). In fact, no rank switching (permanent or temporary) occurred for dyads with over a
600-point difference in their Elo scores (figure 4). Overall, 64% of dyads never switched rank,
16% switched rank two or fewer times, and 20% switched rank three or more times (figure 4). Of
those dyads that switched rank (temporarily or permanently), 49% were male-male dyads, 28%
were female-male dyads, and 23% were female-female dyads. Therefore, male-male dyads were
more unstable in terms of rank-order than dyads involving females. Finally, most rank switching,

42%, occurred before the mating season, 30% occurred during the mating season, and 28%
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occurred after the mating season. The distribution of rank change events across time was similar

for dyads of all sex combinations.

Discussion:

Dominance is important for the fitness and social functioning of many species (Altmann
1962, Koyama 1988, Isbell et al. 1999, Snyder-Mackler et al. 2016, Whitten 1984). However, it
is traditionally assessed using matrix-based methods, which often cannot capture short-term and
rapid shifts in dominance dynamics, a well-known characteristic of the ringtailed lemur mating
season (Budnitz and Dainis 1975, Gould 1994, Jolly 1966, Sauther 1991, Sussman 1991). I used
the Elo-rating method to investigate the structure and stability of the dominance relationships
and hierarchies of ringtailed lemurs before, during, and after the highly chaotic, annual mating
season. Ringtailed lemurs, like all lemur species, have a single mating period lasting only a
couple of weeks each year. Elo-rating can easily deal with these dynamic patterns and is thus a
better method to answer questions about short-term dominance stability. This paper represents
the first application of the Elo-rating method to assess the dominance patterns of a lemur species.
Thanks to this methodological advance, I found that the magnitude of dominance did fluctuate
during the mating season and some dominance ranks did change as a result, but rank order in
these three lemur groups was generally stable at all time periods, suggesting that dominance rank
order may be more robust in this species than is often described in the literature (e.g. Jolly 1966,
Budnitz and Dainis 1975). The idea that mating behavior is associated with social instability and
changes in the characteristics of dominance in a social group is well-supported (e.g. Budnitz and
Dainis 1975, Gould 1994, Huchard and Cowlishaw 2011, Jolly 1966, McCauley 2010, Sauther

1991, Sussman 1991, Wingfield et al. 1990).
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Although observable mating-related behaviors largely overlapped in the three groups in
this study, the timing of births differed, with females in Group 3 giving birth almost two weeks
before females in the other two groups. The timing of birthing dates for each group was similar
to what was observed in the prior year, with Group 3 giving birth earlier than the other groups.
The variation among the three groups may be explained by the habitat quality of their territories.
The habitat of Group 3 is in the eastern gallery forest and has a much higher and denser canopy
than the habitats of Group 1 or 2. Group 2, in particular, lived in the poorest quality territory,
which was located primarily outside of the reserve in degraded habitat with less vegetation and
canopy cover (Gemmill and Gould 2008), lower food quality (Gould 1996; Sauther 1992, 1993),
and high human and livestock presence (personal observation). The timing of ringtailed lemur
reproduction is tightly tied to food availability (Sauther et al. 1999), which may explain the
earlier reproduction and birthing in Group 3. Furthermore, females in Group 2 gave birth over
the longest period of time in 2015 and roughly in the order of dominance, which may reflect
differential access to resources or mates in accordance with dominance rank. Females in Group 1
and 2 also gave birth in the order of dominance rank in 2014. Given the tight synchrony of
birthing dates in Group 3 for two years in a row, dominance in groups living in high quality
habitats may be less important for structuring mating and food priority, and thus birthing dates,
than it is for groups living in lower quality habitat. In a previous study at Beza Mahafaly
Reserve, high ranking ringtailed lemurs living in disturbed habitat outside of the reserve
expressed more pronounced feeding priority than did high ranking females in a group living
within the reserve (Gemmill and Gould 2008).

