UC Davis
UC Davis Electronic Theses and Dissertations

Title

The Physiology, Behavioral Ecology, and Collective Dynamics of Sleep in Wild Olive
Baboons (Papio anubis)

Permalink
https://escholarship.org/uc/item/15wldlgg
Author

Loftus, J. Carter

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/15w1d1gg
https://escholarship.org
http://www.cdlib.org/

The Physiology, Behavioral Ecology, and Collective Dynamics of Sleep in Wild Olive Baboons
(Papio anubis)

By

J. CARTER LOFTUS
DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Animal Behavior
in the
OFFICE OF GRADUATE STUDIES
of the
UNIVERSITY OF CALIFORNIA
DAVIS

Approved:

Margaret Crofoot, Co-Chair

Damien Caillaud, Co-Chair

Lynne Isbell

Andrew Sih
Committee in Charge

2022



Table of Contents

ACKNOWIBAGEIMENTS ...t bbb bt b et r e iii
=T [ o LA o] o USSR vii
AADSEFACT ...ttt bbb h e E bRt R R bbb bbb e et et viii
1 00 141 T ) o SRS 1
Chapter 1: Ecological and social pressures interfere with homeostatic sleep regulation in the wild......8
A 0L - Uod OSSR 8
[T oo [0o1 o] OSSPSR UR PP 8
T U ] 3SR 11
Dot U] (o] PO PO P PP 19
Materials anNd IMETNOUS .......c.oiieiece e sttt st et sre e e sbeaneeneeeees 25
ACKNOWIBAGMENTS ...ttt et e s be e e be e be e st e sbeeseesbeebe e besaeeseesresaeesreares 37
Data aVAITADIIITY ..o s 38
SUPPIEMENTAl IMEEITAIS .......ecveceic ettt e e re e resreeseesre e 38
Chapter 2: Multi-dimensional social relationships shape the collective dynamics of sleep in wild
0T 10010 TS S SSS 57
AADSTFACT. ... E bbbttt R et e b e nes 57
00 114 T ] o PSSP 57
RESUIES ..ttt R bR bR bRttt bRt st b et 60
T W3] o] o S 66
Materials and MELNOUS .........cviiiiiiie et enes 72
Supplemental MALEIIAIS .........ccviiiiiiiie e 91
Chapter 3: The social dynamics of sleep catalyze tolerant relationships between baboon groups..... 108
N 013 1 (ot OSSR 108
LYoo [0 o1 T o PSPPSR 108
RESUIES ..ttt R Rt R et ettt R e R e be R et benne it e e 111
T Ut o] o SRRSO 118
Materials and MELNOUS .........cviiiiiiie et sr et 121
Supplemental MALErIAIS .........cviiiiiiiie s 125
(O] Tod 111 (o] o [OOSR PRSP 144
L E T =) T OSSR 147



Acknowledgements

The phrase “it takes a village” could not be more applicable than when describing a
dissertation. | could not have even begun this dissertation without the support of many family
members, friends, and mentors. So, I will start with a broad “thank you” to all of the people that have
guided my development as a scientist and as a person, contributed to my intellectual growth, helped
me overcome challenges, cared for me during trying times, celebrated with me after exciting
accomplishments, or even just distracted me when | needed a good distraction. Naming you all could
fill this entire dissertation.

First and foremost, | would like to thank my primary supervisors and research mentors: Meg
Crofoot and Roi Harel. Meg, you are truly a visionary, and your vision has pushed me to take on
challenges that I never would have approached without you. You have made me not only a better
scientist, but a stronger, more capable, and more confident person. Thanks to you, | am completing
my dissertation proud of the work that | have accomplished and the person that | have become. | will
always have you to thank for the opportunities that lie ahead of me. Roi, you have been an all-in-one
friend, mentor, supervisor, support system, and grounding force during some of the most stressful but
also rewarding times of my life. Whether it was staying up all night with me collecting data in Kenya,
calming me down when | was stressed about a deadline, or even just having me over for dinner with
your family, you have been there for me at every step of this Ph.D., and I don’t think I could have
done it without you. Meg and Roi, | will miss working with you both tremendously.

I would like to thank my dissertation committee: Meg Crofoot, Damien Caillaud, Andy Sih,
and Lynne Isbell. Damien, thank you for all of your guidance throughout my Ph.D., but also for
taking me on as your own student in this final stretch, so that | could complete my dissertation in
Germany with relatively minor administrative hurdles. Andy, thank you for helping me get started
with this graduate school journey, and providing research ideas and inspirations that have continued to
have a formative influence on my work throughout my dissertation research. Thank you also for your

affinity for throwing great karaoke parties. Lynne, thank you for your generosity as a mentor and



collaborator, and your willingness to always contribute your time and knowledge in helping me form
my project ideas. | have always had a great time working with you.

I want to thank the Pls and post-docs that have provided critical research mentorship and
training during both my graduate and undergraduate years: Meg Crofoot, Damien Caillaud, Andy Sih,
Lynne Isbell, Ari Strandburg-Peshkin, Tom Hahn, Tom Seeley, Roi Harel, Chase Nufiez, Shauhin
Alavi, and Michael Smith. This dissertation would not be what it is, nor would | be the scientist | am,
without your investment in me, my research, and my future.

Thank you to our baboon research team, Alison Govearts, Chase Nufiez, and Roi Harel. Over
the last few years, you have contributed to everything from the formation of major data collection
plans to single word choice discussions in the tenth revision of an abstract, and | have appreciated it
all!

I would like to thank the many collaborators who made this dissertation possible. Thank you
to: Sonja Wild for helping with many major aspects of this final push to the end of the Ph.D., but most
notably, the network-based diffusion analysis; Ben Koger for providing the code, time, and advice
that has made the automated tracking of baboons in infrared imagery possible; Alie Ashbury for
dealing with my panicked state while guiding me through—sometimes sentence by sentence—almost
all of the writing | have done since (literally) the day you started working here (and for the comic
relief that you have provided along the way); Shauhin Alavi for all of the statistical advice you have
provided, but, most importantly, for your unbelievable response time to my several “statistical
emergency” Slack messages that I have sent between the hours of midnight and 5:00 AM; Rasmus
and Linnea Havmagller for thinking of exciting research ideas worth pursuing together and for
knowing when it’s time for me to take a break from the work and have some fun; Akiko Matsumoto-
Oda for allowing me to work with the group of baboons that she habituated and for providing critical
expert-knowledge during our collaboration that made my project possible; and to Adrian Perez for
being a great friend, and for continuing to be a fun, upbeat, and compassionate collaborator, even after
our project continued for a few more years than either of us had planned. | have had a wonderful

experience working with you.



To all of the people who helped me annotate training data for machine-learning algorithms or
manually correct the tracks in the infrared imagery: Edward De Kock, Vilson Karaj, Zs6fi Szegleti,
Victor Tan, Dario Walser, Jana Kirsch, Arianna Flood, Christian Menne, Elizabeth Neuhaus, Anushka
Vispute, Ryan Bauer, Denise llogu, and Thomas Maisch. | truly could not have done it without you!

Thank you to our baboon field team. Andrea, Lepaip, and Zakayo, you are the unsung heroes
of all the work that we produce. You have all independently saved me from being trampled by a
buffalo on multiple occasions, so it is quite literally true when I say that I wouldn’t be here without
you. Your knowledge of baboons and their ecosystem, more broadly, has also been essential in
shaping my research.

I would like to thank the Animal Behavior Graduate Group at UC Davis, the Max Planck
Institute of Animal Behavior, and Mpala Research Centre, both for the administrative support they
have offered, but also for the communities of friends that they provided me during my Ph.D. | have
had a fantastic time with you all.

To my original lab-mates that started this journey with me: Grace Davis, Claudio Monteza,
Alexander Vining, Roi Harel, and Shauhin Alavi. We have been around the world together, and it’s
been a wild ride. I will miss you greatly. (And a special thank you to Grace Davis for teaching me
much of what | know about baboons!)

Thank you to the career counselors that helped me find my way beyond graduate school, Tory
Wobber, Candace Crowley, and Sumiko Hong. You solved a lot of existential crises!

I would like to thank the sources that funded my research and my stipends throughout my
graduate school career: a National Science Foundation Graduate Research Fellowship, the National
Science Foundation Graduate Research Internship Program, a National Science Foundation Doctoral
Dissertation Research Improvement Grant, a Dean’s Distinguished Graduate Fellowship from the
University of California, Davis, the Richard G. Coss Wildlife Research Fellowship, and an
Achievement Rewards for College Scientists Fellowship.

I want to thank the many friends that supported me along the way, with a special shout-out to
Tim Hermann and Matthew Clardy. Tim, whether with working out or with drinking a beer on the
bridge (because it was the only place we were legally allowed to drink a beer together), you kept me

\Y



sane during lockdown (and beyond!). To Clardy, my biggest cheerleader: the pangs of loneliness that
can sometimes set in when living in a foreign country were never a problem when you were just a
phone call away. Thanks for always having my back. I can’t wait to see what New York City has in
store for us.

Last, but most certainly not least, | would like to thank my family: my parents, Jon and
Tayloe Loftus; my brother, David Loftus, and his girlfriend and my future business partner, Ali
Verbeck; my sister, Elizabeth Loftus-Reich; my brother-in-law, Paul Reich; and my aunt and
godmother, Amy Kimm. You guys have truly been there for it all. You’ve revised a million
applications, manuscripts, and grant proposals. You’ve proofread my resume and practiced interviews
with me. You’ve travelled with me in my new state, and then in my new country. You’ve made me
feel at home in Germany. You’ve invited me to live with you during the most isolating times of the
pandemic (and never missed a weekly dance party while I was there). You’ve reminded me that life
can happen along the way to getting a Ph.D.: celebrating weddings and new family members-to-be,
playing pitch in the middle of the night, karaoke-rap-battling our way through holidays, and skiing in
the Alps. You’ve carried me through the sometimes debilitatingly challenging parts of this Ph.D., but,
more importantly, you’ve celebrated with me all the accomplishments—big and small—along the way
with a bottle of champagne and a good time always at the ready. I don’t know if I could have done it
without you, but I know that I wouldn’t have wanted to try. I am looking forward to our next

adventure together.

Vi



Dedication

I would like to dedicate this dissertation to my mother, Tayloe Loftus. Before she was
diagnosed with Early-Onset Alzheimer’s Dementia at the young age of 55, my mother was a brilliant
and passionate physician, who cared deeply for her patients with a level of empathy that was
impressive even to my indignant teenage self. But—aside from being a mother and wife—she was,
first and foremost, an educator and mentor. Having taught medical school for almost 20 years and
serving as the president of the national organization of medical school clerkship directors, she had her
primary influence on patients through the formation of their future doctors. | have had the pleasure of
getting to see some of her former students carry forward her characteristic blend of extreme
intelligence and sincere compassion. My mother has demonstrated to me that while the knowledge we
gather for ourselves is exceedingly fragile, the knowledge that we share with others will live forever.

And so, without further ado, here is the knowledge that is mine to share.

vii



Abstract

All animals, from honeybees to humans, devote a portion of their daily lives to the quickly
reversible state of diminished responsiveness to external stimuli known as sleep. The ubiquity of sleep
across taxa reflects its importance. Sleep plays a vital role in supporting critical physiological
processes by maintaining the central nervous system, supporting the immune system, and enhancing
cognition. Accordingly, periods of insufficient investment in sleep can lead to severe health
consequences. However, this state of reduced awareness leaves animals highly vulnerable to their
predators, and presents substantial opportunity costs by precluding animals from engaging in the
many other activities that are also essential to their fitness. Individuals thus navigate a series of trade-
offs in making decisions about investing in sleep. In groups of social animals, individuals’ choices
about when, where, and how to sleep may be further affected by the behavior of nearby conspecifics,
both within, as well as outside of, their group. However, to date, most sleep research has relied on
polysomnography—an exceptionally thorough, yet relatively invasive technique for measuring
sleep—which has largely confined sleep research to the laboratory. This constraint obscures our
understanding of how ecologically and socially relevant contexts both shape and are shaped by sleep
dynamics. The established research paradigm has therefore perpetuated a substantial gap in our
knowledge of one of the most universal behaviors in the animal kingdom.

My dissertation makes a critical step towards filling this gap by introducing novel methods to
bring sleep research into the wild, and implementing these methods to shine important light on the
interdependencies between an animal’s behavioral ecology and its sleep physiology. In the course of
my research, | asked and answered fundamental questions about how sleep manifests in the wild at
three scales of biological organization: the individual, the group, and the population. To address these
guestions, I leveraged collar-mounted accelerometers to monitor the sleep patterns of wild olive
baboons (Papio anubis) and validated the accelerometer-based sleep classification against high-
resolution infrared videography. The chapters of this dissertation focus, respectively, on the
individual, group, and population scales, each using a distinct dataset of GPS locations and

accelerometry collected from the baboons that range near Mpala Research Centre in Laikipia, Kenya.
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These baboons’ nocturnal vulnerabilities and well-studied social dynamics, both within and between
groups, make them an ideal system for studying reciprocal connections between the ecological and
social environment and sleep behavior.

Chapter 1 investigates how individuals balance their physiological sleep imperative with the
ecological and social pressures that render sleep costly in the wild. By analyzing the sleep duration
and intensity of 26 members of a group of wild baboons, I compared the influences of homeostatic
regulation, the physical location in which individuals slept, and the local social environment during
the sleep period on baboon sleep behavior. | found that, in stark contrast to findings from studies in
the laboratory, the recent history of sleep and activity (i.e. factors pertinent to homeostatic regulation)
played a relatively minor role in shaping the sleep patterns of wild baboons. Ecological and social
pressures, on the other hand, had a substantial influence on sleep. Namely, baboons slept less when
sleeping in unfamiliar environments and when sleeping in proximity to more group-mates, and they
did not appear to compensate for this sleep loss with higher intensity sleep. These results suggest that
sacrificing sleep when in risky habitats and to interact with group-mates during the night might be
adaptive for animals whose fitness depends critically on avoiding predation and maintaining strong
social bonds. Beyond its immediate research findings, this chapter establishes the validity of a new
method for measuring the sleep of wild animals, which | also implemented in the research described
in the subsequent dissertation chapters. Furthermore, it opens an exciting new frontier of scientific
exploration into the social dynamics of sleep by demonstrating a collective signature of sleep in
gregarious animals.

Chapter 2 builds upon the findings of Chapter 1 with a venture into this new frontier,
investigating the mechanisms and consequences of collective sleep dynamics. To shed light on how
variation among group-mates and the relationships they share with each other influenced their sleep
patterns, | returned to Mpala Research Centre to measure the sleep patterns of 26 members of a
different group of wild baboons. | supplemented these sleep data with a complete account of the
nighttime positions and movements of group members that | extracted from infrared video using
computer-vision tracking of the baboons in their sleep site. Using information-theoretic and network-
based diffusion analyses, | found that synchronized periods of waking during the night resulted from
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social disturbances of sleep that propagated primarily through the group’s affiliative network and, to a
lesser extent, its dominance network. Analysis of the nocturnal movements of group members
indicated that spatial proximity to an awakening group-mate during the night was not sufficient to
cause an individual to become active. Thus, the spatial network was not solely responsible for guiding
the propagation of wakefulness during the night, but rather the affiliative and dominance networks,
independent of the spatial network, also contributed to shaping collective waking dynamics.
Asymmetries in the influence that individuals have over their group-mates’ sleep patterns led socially
central individuals to sleep less than their socially peripheral counterparts. These results demonstrate
that the collective dynamics in a highly structured animal society create costs to sleep investment that
are disproportionately borne by socially central individuals. However, this sleep loss may represent an
adaptive sleep sacrifice that provides socially central individuals with more opportunities to maintain
the social bonds that are essential to their higher fitness.

Chapter 3 scales the study of the social dynamics of sleep to the population level, and
explores, for the first time, bi-directional feedbacks between the social environment and sleep
dynamics. | analyzed the movements and sleep patterns of select members of four neighboring baboon
groups to understand how encounters between distinct social groups influence sleep, as well as how
sleep dynamics, in turn, influence the relationships between neighboring groups. | discovered that
sharing a sleep refuge with a neighboring group impaired sleep quality. Specifically, baboons
experienced shorter duration, lower efficiency, and more fragmented sleep when sharing a refuge with
another group compared to when sleeping as lone groups. However, sleeping together catalyzed
tolerant interactions between groups that continued well beyond the sleep period. Groups were more
likely to interact and these interactions were more likely to involve extended, cohesive movements
after spending the night at the same site than after sleeping at separate sites. A movement path
randomization analysis confirmed that these tolerant interactions deviated from the interactions
expected by chance, and revealed that they scaled up to define broader relationships of tolerance
between study groups across the study period. These results suggest that sacrificing sleep in a shared

sleep refuge, potentially in favor of engaging in social interactions with members of the other group



sharing the refuge, may play an important role in establishing relationships between groups and, thus,
shaping the social organization of a population.