Using a combination of matrix-based methods and Elo-Rating, I generated multiple

measures of instability in dominance patterns in the three social groups from the pre-mating to
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the post-mating season. I assessed the linearity of dominance using traditional matrix-based
methods and found it to be highest in the pre- and post-mating period and decline during the
three- to four-week mating season in all groups. Using Elo-rating, I assessed the frequency,
permanence, and temporal pattern of rank changes. Male-male dyads had more temporary rank
changes than dyads that included females but these rank changes were similarly spaced out
among the three time periods. Therefore, males had more unstable dominance relationships in all
time periods, possibly because the magnitude of rank differences for male-male dyads was often
relatively small, making temporary rank changes more likely. Male-female and female-female
temporary rank changes were similarly common as one another. This pattern of temporary rank
changes did not differ across groups.

Because these temporary rank changes tended to occur for only one or two days at a time
and among individuals with similar Elo scores, most time periods, including mating, had high
overall rank stability. The post-mating period had the highest rank stability in all groups. This
rank stability persisted even though the mating season displayed a relatively large inconsistency
in the fluctuations of within-individual dominance scores, with some individuals changing the
magnitude of their dominance score greatly and others remaining stable throughout the mating
season. However, the inconsistent fluctuations in the magnitude of dominance across individuals
did not coincide with marked instability in the order of the dominance rank for Groups 1 and 3.
Group 2, however, did experience a decline in rank order stability and a non-linear dominance
rank during the mating season. This shift was the result of rank changes occurring between two
previously established female-female dyads.

Females were overwhelmingly dominant to males in all group and across all time periods,

as has been observed by other authors (Gould 1994, Kappeler 1990, Taylor 1986, Wright 1999).
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Interestingly, most females increased their dominance magnitude throughout the pre-mating
season, while most males decreased their dominance magnitude at this time. However, the
change in dominance magnitude did not correspond with a permanent change in dominance rank
in either sex, and corresponded to only a slightly higher number of temporary rank shifts than in
the mating and post-mating period. During the pre-mating period when the sex-specific
directional shifts in dominance magnitude occurred in this study, males are usually preparing for
the upcoming mating season, as evidenced in other studies by the gradual enlargement of their
testicles (Pereira 1993) and increase in number of erections (Sauther 1991). Female dominance
and male submission in lemurs has been hypothesized to be the result of seasonal energy
constraints during reproductive periods (Pereira 1999, Wright 1999) and it has been suggested
that males may submit readily to females (Pereira 1993), especially in relation to feeding priority
near or during the mating season, which can" have the effect of better female nutrition and
fertility (Pochron et al. 2003). Furthermore, it has been proposed in other lemur species that
females may prefer to mate with males that submit to them (Richard 1992), suggesting that
submission to females may be an effective reproductive strategy. Therefore, female choice has
been hypothesized to govern reproductive outcomes in ringtailed lemurs (Pereira and Weiss
1991, Sauther et al. 1999). An increase in the magnitude of female dominance in conjunction
with a complementary decline in the magnitude of male dominance just prior to mating suggests
a role of female dominance in structuring reproductive outcomes in the subsequent mating
season. In support of this point is the observation that females in two of the groups in this study
gave birth to infants roughly in the order of dominance rank. Infant mortality is high in ringtailed
lemurs (Sussman 1991) and being born earlier in the season may be beneficial because the infant

is weaned during periods of high food availability or at an older age (Sauther 1991).
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Male dominance over other males may also structure reproductive outcomes as dominant
males have been observed to have first mating priority, followed by transfer/extra-group males,
and then subordinate males (Sauther 1991). The first male to mate with a female often fathers the
infant (Pereira and Weiss 1991). However, ringtailed lemurs have also been observed to
successfully father infants irrespective of their dominance status (Pereira and Weiss 1991). In
fact, several authors have described the mating period in ringtailed lemurs as a time when the
male dominance hierarchy temporarily breaks down, facilitating sexual access to all troop
females (Budnitz and Dainis 1975, Gould 1994, Jolly 1966, Sauther 1991, Sussman 1991).
Therefore, the role of male dominance in paternity and reproductive success remains unclear.