Taken together, these chapters demonstrate that selectively sacrificing the vital benefits of
sleep—when in risky environments, and when there may be opportunities to develop and maintain
social bonds, not only with group-mates but also with individuals from other social groups—may
represent key adaptations in the wild. These sleep sacrifices may have important implications not only
for the fitness of an individual but also for the collective dynamics of a social group and even the
social organization of an entire population. By revealing the importance of social and ecological
pressures—pressures that are absent in laboratory settings—in shaping sleep behavior, my dissertation
research highlights the importance of studying sleep in the wild, where the adaptive value of sleep
directly reflects the complex trade-offs that have guided its evolution. This dissertation also paves the
way for a new body of research that explores the fithess consequences of the strategies with which
individuals navigate the sleep trade-offs demonstrated by this research. Such exploration has the

potential to shed critical light on one of biology’s greatest mysteries: the evolution of sleep.
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Introduction

As humans, we spend approximately one-third of our lives asleep, in a rapidly reversible
behavioral state characterized by reduced responsiveness to our surroundings (Nunn et al., 2016).
Sleep shapes the world in which we live: it structures our days (Takahashi, 2012), influences our
productivity (Rosekind et al., 2010), and molds our perspectives (Ben Simon et al., 2020). Sleep
exerts further influences in ways that may be subtler to us as we go about our daily lives, playing an
essential role in the efficient functioning of almost all physiological processes (Zielinski et al., 2016).
Most notably, sleep is critical to the development and maintenance of our central nervous system, the
support of our immune response, the advancement of our cognition, and physical repair of our cells
(Zielinski et al., 2016). Given the time that we devote to it and the many functions it performs, it is
perhaps unsurprising that sleep is not a voluntary behavior, but rather a physiological imperative, with
extended periods of sleep deprivation leading to an in increased risk of obesity, hypertension, heart
disease and immune system dysfunction (Almeida & Malheiro, 2016; Gangwisch, 2014; Knutson et
al., 2007; Mullington et al., 2009; Taheri, 2006). Despite the importance of sleep and the health
consequences of insufficient investment in sleep, one in three Americans is sleep deprived (Sheehan
et al., 2019). Although sleep deprivation can result from a number of medical disorders, a primary
cause of sleep deprivation is actually the intentional sacrifice of sleep in favor of commitments that
require our waking attention (Murphy & Delanty, 2007). These sleep sacrifices can even bring about
increased measures of success (Kasaeian et al., 2019), highlighting the trade-offs that we face when
deciding how to invest our finite time.

Our need for sleep and the trade-offs that accompany it are not unique. Every animal studied
to date devotes a portion of each day to a period of diminished responsiveness to external stimuli
(Cirelli & Tononi, 2008). Many laboratory studies have confirmed that, as in humans, sleep is
essential to health and survival in animals, with potentially fatal repercussions of extreme sleep
deprivation (Luyster et al., 2012; Mahowald & Schenck, 2005; Rechtschaffen & Bergmann, 2002).
The importance of sleep to the fitness of non-human animals (henceforth, animals) and humans alike

is emphasized by its homeostatic regulation—following periods of sleep deprivation, individuals



experience subsequent sleep bouts that are particularly long and intense (Kitamura et al., 2016). While
we share our need for sleep with animals, the parallels may extend beyond the physiological
imperative. Although the commitments that lead us to willingly sacrifice sleep seem so uniquely
human, animals also face competing demands on their time that they need to balance with their
physiological sleep requirement. Animals need to locate and move to suitable habitats, find and
consume food and water resources, pursue mating opportunities, maintain social bonds, and care for
young—all activities that are precluded, or rendered exceedingly challenging, by sleep (Capellini et
al., 2010). Many animals face pressures on their sleep that are qualitatively different than those
experienced by most modern humans. Notably, sleeping animals are highly vulnerable to their
predators, rendering this state of reduced awareness potentially fatal for wild animals (Lima et al.,
2005). Thus, animals face substantial trade-offs when investing in this costly, yet essential behavior,
indicating that, for millions of years, evolution has honed—and continues to hone today—the
strategies that animals employ in navigating these sleep trade-offs.

Sleep has evolved in a complex and dynamic environment, where its costs and benefits
depend critically not only upon an ever-changing abiotic and phenological landscape, but also upon
the presence and behaviors of other animals in the local ecosystem. Thus, the dynamics that result
from the choices and activities of nearby animals may fundamentally shape an individual’s decisions
of when, where, and how to sleep. The presence of and exposure to heterospecifics, specifically
predators, may strongly influence sleep investment, due to the vulnerability of sleeping animals to
their predators (Lima et al., 2005). Indeed, individuals sacrifice sleep when sleeping in a position
associated with a high risk of predation (Rattenborg et al., 1999a), or when experimentally exposed to
a predator cue (Lesku et al., 2008; but see Stuber et al., 2014). These patterns at the individual level
are mirrored at the species level, with taxa that are more vulnerable to the risk of predation (e.g.
herbivores) typically experiencing shorter average sleep duration than less vulnerable species (e.g.
carnivores; Capellini et al., 2008; Lesku et al., 2006). Optimizing the trade-off between sleep and
predator avoidance may involve adjusting sleep investment according to the current risk of predation,
which can vary over space and time (Lima et al., 2005; Preisser et al., 2005). However, pressures to
forego sleep, or engage in particularly short duration, low intensity sleep, when at a high risk of
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predation may often create direct conflicts with the physiological need for sleep and its homeostatic
regulation.

The behavior of conspecifics may also modulate the costs and benefits of sleep, thus having
an important influence on how individuals navigate their sleep trade-off. For the many animals that
live and sleep in cohesive social groups, the safety provided by collective vigilance and predator
dilution while sleeping with their group-mates may decrease the risks associated with this vulnerable
behavior (Bednekoff & Lima, 1998; Lima et al., 2005; Wrona & Dixon, 1991). Staggered periods of
wakefulness among group-mates may further reduce the costs of sleep by maximizing collective
vigilance (i.e. the “sentinel hypothesis”’; Samson et al., 2017). However, the social disruptions of sleep
caused by the nighttime activity of nearby group-mates may present challenges to fulfilling a sleep
imperative (Noser et al., 2003). Moreover, sleeping with group-mates may generate social opportunity
costs of sleep, with sleep investment achieved at the cost of potentially engaging in the interactions
with proximate group-mates. These interactions could prove important for developing and
maintaining social bonds, which increase fitness (Cameron et al., 2009; Campos et al., 2020; Frere et
al., 2010; Riehl & Strong, 2018; Silk, 2003; Silk et al., 2010). Indeed, an early phylogenetic analysis
of sleep across mammal species found that social mammals sleep less than solitary mammals, and
suggested that this pattern may reflect a trade-off between sleep and time devoted to servicing social
relationships (Capellini et al., 2008). The exact costs and benefits aside, the influence of the social
environment in modulating these costs and benefits of sleep may differ for each group-mate, as
variation among group-mates in their intrinsic traits and the relationships they have with each other
can shape how each individual experiences the collective dynamics of the group (Strauss & Shizuka,
2022). Thus, both the immediate social environment, as well as the positions of individuals within the
networks that describe it, may influence how individuals negotiate their investment in sleep
(Karamihalev et al., 2019).

The social environment, however, is not only limited to familiar group-mates. The density
and distribution of distinct social groups (or individuals, for solitary species) across the landscape, as
well as the spatio-temporal overlap in their space use, may further shape the costs and benefits that
animals face when they sleep. Neighboring groups are typically in direct competition over resources
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(Brown, 2013; Kitchen et al., 2004; Thompson et al., 2017), and, for the many animals that take
refuge to mitigate the risk of predation or exposure to the elements while sleeping, groups may
compete over access to high-quality sleep sites (Anderson, 1984; Markham et al., 2016). Even when
distinct groups share a refuge, members of the groups may then compete over preferred sleeping
locations within the shared refuge (Smeltzer et al., 2022). Whether direct or indirect, both competition
over entire sleep refuges or ideal locations within the refuge may lead at least some members of the
population to inhabit sub-optimal locations during their sleep period, with implications for the risks
associated with sleep (Smeltzer et al., 2022). Competition between social groups in a shared refuge
may present its own risks if interactions between groups are intensely hostile, with sleep leaving
animals potentially vulnerable to conspecific attack (Nunn et al., 2016). When tolerant groups share a
sleep refuge, costs of sleep may arise in a qualitatively different fashion; namely, sleeping together
may increase the social opportunity costs of sleep. Inter-group interactions provide opportunities for
dispersal and extra-group mating (Drewe et al., 2009; Lawler, 2007), which members of neighboring
groups may prioritize over sleep when spending a night in a shared sleep site. Alternatively,
congregating with another social group during the sleep period may actually decrease the costs of
investing in sleep, with the increase in collective vigilance and predator dilution leading to a
diminished risk of predation when sleeping with another group (Finkbeiner et al., 2012).

Overall, the evolutionary trajectory of sleep behavior may have been guided by many
complex and dynamic ecological and social pressures. However, we know exceptionally little about
how these ecologically and socially relevant contexts actually influence sleep patterns, or how
animals navigate the trade-offs that arise from direct conflicts between their ecological and social
priorities and their physiological sleep imperative. We know even less about how this need for sleep
feeds back to shape the socioecology of a species. Thus, a sizeable gap in our understanding of one of
the most universal animal behaviors has withstood almost a century of modern sleep science (Berger,
1931).

Logistical challenges that have limited the study of sleep to the laboratory have perpetuated
this gap in our knowledge. Sleep research has relied almost exclusively on polysomnography—the
gold standard in sleep research—to measure sleep patterns (Aulsebrook et al., 2016; Rattenborg et al.,
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2017). Although recent technological developments have enabled exciting advances in the
implementation of polysomnography in the wild (e.g. Rattenborg et al., 2016; Voirin et al., 2014;
reviewed in Rattenborg et al. 2017), the relatively invasive nature of polysomnography largely
constrains its use—and thus, the study of sleep—to the laboratory (Smeltzer et al., 2022). By studying
sleep outside of the context in which it evolved, we risk misinterpreting key sleep adaptations and the
adaptive value of sleep more broadly, and, in doing so, potentially overlook fundamental
interdependencies between an animal’s sleep physiology and its behavioral ecology.

My dissertation research introduces novel methods to bring sleep research into the wild, and
uses these methods to shed new and important light on how the behavioral ecology of an animal both
shapes and is shaped by its sleep physiology. | achieved this objective by asking and answering basic
questions about how sleep manifests in the wild at three levels of biological organization that
approximately align with the three chapters of this dissertation. Chapter 1 focuses primarily on the
individual level, investigating how animals navigate trade-offs between their physiological need for
sleep and the ecological and social pressures that render sleep costly in the wild. Chapter 1 also draws
connections to the group level, by exploring collective signatures of sleep. Chapter 2 commences
where Chapter 1 ends, at the group level, exploring how the collective dynamics within a social group
shape sleep patterns of its members. This chapter takes a step further into the complexity of collective
behavior by investigating how these collective sleep dynamics present in a highly structured society,
in which variation among group members and the relationships they share with each other can
influence the way each individual uniquely experiences the consequences of collective dynamics.
Chapter 3 scales to the population level, examining how interactions between neighboring groups
influence sleep patterns within a shared sleep site, and how the social dynamics within a shared sleep
site feed back to influence subsequent interactions and the broader relationships between groups.

The olive baboons (Papio anubis) ranging near Mpala Research Centre in Laikipia, Kenya
offered an ideal study system in which to investigate these research questions for three central
reasons. First, despite taking refuge on rock outcroppings and trees for the night (Bidner et al., 2018;
Markham et al., 2016), baboons remain highly vulnerable to nocturnal predation by leopards (Busse,
1980; Cowlishaw, 1994; Isbell et al., 2018). This nocturnal predation represents the main source of
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mortality for adult baboons (Cheney et al., 2004), creating a fitness-critical trade-off between
investing in sleep and engaging in anti-predator behavior. Mpala Research Centre, a 200 km? land
conservancy, is home to a healthy population of leopards, with a recently recorded density of
12.03/100 km?. As of 2015, the home ranges of at least seven leopards overlapped with the home
ranges of the baboon groups in this study (L. Isbell, personal communication; Bidner et al., 2018;
O’Brien & Kinnaird, 2011). Secondly, baboons live—and sleep—in stable, cohesive social groups,
characterized by highly asymmetric kinship, affiliative, and dominance networks (Cheney & Seyfarth,
2008). An individual’s position within these networks critically influences the way it experiences
many aspects of group life, and thus, individuals invest heavily in maintaining their social
relationships (Cheney et al., 2016; Silk et al., 2009). Lastly, baboon groups share large areas of home
range overlap with neighboring groups (Bidner et al., 2018; Markham et al., 2016). This extensive
overlap in their space use, combined with a scarcity of high-quality sleep refuges, leads distinct social
groups to occasionally spend the night at the same sleep site (Bidner et al., 2018; Markham et al.,
2016).

To shed light on the behavioral ecology of sleep in the wild, I measured the sleep of wild
baboons using collar-mounted accelerometers. A recent dramatic rise in the availability and
prevalence of human wearable technology has led to rapid progress in the development of algorithms
that extract metrics of sleep from wearable accelerometers (Johnson & Picard, 2020). | adapted two
such complementary algorithms that were originally developed to measure sleep for research in
humans (van Hees et al., 2015, 2018), and used these adaptations to classify sleep behavior in wild
baboons from data collected by collar-mounted accelerometers (Fig. 0.1). | validated this method of
accelerometer-based sleep classification against direct observations of the sleep and waking behavior
of collared baboons in the wild, leveraging high-resolution infrared imagery to facilitate these
observations. | then applied the validated sleep classification algorithm to extract sleep patterns from
three distinct datasets of accelerometry collected from baboons ranging near Mpala Research Centre,
using a unique dataset for each chapter of this dissertation. By investigating the physiological,
ecological, and social factors shaping and shaped by sleep in wild baboons with these datasets, my
dissertation research is uniquely positioned to offer some of the first insights into the behavioral
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ecology of sleep in social animal groups. Perhaps more importantly, this dissertation demonstrates the
implementation of non-invasive, scalable tools that move sleep research from the laboratory to the
wild, and, in doing so, creates exciting new opportunities to study sleep at unprecedented scales in the

environment in which it evolved (Watanabe & Rutz, 2022).

ID0523- ID1099

Figure 0.1. Investigating the behavioral ecology of sleep in wild olive baboons. My dissertation research
uses collar-mounted tri-axial accelerometry (x-axis: yellow, y-axis: blue, z-axis: red) to measure the fine-scale
movements of wild baboons. With this complete record of movement, | algorithmically identified sustained
periods of inactivity as sleep (sleep: blue-outlined accelerometry displays, waking: orange-outlined
accelerometry displays), and performed direct observations of sleep and waking behavior of collared individuals
in infrared imagery (inset) to validate the accelerometer-based sleep classification algorithm. These tools
enabled me to study sleep in the wild, and thus, achieve significant advances in our understanding of the
behavioral ecology of sleep. Artwork credit: Mike Costelloe, for the Max Planck Institute of Animal Behavior

(CC-BY-NC-ND 4.0).



Chapter 1: Ecological and social pressures interfere with homeostatic sleep
regulation in the wild

Abstract
Sleep is fundamental to the health and fitness of all animals. The physiological importance of

sleep is underscored by the central role of homeostasis in determining sleep investment — following
periods of sleep deprivation, individuals experience longer and more intense sleep bouts. Yet, most
sleep research has been conducted in highly controlled settings, removed from evolutionarily-relevant
contexts that may hinder the maintenance of sleep homeostasis. Using tri-axial accelerometry and
GPS to track the sleep patterns of a group of wild baboons (Papio anubis), we found that ecological
and social pressures indeed interfere with homeostatic sleep regulation. Baboons sacrificed time spent
sleeping when in less familiar locations and when sleeping in proximity to more group-mates,
regardless of how long they had slept the prior night or how much they had physically exerted
themselves the preceding day. Further, they did not appear to compensate for lost sleep via more
intense sleep bouts. We found that the collective dynamics characteristic of social animal groups
persist into the sleep period, as baboons exhibited synchronized patterns of waking throughout the
night, particularly with nearby group-mates. Thus, for animals whose fitness depends critically on
avoiding predation and developing social relationships, maintaining sleep homeostasis may be only
secondary to remaining vigilant when sleeping in risky habitats and interacting with group-mates
during the night. Our results highlight the importance of studying sleep in ecologically relevant
contexts, where the adaptive function of sleep patterns directly reflects the complex trade-offs that

have guided its evolution.

Introduction
Sleep is an important and understudied facet of animal lives, with every species, from honey

bees to humans, allocating a portion of each day to this period of rest (Cirelli & Tononi, 2008). The
universality of sleep reflects its central role in important physiological processes, including memory
consolidation, support of the central nervous system, energy conservation and physical restoration

(Chowdhury & Shafer, 2020; Gangwisch, 2014; Stickgold, 2005; Vyazovskiy, 2015). Accordingly,

failure to meet daily sleep demand has health consequences (Basner et al., 2013), with potentially



fatal repercussions of extreme sleep deprivation (Rechtschaffen & Bergmann, 2002). The
physiological need for sleep is emphasized by its homeostatic control — after periods of insufficient
sleep or extreme physical exertion, individuals experience particularly long and intense bouts of sleep
(Kitamura et al., 2016). Decades of sleep research have consistently implicated homeostasis as a
primary determinant of sleep patterns, such that homeostatic regulation has become an important
criterion in the very definition of sleep (Siegel, 2008).

A strong focus on studying sleep in the laboratory or at the bedside, although revealing much
about the physiology of sleep, has inherently overlooked the ecological pressures that drive the
regulation and evolution of sleep (Rattenborg et al., 2017; Reinhardt, 2020). In the natural world, the
significance of sleep extends beyond its direct physiological impacts. Sleeping animals typically
cannot engage in other behaviors that are important to their survival (but see Lyamin et al., 2008,
2018; Rattenborg et al., 1999, 2016), and investing in sleep when environmental forces render
vigilance and activity particularly important may impose substantial costs to wild animals. In addition
to preventing animals from foraging, searching for mating opportunities, defending territories, and
caring for young, sleep leaves animals in a state of extreme inattention, and thus highly vulnerable to
their predators (Lima et al., 2005). The evolution of sleep and its manifestation in the wild may
therefore be driven by a complex balance between the physiological need for sleep and ecological
costs imposed on sleeping animals.