Mating behavior is known to be associated with social instability and changes in the
characteristics of dominance in a social group (e.g. Budnitz and Dainis 1975, Gould 1994,
Huchard and Cowlishaw 2011, Jolly 1966, McCauley 2010, Sauther 1991, Sussman 1991,
Wingfield et al. 1990). However, as the above results suggest, instability in the linearity and
magnitude of dominance did not generally coincide with rank order instability (with the
exception of Group 2 during the mating season), suggesting that dominance rank order may be
more robust in this species than is often described in the literature. The amount of rank instability
in a social group has health and fitness implications because it has been reported to be associated
with high levels of stress, particularly for dominant animals (Sapolsky 1983, 1992). Furthermore,
the declines in linearity and the inconsistency in the magnitude of dominance during mating did
not seem to be caused by a breakdown of the male hierarchy. In fact, I only found a decline in
rank order stability during mating in one group and its cause was likely female rank changes.

Elo-rating may offer the ability to analyze dominance patterns, particularly those that

change rapidly and temporarily, in a more nuanced and detailed manner than traditional matrix-
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based methods and may lead to different characterizations than are currently available in the
literature. This paper represents the first application of the Elo-Rating method to assess the
dominance patterns of a lemur species. Using this method, I found that dominance may be
important for structuring mating and food priority in groups living in poor quality habitats. I also
found that changes in the magnitude of dominance did not necessary imply that dominance rank
order became unstable, adding nuance to the observation that dominance breaks down during
mating in this species. Researchers studying organisms that experience concentrated periods of
structural changes in group membership and interaction patterns would benefit from applying
Elo-rating methodology to their social behavior data and may identify nuanced patterns that

modify or add detail to those described in the literature for even the most well-studied of species.
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A longitudinal analysis of the ringtailed lemur social network and its implications for
pathogen transmission

Chapter 2
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Abstract: Social relationships are a potential cause of pathogen transmission, but the direct and
indirect dynamics of these relationships are often difficult to observe directly. I collected >1000
hours of detailed social behavior data on 29 ringtailed lemurs living in three sympatric social
groups in Beza Mahafaly Reserve in Madagascar from March—September 2015, a period that
spaned the annual mating season. Using Social Network Analysis, I measured the direct and
indirect connectedness of each social group through agonistic and affiliative interactions, the
latter of which is the mode of interaction most likely to cause the transmission of pathogens.
Active and passive affiliation had different temporal patterns with individuals decreasing the
overall time spent in active affiliation and increasing the time spent in passive affiliation from
the pre- to the post-mating period. Further, the connectedness of a social group was associated
with its microhabitat, such that the group living in degraded habitat displayed the lowest
modularity for active affiliation, highest graph density for active and passive affiliation, and the
most relationships and highest network-wide centrality overall and through time for active
affiliation, all of which could cause heightened pathogen transmission. Animals living in
degraded habitat are often expected to have a higher infection rate because of the increased
presence of pathogens from humans and livestock, but these results suggest the effects may be
amplified by an increase in network connectedness.

Introduction:

Social animals build complex relationships with members of their group. The elements of
social relationships are most readily quantified at the level of the dyad but there is additional
information to be gained from quantifying them at the level of the individual and the entire
group, facilitating the identification of emergent properties of dyadic social interactions that are
difficult to observe directly. Assessing these emergent properties provides insight into aspects of
these networks that would otherwise remain elusive (Foster et al. 2008) and is an important step
towards understanding how underlying social structure influences the transmission of pathogens
within a social group (Craft 2015). Pathogen transmission is an important cost of sociality
(Alexander 1974, Corner et al. 2003, Freeland 1976, 1979) and social structure has been
hypothesized to regulate pathogen sharing through the mediation of contact patterns (Freeland
1976, 1979, Griffin and Nunn 2012, Hess 1996, Romano et al. 2016, Wilson et al. 2003). For
example, a simulation of the spread of infection across populations with different levels of inter-