For gregarious animals, the balance between the costs and benefits of sleep may be further
modulated by the social environment. However, even the most basic aspects of sleeping with
conspecifics, such as whether the social context facilitates or constrains sleep, remain unknown
(Karamihalev et al., 2019). Sleeping in a social context could alter the costs of sleep — the sentinel
hypothesis suggests that staggering the timing of sleep bouts in a group can collectively maintain both
high quality sleep and high levels of anti-predator vigilance (Samson et al., 2017; Snyder, 1966).
Sleeping in a group may therefore facilitate an individual’s ability to fulfill its physiological sleep
requirement by reducing the risk of doing so. Alternatively, social dynamics may actually inhibit
investment in sleep. Sleep may present social opportunity costs, causing individuals to sacrifice sleep
in order to spend more time actively engaging with group-mates. Additionally, proximity to group-
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mates may cause sleep disruptions initiated by short periods of wakeful activity of neighboring
individuals. Cascading disruptions could then lead to collective dynamics of sleep, such as the waves
of wakefulness that have been documented in flocks of gulls (Beauchamp, 2009, 2011). Thus,
sleeping in close proximity to conspecifics may potentially be accompanied by both costs and benefits
for an individual’s ability to obtain sufficient sleep, and discovering how these potential costs and
benefits are actually realized will shed light on the forces that have guided sleep adaptations in social
animals.

To understand how group-living animals navigate trade-offs between their physiological need
for sleep and the ecological and social pressures that shape the costs and benefits associated with this
biological imperative, we investigated the factors shaping sleep patterns of wild olive baboons (Papio
anubis). Baboons live in stable multi-male, multi-female groups of up to 100 individuals (Cheney &
Seyfarth, 2008), and during the night, they seek safety in trees and rock outcroppings (Altmann &
Altmann, 1970; Busse, 1980). Despite seeking refuge in these sleep sites, baboons remain particularly
vulnerable to nighttime predation from leopards, which represents the single largest source of
mortality for adult baboons (Cheney et al., 2004; Cowlishaw, 1994; Isbell et al., 2018). Baboons must
therefore navigate the trade-off between investing in sleep and maintaining anti-predator vigilance. As
a highly gregarious animal whose fitness depends heavily on their social relationships (Silk et al.,
2009), baboons must also balance their time spent sleeping with their investment in social
interactions, as time constraints during the day limit their ability to build and maintain their
relationships (Dunbar, 1992).

We simultaneously tracked the activity of 26 wild olive baboons from the same group using
collars fitted with GPS sensors and tri-axial accelerometers to understand how baboons manage their
competing nighttime priorities. Accelerometer-based sleep classification has shown an impressive
ability to detect and monitor sleep behavior across taxa (Ancoli-Israel et al., 2003; de Souza et al.,
2003; Hoffmann et al., 2012; Ladha & Hoffman, 2018; Malungo et al., 2021; Qin et al., 2020), and is
now commonly used to assess sleep in both humans (e.g. Jones et al., 2019; Patel et al., 2017) and
non-human animals (e.g. Gravett et al., 2017; Reinhardt, 2020; Samson et al., 2018). Validation
studies comparing performance of this non-invasive method to polysomnography—the gold standard
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in sleep research—generally show high accuracy (78-90%; Ancoli-Israel et al., 2003; Kanady et al.,
2011; Malungo et al., 2021; Shambroom et al., 2012), although concerns remain about the ability of
movement-based methods to distinguish sleep from resting wakefulness (Ancoli-Israel et al., 2003; de
Souza et al., 2003), and results must be evaluated with these caveats in mind. For this study, we
adapted a well-validated sleep classification algorithm used in human research (van Hees et al., 2015;
van Hees et al., 2018) and validated its ability to detect sleep in wild baboons. We then used this
algorithm to describe the sleep patterns of members of our study group over a period of a month
(Supplementary file 1a). We used these data to assess the influence of homeostatic regulation on the
pattern of sleep and wake bouts within nights, as well as the duration and fragmentation of sleep
across nights. We also leveraged naturally occurring sleep disturbances to test how recent sleep
history influenced arousal threshold during sleep. We compared the influence of homeostatic
regulation to that of the location in which individuals slept (both within the sleep site as well as
between distinct sleep sites) and their local social environment, both of which may exert pressures on

sleep behavior in the wild that conflict with the maintenance of homeostasis.

Results
The diel pattern of activity in wild baboons, as reflected by accelerometry data, reveals a clear

monophasic sleep pattern, with individuals active during the day and inactive at night (Fig. 1.1B). To
derive metrics of sleep (sleep onset time, awakening time, total sleep time, sleep period duration,
sleep efficiency, sleep fragmentation), we calculated the log of the vectorial dynamic body
acceleration (VeDBA), a widely-used measure of overall movement activity (Qasem et al., 2012),
from 36 calendar days or 354 baboon-nights. Sleep onset occurred 53.0 £ 1.7 (mean = SE) minutes
prior to the end of evening astronomical twilight, and baboons awoke 35.9 + 1.7 minutes after the
beginning of morning astronomical twilight (Fig. 1.1A,C). The duration of the sleep period — the
period between sleep onset and awakening — was 11.0 £ 0.04 hours on average. Within the sleep
period, baboons slept for an average of 9.2 + 0.04 hours (total sleep time), displaying an average sleep
efficiency of 85.0% * 0.2%. Baboons exhibited 1.8 + 0.03 distinct wake bouts per hour of sleep

during the sleep period (sleep fragmentation).
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Figure 1.1. Extracting activity and sleep from accelerometry in a group of wild olive baboons. Adapting
algorithms developed by van Hees and colleagues (2015, 2018), we used the vectorial dynamic body
acceleration (VeDBA), a measure of overall activity, to determine the sleep onset and awakening times (A;
orange dotted lines), as well as periods of wake after sleep onset (A; blue shading) for each individual baboon
on each day. These metrics allowed us to calculate the total sleep time, sleep period duration, sleep efficiency,
and sleep fragmentation as well. The plot (A) shows the data of one individual within a single noon-to-noon
period as an example. Averaged across all individuals on all nights (N = 354 baboons-nights), the log VeDBA
shows that baboons exhibit activity patterns typical of a diurnal animal with monophasic sleep (B), with a
consolidated period of very low levels of activity during the night. Although the timing of waking (C; dotted
line) was more consistent across the group and across the study period than the timing of sleep onset (C; dashed
line), both sleep onset and waking typically occurred within astronomical twilight. The red shading in (B)
indicates £ 1 SE. In all subplots, the grey shaded region depicts the period between sunset and sunrise, with

double shading from the end of astronomical twilight to the beginning of morning astronomical twilight.

Due to high correlation of total sleep time with onset time, awakening time, sleep period

duration, and sleep efficiency, as well as a strong relationship between sleep fragmentation and sleep
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efficiency (Supplementary file 1b), we focused the majority of our analyses on total sleep time and
sleep fragmentation. Individuals differed in their total sleep time and sleep fragmentation, and much
of this variation reflected differences between the sexes and variation across age categories. Males
slept an average of 20 minutes longer than females and experienced 0.23 fewer wake bouts per hour
of sleep (total sleep time Linear Mixed Model (LMM): standardized estimate [95% credible interval
lower bound, 95% credible interval upper bound]: 0.44 [-0.05, 0.94]; sleep fragmentation LMM: -0.44
[-1.04, 0.17]). Juveniles and subadults slept, on average, 16 minutes less and woke on 0.38 and 0.28
more occasions per hour of sleep, respectively, than adults (total sleep time LMM: juveniles: -0.34 [-
1.15, 0.50], subadults: -0.34 [-0.81, 0.14]; sleep fragmentation LMM: juveniles: 0.72 [-0.28, 1.75],
subadults: 0.52 [-0.06, 1.10]).