individual interaction using data from real primate groups demonstrated that greater modularity
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in community network structure reduced the spread of socially transmitted parasites. Therefore,
modular groups may have a lower prevalence, abundance and diversity of parasites (Griffin and
Nunn 2012). Conversely, highly connected individuals are more likely to become infected with
pathogens and to transmit that infection faster and to more individuals than their less-connected
group members (Rimbach et al. 2015, Romano et al. 2016, VanderWaal et al. 2014a, b). As a
result, pathogens have been hypothesized to cause selection on the evolution of mating systems
and social interactions (Meller et al. 2001). However, little is known about the network dynamics
of hosts and pathogens in real social groups (Romano et al. 2016).

One approach to assessing the emergent properties in social interaction is through Social
Network Analysis, which allows mapping of relationships onto a visual space and measuring of
the flow of different modes of contact among individuals to identify underlying social structure.
A powerful aspect of this method is that both direct and indirect structure can be identified for
individual group members as well as for the social group as a whole (Boyland et al. 2016). These
analyses have provided insight into the mechanisms underlying variation in an individual’s role
in the social network, which is important to advance our understanding of how social groups
function (Craft 2015). For example, traits such as age, sex, dominance rank, and family size have
been found to influence pathogen load (Ezenwa 2004) and structure networks in several species
(Friant et al. 2016, red-capped mangabeys; Maclntosh et al. 2012, Japanese macaques; Rimbach
et al. 2015, brown spider monkeys; Rushmore et al. 2013, chimpanzees), but there are few
consistent patterns across studies (Rushmore et al. 2017). Furthermore, little is known about
whether individuals maintain their roles over time (Sih et al. 2009; Wilson et al. 2003) or how
the networks as a whole change over time, particularly during high stakes periods such as

seasons of high predation (but see Kelley et al. 2011 for an example) and mating (but see
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Hamede et al. 2009 for an example). Seasonality in network patterns can result in temporal
variation in pathogen transmission (Altizer et al. 2006, Rushmore et al. 2017) and there is
evidence that the period during and near the mating season can have particularly high disease
transmission (e.g. van Schaik and Kerth 2017, Zohdy et al. 2012). While several recent studies
have examined the dynamics of social networks through time (e.g. Boyland et al. 2016; Blonder
and Dornhaus 2011; Hamede et al. 2009, Jeanseon 2012; Kelley et al. 2011, Rushmore et al.
2013), static networks, which dilute temporal variation in contact patterns, are still
overwhelmingly used to study host-parasite relationships (Rushmore et al. 2017). Therefore,
understanding the implications of temporally dynamic networks for disease transmission routes
is still in its infancy.

In this study, I investigated the dynamic structure of ringtailed lemur social networks in
three sympatric groups from March-September 2015 at Beza Mahafaly Special Reserve in
southwestern Madagascar. This observation period spanned the singular annual mating season
and provided the opportunity to determine affiliative and agonistic interaction patterns before,
during, and after mating using Social Network Analysis. Although I expect affiliation to be the
more effective mode of behavior for the transmission of pathogens, I present network patterns
for both affiliation and agonism because the role of agonism in transmission has never been
assessed despite the mechanisms of socially facilitated pathogen transmission being poorly
understood (Blyton et al. 2014). Furthermore, using multiple measures of social behavior is
important to understand the social relationships and underlying social structure of group-living
animals (Hinde 1976, Lehman and Ross 2011). Finally, I use the resulting network patterns to
develop hypotheses for the transmission of parasites in these groups. Specifically, I ask: 1) How

do the individual-level and group-level characteristics of the social network change over time? 2)
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How do an individual’s characteristics (i.e. group membership, sex, and dominance) influence its

role in the network?