An individual’s recent history of sleep and activity was not a strong driver of sleep patterns
(Fig. 1.2, Figure 1.2-figure supplement 1, Figure 1.2-figure supplement 2). Neither total sleep time
nor sleep fragmentation the previous night affected time spent napping the following day, time spent
sleeping the following night, or the fragmentation of sleep the following night (Supplementary file 1f;
time spent napping LMM: previous night total sleep time: 0.03 [-0.10, 0.17], previous night sleep
fragmentation: 0.00 [-0.11, 0.12]; total sleep time LMM: previous night relative total sleep time: -0.04
[-0.19, 0.12], previous night relative sleep fragmentation: -0.06 [-0.19, 0.06], Fig. 1.2A(ii)-(iii); sleep
fragmentation LMM: previous night relative total sleep time: 0.09 [-0.10, 0.27], previous night
relative sleep fragmentation: -0.03 [-0.18, 0.12], Fig. 1.2B(ii)-(iii)). However, after spending more
time napping during the day, baboons did experience shorter total sleep time and more fragmented
sleep during the night (Fig. 1.2A(i), Fig. 1.2B(i); total sleep time LMM: -0.19 [-0.36, -0.01], sleep
fragmentation LMM: 0.22 [0.00, 0.45]). For every 10 minutes spent napping, baboons spent 6 fewer
minutes sleeping the following night and woke 0.10 times more per hour of sleep. Neither sleep
duration nor fragmentation were influenced by the distance baboons travelled (Fig. 1.2A(iv), Fig.
1.2B(iv); total sleep time LMM: -0.03 [-0.19, 0.14]; sleep fragmentation LMM: -0.04 [-0.13, 0.05]) or
the VeDBA they accumulated during the day (Supplementary file 1e, 1I; total sleep time LMM: -0.12

[-0.34, 0.12]; sleep fragmentation LMM: -0.05 [-0.33, 0.23]).
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In humans, homeostatic regulation of sleep manifests within, as well as between nights: sleep
wanes and wakeful activity increases over the course of the sleep period as individuals gradually
fulfill their sleep requirements (Winnebeck et al, 2018). Baboons, in contrast, did not demonstrate this
pattern: their probability of being asleep did not decrease as the night progressed, despite exhibiting
cyclic sleep patterns that are otherwise similar to patterns of human sleep (Fig. 1.2D; GAMM: r%g; =

0.008, F(g741y= 89.16, p < 1X10'15).
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Figure 1.2. Recent history of sleep and activity has a weak influence on baboon sleep patterns. Neither the
relative sleep time on the previous night, the relative sleep fragmentation on the previous night, nor the distance
travelled on the preceding day influenced sleep duration (A(ii)-(iv)) or sleep fragmentation (B(ii)-(iv)), although
baboons did sleep less (A(i)) and experience more fragmented sleep (B(i)) following days with more napping.
Additionally, the likelihood of a baboon being asleep did not substantially decrease as the night progressed and

the baboon payed off its sleep debt (C). In (C), time since the beginning of the sleep period is scaled from 0
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(beginning) to 1 (end of the sleep period). Subplots depict conditional effects of each variable from models of

the data, with raw data points overlaid.

The location where baboons slept had a strong influence on sleep duration, with individuals
experiencing reduced sleep quality in less familiar locations. For the first 21 nights of the study, group
members slept at the same site along the Ewaso Ng’iro River, distributed across ten adjacent yellow
fever (Acacia xanthophloea) trees (Fig. 1.3A). Individuals showed high fidelity to particular sleep
trees (Figure 1.3-figure supplement 1); one-tailed two-sample Kolmogorov-Smirnov test: p < 1.0 x 10°
%), returning each night to one of the small set of available trees populated by the group. Not only did
the choice of tree itself influence sleep duration (Supplementary file 1c — 1d, Figure 1.3-figure
supplement 2), but the individual’s familiarity with their selected tree impacted how much they slept.
Baboons slept longer in trees to which they showed higher fidelity (Fig. 1.3C; LMM: 0.21 [0.05,
0.36]), with individuals sleeping up to 33.4 minutes longer in the tree to which they showed highest
fidelity than in the tree to which they showed lowest fidelity. Baboons did not compensate for shorter
sleep duration with less fragmented sleep when sleeping in non-preferred trees (LMM: -0.05 [-0.24,
0.14]).

During the 21* night of the study, we heard the snarls and growls of a large felid, followed by
sustained baboon screams and alarm calls that were emitted from the study group’s sleep trees at
20:55. After listening to recordings of the vocalizations of the large cats present at the study site, and
because leopards are the only predators that readily attack baboons in their sleep site during the night
(Busse, 1980; Cheney et al., 2004), we concluded that the commotion may have reflected a leopard
attack. If a leopard did indeed attack the group, then the attack was unsuccessful, as all members of
the group were present the next morning. Alternatively, it is possible that no attack occurred, and that
the baboon screams and alarm calls were emitted simply in response to the leopard’s presence in the
area. On the day following this leopard’s presence, the group moved to a less commonly used sleep
site 1.5 km away (Fig. 1.3B). They remained at this sleep site for three nights before returning to sleep
at their main sleep site. While the baboons showed no substantial change in their sleep duration or

fragmentation on the night of the leopard encounter (Fig. 1.3D, Figure 1.3-figure supplement 3,
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Figure 1.3-figure supplement 4; total sleep time LMM: -0.25 [-0.87, 0.39]; sleep fragmentation LMM:
-0.32 [-0.96, 0.33]), they slept 72 minutes less and exhibited 0.50 more wake bouts per hour of sleep,
on average, upon moving to the less familiar sleep site (Fig. 1.3D ; LMM: -1.52 [-2.15, -0.86]). This
decrease in total sleep time and increase in fragmentation following the change in sites was limited to
the first night in the new sleep site, after which sleep duration and fragmentation returned to normal

(Fig. 1.3D; Figure 1.3-figure supplement 3, Figure 1.3-figure supplement 4).
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Figure 1.3. The location where baboons sleep has consequences for sleep duration. Group members spent
the majority of the study (32/35 nights) sleeping in 10 yellow fever (A. xanthophloea) trees in a grove along the
Ewaso Ng’iro river (A). Within this sleep site, baboons slept longer when sleeping in trees to which they
showed high fidelity (C). At 20:55 on the 21t night of the study, the group detected a leopard near their sleep
site sleep site. The following day, the baboons moved to a new sleep site 1.5 km away from their main sleep site
(B). Baboons slept substantially less following this change in sleep site, but this effect did not persist beyond the
first night in the new location (D). (C) depicts the conditional effects from models of the data, with raw data
points overlaid, and (D) depicts a violin plot of the data, with color corresponding to the sleep site (A and B).

The arrow in (D) indicates the night on which the group detected a leopard near their sleep site.
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Sleeping in a social context also impacted sleep duration. Contrary to predictions of the
sentinel hypothesis, the proportion of the night in which at least one individual was awake was
significantly less than expected by chance (Fig. 1.4A; Fisher’s exact test: p < 0.0001), suggesting that,
rather than staggering periods of nocturnal wakefulness, group-mates were actually synchronized in
their sleep-wake patterns throughout the night. Confirming this synchronization, we found that a
significantly greater proportion of the group exhibited the same simultaneous behavior, either being
asleep or awake, than expected (Fig. 1.4B, Figure 1.4-figure supplement 1, Fisher’s exact test: p <
0.0001; Figure 1.4-figure supplement 2, Fisher’s exact test: p < 0.0001). Moreover, pairs of baboons
showed more synchronization when sleeping in the same tree than when sleeping in different trees
(Fig. 1.4C; LMM: 0.56 [0.47 — 0.64]), which suggested that sleeping individuals may awaken in
response to the activity of group-mates in their local environment, or that external disruptions in the
local environment may simultaneously waken all group members in the vicinity. To distinguish
between these potential explanations, we tested the influence of the number of group-mates in an
individual’s local environment on their total sleep time, and found that individuals slept less when
sharing their sleeping tree with more group-mates (Fig. 1.4D; LMM: -0.53 [-0.87, -0.19]). Each
additional tracked group-mate in a tree resulted in a 4.0-minute decrease in total sleep time.
Individuals also appeared to experience more fragmented sleep when sleeping in the proximity of a
greater number of group-mates, but large uncertainty in the model estimate prevents a definitive
conclusion about the influence of the social environment on sleep fragmentation (LMM: 0.26 [-0.15,

0.67]).
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Figure 1.4. Collective dynamics within the sleep site influence sleep patterns. Group-mates’ periods of
nocturnal wakefulness were not staggered, but rather synchronized, as indicated by a significantly lower
proportion of time with at least one individual awake (A, dotted red line; Fisher’s exact test: p <0.0001) and a
significantly greater proportion of the group exhibiting synchronized behaviors (B, dotted red line; Fisher’s
exact test: p < 0.0001) than expected based on 1000 time-shifted data sets (gray distribution). Synchronized
sleep patterns likely result from individuals waking in response to the nighttime activity of nearby group-mates,
as dyads show greater synchronization when dyad members sleep in the same tree compared to when they sleep
in different trees (C). As a consequence of these local social perturbations, baboons sleep less when sleeping in
trees with more group-mates (D). Subplots (C) and (D) depict the conditional effects from models of the data,

with raw data points overlaid.

Building on the evidence that co-sleeping baboons disrupt each other’s sleep, we tested
whether baboons maintain sleep homeostasis by sleeping deeper, rather than longer, following nights
of poor sleep. Because sleep depth is measured by the amount of stimulation needed to awaken an
animal (i.e. arousal threshold), we assessed sleep depth in situ by evaluating the probability of an

individual waking in response to the activity of a neighboring group member. We found that although
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individuals were indeed substantially more likely to wake following the awakening of others in their
sleep tree, neither shorter duration nor more fragmented sleep the previous night dampened their
responsiveness to group-mates (Bernoulli Generalized Linear Mixed Model (GLMM): influence of
group-mate activity: 0.25 [0.16, 0.34], interaction between influence of group-mate activity and
previous night relative total sleep time: -0.01 [ -0.13, 0.11], interaction between influence of group-
mate activity and previous night relative sleep fragmentation: -0.02 [ -0.24, 0.21]).