Methods:
Study Site, Subjects and Data Collection

I collected detailed social behavior data on 29 individually identifiable ringtailed lemurs
living in three sympatric social groups: Group 1(Pink Group), Group 2 (Purple Group), and
Group 3 (Red Group) in Parcel 1of Beza Mahafaly Special Reserve in southwestern Madagascar
from March —September 2015. Parcel 1 consists of 80 hectares of mixed vegetation forest (figure
1). The western portion of Parcel 1 consists of xerophytic/scrub forest and the eastern portion
consists of lush gallery forest adjacent to the Sakamena River (Sussman and Rakotozafy 1994).
The territory of Group 1 was located in the western scrub forest and the territory of Group 3 was
located within the lush gallery forest. The territory of Group 2 was south and southwest of parcel
1 and was almost entirely outside of the reserve. The area outside of the reserve is heavily
disturbed dry forest with low canopy cover and sparse vegetation due to human logging and
livestock foraging (Gemmill and Gould 2008) and a lower availability of preferred food (Gould
1996; Sauther 1992, 1993).

Group 1 consisted of 13 individuals (4 adult females, 1 subadult female, 1 juvenile
female, 2 adult males, 1 subadult male, 1 juvenile male, 3 infant males). At its maximum size,
Group 2 consisted of 12 individuals (4 adult females, 5 adult males, 1 subadult male, 2 infant
males). At its maximum size, group 3 consisted of 18 individuals (5 adult females, 1 subadult
female, 3 juvenile females, 4 adult males, 1 subadult male, 2 juvenile males and 2 infant males).

Only the adult and subadult individuals were treated as focal animals resulting in 15 female and
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14 male focal animals. The details of all interactions of the focal animal were documented and
included in relevant analyses.

I conducted full day follows (~7:00-17:00) of each group twice per week. During these
observation periods, I conducted continuous all occurrence focal sampling (Altmann 1974) of
social behaviors (active affiliation, passive affiliation, low intensity (LI), and high intensity (HI)
agonism; see table 1) of each adult and subadult individual for 45 — 60 min, aiming to observe
each focal animal in the group in the same day. The order of observations was selected before
observations began and was designed to generate similar observation times in the morning and
afternoon for each focal individual every two weeks. This approach made it possible to treat each
two-week time period as comparable bins that could be used to meaningfully assess the social
behavior patterns of each individual. On average, each focal animal was observed for
approximately 3-4 hours every two weeks for a total of 1,038 hours of observation (Group 1: 344
hours, Group 2: 341 hours; Group 3: 353 hours). To normalize the time spent observing each
focal animal, I divided the total observation time for each focal animal in each two-week bin by
the average observation time for each group in those 2-weeks.

When a social behavior occurred, I documented the time of initiation and completion, the
type of behavior, the identity of relevant individuals, and the direction of the interaction. I
documented all social interactions of the focal animal including, active affiliation, passive
affiliation, high intensity agonism (HI agonism) and low intensity agonism (LI agonsim) (table
1). Active affiliation predominantly included grooming behaviors, whereas passive affiliation
predominantly included resting in contact. HI agonism included behaviors that involved physical
contact or the possibility of physical contact such as biting, hitting, lunging and chasing. LI

agonism included behaviors that involved submission or threats of aggression. The directionality
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of all agonistic behaviors were recorded in the direction of “winner” to “loser”. Behaviors that
ended almost immediately after they begin, as was common for agonism, were considered to last

for a total duration of one second.
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Figure 1. Map of Beza Mahafaly Special Reserve. From Brockman et al. 2008.
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Active affiliation Passive affiliation

Groom Any behavior not listed as “active affiliation”
Mutual groom that occurs in contact with another individual
Play

High-intensity agonism Low-intensity agonism

Stink fight” Grab Plosive bark” Chutter”

Lunge Push Mouth to face threat  Yip/spat call’

Chase Bite Squeal” Displace/supplant
Hit Contact fight Cackle/deep spat” Chase/lunge threat

Table 1. List of social interactions. ®Between males only. bTerms from Macedonia (1993).

Network Analysis

The behavioral data were used to construct social networks for the four modes of social
behavior across three time periods: pre-mating (March-April, mating/group transitions (May -
June), post-mating (July — August). Ringtailed lemurs live in stable multi-male, multi-female
groups and mate polygamously during the singular annual mating season. They are seasonal
breeders with all females entering estrus for less than 24 hours each year and within one to three
weeks of one another (Sauther et al. 1999). The mating period occurs in May and the peak of
births occur in October (Sauther et al. 1999). My guide and I took note of all observed
copulations, sexual swellings, copulatory plugs, and births and used these data to establish the
timing of mating (Chapter 1).

To construct the networks, I first summed the interaction data in each consecutive two-
week bin for each pair of focal animals. However, because each focal animal had slightly
different lengths of observation time across and within bins, I normalized the interaction data in
each two-week bin by dividing the raw pairwise interaction time among individuals in that bin
by the normalized observation time (described above). This step allowed the time spent in social
interaction for each individual in the social network to be directly comparable to all other

individuals in its network within and across time periods. I then averaged together the bins
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within the three time periods. For animals that died or left the group during the study period, I
scaled up their interactions as though they were present for the entire time period in which they
disappeared. This step is recommended only when assessing the structure of social interactions
and is not recommended if interaction networks are to be correlated with patterns of pathogen
transmission.

I used the R package igraph v 1.0 (Csardi and Nepusz 2006) to visualize interaction
networks from each of the three time periods for each group. Social networks consist of nodes,
which represent each focal individual, and edges, which represent interactions between
individuals. The shape and hue of the node denotes the sex of the animal. The width of the edges
was designed to be proportional to the normalized average time each pair of individuals spent in
that mode of social behavior during that time period. For behavior modes in which there was a
sender and receiver of each behavior, directed networks were constructed. In these networks, the
arrows represent the directionality of each behavior. Passive affiliation is an undirected network
and active affiliation and HI and LI agonism are directed networks. In agonism networks, the
arrow points from the submissive to the dominant individual for all interactions, including
submission. In active affiliation networks, mutual grooming was counted as two interactions with
arrows going in both directions for the entire length of time the mutual grooming occurred. The
position of the nodes in the network were determined by the Fruchterman-Reingold Algorithm,
which is a force-directed layout algorithm in which the force between nodes is considered in
determining their final position in network space (Fruchterman and Reingold 1991). The weight
of the edges attracts the nodes to one another and the nodes themselves are repelled from one
another. This algorithm maximizes these attractive forces and minimizes the repulsive forces

(Fruchterman and Reingold 1991).

38



Next, I calculated multiple measures of connectedness for each network. I calculated two
measure of network-level connectedness: graph density and modularity. Graph density is the
proportion of potential direct connections in a network that exist as actual connections. It is a
measure of how saturated the network is with direct connections (i.e. relationships) among
individuals. I calculated modularity using the Spin Glass clustering algorithm, which finds
communities within a network (Zhu et al. 2015). A community is a set of nodes with many
connections inside the community but few outside the community. I visualized these
communities by drawing polygons around nodes of the same community in all networks.

I also calculated six measures of node-level connectedness (i.e. centrality). Centrality
refers to the connection to and impact of a node on the entire network. The measures of centrality
are indegree, outdegree, in strength, out strength, in closeness, and out closeness. Degree is the
number of connections a node has in a network. In a directed network where there is a performer
and a receiver of each behavior, the directionality of the interactions can be taken into account.
Indegree is the number of connections directed fowards a node. An individual with high indegree
has many groupmates directing behavior directly towards it and is described as prominent.
Outdegree is the number of connections directed away from a node. An individual with high
outdegree directs behavior towards many group mates and is described as influential. Strength is
the sum of the weighted edges that connect one node to another. It incorporates the time nodes
spent interacting with each other. In strength reflects the total time that behaviors are directed
towards a node and out strength reflects the total time that behaviors are directed away from a
node. Closeness is the inverse of the sum of the shortest path (i.e. geodesic) between all pairs of
nodes. It measures how indirectly connected an individual is to all other members in its network.