We found no influence of moon phase or the minimum ambient temperature during the night
on baboon sleep duration or fragmentation (total sleep time LMM: moon phase: 0.05 [-0.12, 0.22],
temperature: -0.04 [-0.20, 0.13]; sleep fragmentation LMM: moon phase: -0.08 [-0.30, 0.13],

temperature: 0.04 [-0.17, 0.26]).

Discussion
In this study, we demonstrate that the ecological and social demands that animals experience

in the natural world can take precedence over the maintenance of sleep homeostasis. We show that
while baboons sleep less in unfamiliar environments, and while their sleep is disrupted by the activity
of group-mates, their recent history of sleep and physical exertion has only a limited role in
influencing sleep behavior. Because baboons are highly vulnerable to nocturnal predation (Busse,
1980; Cheney et al., 2004; Isbell et al., 2018) and because they experience fitness benefits from
maintaining strong social bonds (Silk et al., 2009), sacrificing sleep to maintain alertness in novel
environments and to remain close to group-mates may represent critical adaptations. Our results
highlight the trade-offs that group-living animals navigate when investing in sleep in the wild, and in
doing so, challenge the centrality of the role that homeostasis has played in shaping sleep patterns in
the environment in which sleep evolved. Decades of research in the laboratory and at the bedside have
implicated homeostatic regulation as a key driver of sleep patterns, with the sleep rebound that
follows periods of deficit facilitating the maintenance of a physiologically required amount of sleep
(Amlaner et al., 2009). However, sleep studies have traditionally investigated sleep in highly
controlled environments, where the costs of investing in sleep are largely absent. Our findings suggest
that, in the natural world, “sleep need” may be a relatively flexible concept, with variation in sleep

investment driven as much by the opportunity costs of sleep as by its physiological benefits.
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There are substantial opportunity costs of devoting a significant portion of every day to
sleeping. Sleeping animals are highly vulnerable to predation (Lima et al., 2005), and our results
suggest that individuals sleep less when the risk of predation is particularly high. Baboon group
members showed high fidelity to particular locations within their main sleep site, and individuals
sacrificed sleep both when sleeping in non-preferred trees as well as upon moving to a new, less
familiar sleep site following a leopard encounter. Given that predation risk tends to be greater in
unfamiliar locations (Forrester et al., 2015; Gehr et al., 2020; Isbell et al., 1990, 1993; Isbell & Van
Vuren, 1996; Yoder et al., 2004), baboons appear to trade sleep for vigilance according to the current
risk of predation. Notably, however, we did not find that baboons decreased their investment in sleep
on the night of the leopard encounter. This surprising result may indicate that baboons perceive
uncertainty in the level of risk as potentially more dangerous than a confirmed threat. It is also
possible that baboons did, in fact, sleep less following the leopard encounter, but remained
exceptionally still, in a state of highly elevated vigilance. Because accelerometer-based sleep
classification performs poorly in distinguishing motionless wakefulness from sleep, this state would
likely have been falsely classified as sleep.

Engaging in sleep precludes investment in a variety of behaviors, in addition to anti-predator
vigilance, that are important to fitness (Aulsebrook et al., 2016; Lesku et al., 2012; Lima et al., 2005;
Roth et al., 2010). Consistent with our results, recent studies in ecologically-relevant contexts have
revealed that animals forego sleep when ecological demands increase the associated opportunity costs.
For example, while engaging in long, non-stop flights, great frigatebirds reduced the amount they
slept by 92.7%, without apparent physiological consequences (Rattenborg et al., 2016). Similarly,
male pectoral sandpipers greatly reduce their time spent sleeping during their short and intense mating
season, and males that slept less actually experienced higher reproductive success (Lesku et al., 2012).
Thus, across contexts and taxa, ecological pressures appear to supersede investment in sleep in the
wild.

Animals might maintain homeostasis in the face of significant opportunity costs of sleep by
sleeping more intensely, rather than longer, in response to elevated sleep need. Baboons in this study,
however, did not appear to compensate in this way. We reached this conclusion using two distinct
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approaches of inferring sleep depth from accelerometry data. First, we measured the fragmentation of
sleep, which has been shown to correlate inversely with sleep depth (Bastuji & Garcia-Larrea, 1999).
Second, we directly assessed changes in arousal thresholds by tracking the propensity to wake in
response to the nocturnal activity of neighboring group-mates. These approaches offer potentially
promising avenues to expand our ability to non-invasively quantify the sleep behavior of animals in
their natural habitats using accelerometry. However, validation against polysomnography — the gold
standard for recording sleep — should be a priority for future work.

Recent technological advances allowing for the use of polysomnography in field conditions
have played an important role in revealing the ecological trade-offs that wild animals face when
navigating decisions about when, where, and how to sleep (Davimes et al., 2018; Lesku et al., 2011,
2012; Rattenborg et al., 2008, 2016; Scriba et al., 2013; Voirin et al., 2014). Although these advances
hold great promise for wider application in the future, the invasive nature of polysomnography
unfortunately limits its current use to taxa whose daily activities do not interfere with electrodes
implanted either subdermally or inter-cranially. Because baboons are highly dexterous and engage in
frequent allogrooming, we were unable to apply this gold standard, and instead, resorted to an
alternate method to ask and answer important questions about the ecology of sleep in a wild social
primate. Accelerometer-based sleep classification — a tool already used to investigate sleep across
terrestrial (human: Jones et al., 2019; Patel et al., 2017; non-human: Béckman et al., 2017; Davimes et
al., 2018; Gravett et al., 2017; Lesku et al., 2011; Malungo et al., 2021; Qin et al., 2020; Reinhardt et
al., 2019; Reyes et al., 2021; Samson et al., 2018; Sellers & Crompton, 2004; Sri Kantha & Suzuki,
2006; Suzuki et al., 2018) and marine taxa (Miller et al., 2008; Mitani et al., 2010; Wright et al., 2017)
— offered a valid alternative to polysomnography. We note that the use of accelerometry can introduce
biases in sleep monitoring, typically by overestimating total sleep time as a result of an inability to
distinguish resting wakefulness from sleep (Ancoli-Israel et al., 2003; de Souza et al., 2003).
Accelerometry is also limited in its ability to differentiate the stages of sleep (Conradt et al., 1997; but
see Devine et al., 2021; Winnebeck et al., 2018). However, if these biases and limitations are
considered during the interpretation of results, the use of accelerometry to investigate sleep provides
an immediate opportunity to shed light on how diverse species balance their physiological sleep
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requirements with ecological opportunity costs that vary according to natural history, trophic level,
community composition, climate, and local environment. Further, the prevalence of accelerometer
deployment in ecological research changes the scale at which sleep behavior can be studied, enabling
the simultaneous and long-term monitoring of sleep at the population level. This rescaling of sleep
research creates many new opportunities, one of which is the ability to record sleep in the majority of
social group members and thus explore an exciting new scientific frontier: the collective dynamics of
sleep.

Using accelerometry to track the sleep patterns of nearly an entire group of wild baboons, we
demonstrated the importance of the social environment in shaping the sleep patterns of group-living
animals. Contrary to the predictions of the sentinel hypothesis (Samson et al., 2017; Snyder, 1966),
periods of nocturnal wakefulness of group members were not staggered, but rather synchronized,
particularly with nearby group-mates. Baboons also slept less when in close proximity to a greater
number of group-mates. Taken together, these results suggest that group-mates disrupt each other’s
sleep. Social disruptions may result from group-mates actively interacting with each other during the
night. Gregarious animals often invest substantially in building and maintaining social relationships
with their group-mates (Ward & Webster, 2016), and these bonds can prove essential to their fitness
(Cameron et al., 2009; Campos et al., 2020; Freére et al., 2010; Riehl & Strong, 2018; Silk et al.,
2009). Because animals have limited time to devote to maintaining their social bonds during the day
(Dunbar, 1992), they may actively sacrifice sleep in order to invest in these relationships at night.
Alternatively, social animals may wake in response to the periodic waking and repositioning of their
group-mates during the night, and thus, socially-disrupted sleep is, perhaps, an inherent by-product of
sleeping in a group. Simply remaining in a cohesive group may therefore present a challenge to
obtaining sufficient sleep.

Social animals may jeopardize sleep homeostasis to maintain cohesion with their conspecifics
because remaining in close proximity to their group-mates during the sleep period could prove
essential to their fitness. Individuals likely benefit from the dilution of predation risk that is achieved
through group cohesion, particularly when they are sleeping and thus highly vulnerable to predators
(Lehtonen & Jaatinen, 2016). Collective vigilance may also reduce the risk of predation for group
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members. Even in the absence of collective vigilance optimization via non-randomly staggered
wakefulness, the proportion of the night with at least one group member awake is still likely to be
substantially greater than any particular individual’s investment in vigilance. In our study, at least one
individual in the group was awake for 394 + 11 minutes (82% + 2%) from 21:00 to 05:00, although
each individual was only awake for 79 + 1 minutes (16% + 0.2%) of the same period. Samson and
colleagues (2017) found high levels of collective vigilance during the night in a group of Hadza
hunter-gatherers, and they suggest that this collective vigilance may facilitate higher intensity sleep
(Samson & Nunn, 2015). Future studies leveraging the indices of sleep depth that we applied in this
study or advances in polysomnography (i.e. EEG) that may eventually allow its application in wild
social animals could enable a test of this possibility.