A high closeness score indicates high connectivity to the entire network. In closeness measures
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the indirect or network-wide connectedness of a node through its inward-directed edges and out
closeness measures the indirect or network-wide connectedness of a node through its outward-
directed edges. All centrality measures (except strength) were normalized by the number of
individuals in the network and were designed to range from 0-1. Therefore, these scores can be

compared across social groups and time periods.

Statistical Analysis

I determined the percent of time individuals spent in each mode of social behavior by
dividing the sum of the time in each behavior mode in each time period by the total observation
time (with “out of site” time removed) for that period. To determine the influence of sex and
time period on the percent of time spent in different modes of social interaction, I fit the
behavioral data to a multi-level regression model using the R package Imer v. 1.1-12 (Bates et al.
2016) and tested for significance using a post hoc Tukey test and the R packages ImerTest v. 2.0-
33 (Kuznetsova et al. 2016), and multcomp v. 1.4-6 (Hothorn et al. 2016). The regression model
treated percent of time in each mode of social behavior as the dependent variable, and sex,
group, and time period as fixed factors. Because I collected data on each focal individual at
multiple time points, the model also treated the focal animal as a correlated random factor, which
generated separate intercepts for each individual. All fixed factors were treated as additive.

To determine the role of time period, sex, dominance, and group membership on an
individual’s role in the social network, I fit the centrality data from each mode of social behavior
to two alternative multi-level regression models. All models treated one of the six centrality
scores as the dependent variable, time period and group as fixed factors, and focal animal as a

correlated random factor. In addition, the models also included either sex (model A) or
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dominance (model B). Dominance was calculated using a non-matrix-based method called Elo-
rating (Neumann et al. 2011) via the R package EloRating v. 0.43 (Neumann and Kulik 2014).
Using this method, Elo scores were determined for each day of observation for each individual
based on the outcome (i.e. win, lose, or tie) of that day’s agonistic interactions (HI and LI
agonism) and on the pre-interaction probability of that outcome (Albers and de Vries 2001). The
results of this analysis are reported in Chapter 1 of this dissertation. Elo score and sex were not
included in the same model because they were strongly correlated in these groups (Chapter 1), as
is typical for ringtailed lemurs (Kappeler 1990). Therefore, these two variables would explain
similar pockets of variation in centrality, making it inappropriate to include them in the same
model (Rushmore et al. 2013). Because the influence of both sex/dominance and group on
centrality could differentially change with time period in the three groups, I incorporated an
interaction effect between sex/dominance and time period (sex*time, dominance*time), and
group and time period(group*time). I compared models A and B using AIC and selected the best
one for each analysis. Because there were three-six dependent variables for each mode of social
behavior, I used a Bonferroni-corrected critical p-value of 0.0083 for all analyses that used
centrality as a dependent variable. For all analyses, I used qqplots to check the normality of the
residuals of each model and if non-normality was discovered, I converted the dependent variable

with a logit transformation and re-ran the model.
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Results:

Modes of Social Behavior by Sex, Time and Group

Sex: Overall, affiliation was Active Affiliation Passive Affiliation

. 1 5 -
much more frequent than agonism

w

(figure 2), the latter of which
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‘ Figure 2. Percent of time in each mode of social
agonism. behavior by sex and time period (male # ; female #).

Time Period: There was a gradual decline in active affiliation through time with
significantly less occurring after the mating season than before the mating season (p=-0.73, df
=57, p <0.05) (figure 2). Conversely, there was a gradual increase in passive affiliation over
time with significantly more occurring after the mating season than before the mating season (=
4.31, df = 56, p <0.05) (figure 2). The percent of time spent in LI and HI agonism did not
change significantly across time periods.

Group Membership: Individuals in Group 3 spent a significantly higher proportion of
their overall time in active affiliation than Groups 1 (B = 1.07, df =29, p <0.05) and 2 (B = 1.3,

df =29, p <0.001) but there was no significant difference for passive affiliation across groups
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(figure 3). Individuals in Group 1 spent significantly less t