Unexpectedly, we found that adult baboons slept longer than subadults and juveniles, and
males slept longer than females. This contrasts with previous research that found age differences in
sleep patterns linked to physiological demands during the development of the central nervous system
(Amlaner et al., 2009) and sex differences in sleep tied to the influence of sex steroids (Mong &
Cusmano, 2016), with younger individuals sleeping more than older individuals (Knutson, 2014;
Ohayon et al., 2004; Olds et al., 2010; Steinmeyer et al., 2010; Stuber et al., 2015) and females
sleeping more than males in birds and humans (Lendrem, 1983; Mong & Cusmano, 2016; Roehrs et
al., 2006; Steinmeyer et al., 2010; Stuber et al., 2015). Our surprising results here may have been
caused by biases in our study sample. The bio-logging collars were too heavy to mount on young
juveniles and infants — the individuals that we would have predicted to sleep the most, due to their
rapidly developing central nervous system (Frank, 2020; Frank & Heller, 2019). Thus, there may have
been an overall decrease in time spent sleeping with age that we were unable to observe because we
did not collect data on the youngest individuals. This result may also be an artefact of the tendency of
accelerometer-based sleep monitoring to classify resting wakefulness as sleep (Supplementary file 1r;
Ancoli-Israel et al., 2003; de Souza et al., 2003). Older individuals may rest quietly when waking
during the night, thus falsely determined to be asleep according to their accelerometry, whereas
younger individuals may be more likely to resume activity upon waking. However, if these findings
are not the result of a bias in our study subject inclusion or sleep recording technique, they may reflect
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variation in the vulnerability to predation among the age-sex classes in this highly sexually dimorphic
species (Cheney et al., 2004), with young and female baboons likely realizing a higher cost of sleep
than adult males. Individuals may also differ in their sleep patterns due to their ability to gain access
to a high-quality sleep location within the group’s sleep site. Our results have demonstrated the
importance of location to sleep. However, group-mates may differ in their access to preferred sleep
locations, particularly if preferred locations are limited. Baboon groups are structured by linear
dominance hierarchies that shape the priority of access to resources (Cheney & Seyfarth, 2008; King
et al., 2009; Marshall et al., 2015), and individuals can leverage their affiliative and kinship
relationships to obtain resources that they would not be able to access based on social rank alone (Sick
et al., 2014). Further research is needed to investigate the extent to which these complex social
dynamics influence an individual’s ability to obtain a preferred sleep location and, thus, a good
night’s sleep.

In addition to highlighting social dynamics as a key driver of sleep patterns in group-living
species, our study provides important insights into selective pressures that may have shaped the
evolution of human sleep. The physiological requirements for sleep and the homeostatic mechanisms
that ensure this requirement is fulfilled have long been assumed to be the key drivers influencing the
way that our sleep has evolved and the characteristics of our sleep today. However, we suggest that
the criticality of homeostatic control in shaping our sleep patterns could be an artefact of sleeping in
an environment devoid of the ecological and social costs that sleep would have presented our
ancestors. Evidence suggests that, like baboons, early hominins were extremely vulnerable to
nighttime predation in their dry savannah habitats (Brain, 1983; Treves & Palmaqvist, 2007;
Wrangham & Carmody, 2010). Hominins likely remained vulnerable to nocturnal predation until they
began to manipulate fire, around which they could sleep to reduce the risk of predation (Samson &
Nunn, 2015), and some characteristics of our sleep today may be best explained in light of the
vulnerability that sleep imparted on our ancestors. For example, modern humans exhibit decreased
sleep quality when sleeping in an unfamiliar environment (Tamaki et al., 2016), similar to the
baboons in our study. The lower quality sleep resulting from this aptly named “first night effect” is
limited to the first night in a new location (Tamaki et al., 2016), and our findings suggest that the first
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night effect may be conserved from an environment where this first night would have been
accompanied by poor information about risk. Early hominins would have also experienced a social
opportunity cost of sleep, as they likely slept in groups (Samson & Nunn, 2015; Willems & van
Schaik, 2017) and would have experienced constraints on the time available to maintain their social
network during the day, until developing the advanced cognition that enabled a more efficient use of
time (Nunn & Samson, 2018; Samson & Nunn, 2015). While our sleep has likely evolved
substantially from that of our earliest ancestors, with modern human sleep being extremely short and
intense compared to that of other primates (Nunn et al., 2016; Nunn & Samson, 2018), a full
understanding of the way we sleep involves considering not only the physiological benefits of sleep,

but also its ecological and social costs in the environment in which it evolved.

Materials and Methods
Data collection

We monitored sleep and activity patterns in a group of olive baboons at Mpala Research
Centre, a 200 km? conservancy located on the Laikipia Plateau in central Kenya. We trapped and
anesthetized 26 individuals, which comprised more than 80% of the adults and subadults in the study
group (see Strandburg-Peshkin et al., 2015 for details on capture methodology). Upon capture, we
noted the age class and sex of each baboon, as well as whether the baboon was lactating. We fit each
individual with a GPS and accelerometry collar that recorded the baboon’s GPS location at 1 Hz
sampling interval and continuous tri-axial accelerations at 12 Hz/axis from 06:00 to 18:00. From
18:00 to 06:00, the collars recorded a 2.5-second burst of accelerations at 10 Hz/axis at the beginning
of every minute. The collars were programmed to collect data from August 1, 2012 to September 6,
2012, but due to a programming glitch, several collars stopped collecting data prematurely
(Supplementary file 1a). In total, we collected 483 days of GPS data, and 506 nights of accelerometry
data. We also collected high-resolution drone imagery of the group’s most commonly used sleep site
(see Strandburg-Peshkin et al., 2017 for details).

While downloading data from the collars during the night of August 20, 2012, we heard the
snarls and growls of a large felid, followed by sustained baboon screams and alarm calls that were

emitted from the study group’s sleep site at 20:55. Upon comparison of the vocalizations to

25



recordings of felids at the study site, we found that the vocalizations were most similar to the those of
a leopard. Leopards are also the primary predator of baboons, and the only felid predator that readily
attacks baboons in their sleep trees (Busse, 1980; Cheney et al., 2004; Cowlishaw, 1994; Isbell et al.,
2018). We therefore presumed that the vocalizations were emitted by a leopard that had launched an
attack on the group. Although we were only 45 m away from the nearest sleep tree, we were unable to
make any direct visual observations of either the predator or the baboons during the presumed attack,
due to the low-light conditions (sunset had occurred at 18:41). The following morning, a group count
revealed that all group members were present and alive. We therefore concluded that the attack had
failed. However, we note that it is also possible that the baboons’ screams and alarm calls were simply
a reaction to the presence of a leopard in the area that was not actively hunting, and that the study
group therefore encountered a leopard, but was perhaps not attacked by the leopard.

Sleep Analysis

We used the accelerometry data to classify sleep behavior by adapting a method presented in
van Hees et al. 2018 that was developed for extracting metrics of sleep in humans from wearable
accelerometry devices. The process of determining the sleep period, defined as the period from sleep
onset to waking, is summarized in Fig. 1.5.

To uniformize the accelerometry sampling schedule, we down-sampled and interpolated the
daytime accelerometry data such that it matched the 10 Hz bursts of accelerometry collected during
the night. We calculated the vectorial dynamic body acceleration (VeDBA) using a 0.7-second time-
window and generated the log of the average VeDBA for the 2.5-second burst each minute. We then
calculated a rolling median of the log VeDBA with a 9-minute window. Following van Hees et al.
2018, continuous periods of at least 30 minutes during which the rolling median of the log VeDBA
was less than the 10" percentile of the log VeDBA multiplied by 1.125 were considered sleep blocks.
Any blocks within 45 minutes of each other were merged into sleep periods. If this resulted in more
than one sleep period, the longest sleep period in the day, defined as a noon-to-noon period, was
considered the sleep period. The beginning and end of the sleep period represents the time of sleep
onset and waking, respectively. Of the 506 baboon-nights of accelerometry data, we successfully
calculated the sleep period for 491 baboon-nights.
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Figure 1.5. SPT-window detection algorithm adapted from Figure 1 in van Hees et al., 2018.

Adapting the method developed by van Hees and colleagues (2015), we classified each
minute epoch both within and outside of the sleep period as representing either sleep or waking
behavior. As above, the 10" percentile of the log VeDBA multiplied by 1.125 served as the
classification threshold, and we classified epochs as indicating sleep when the log VeDBA for at least
three consecutive epochs was below the log VeDBA threshold value. We classified all other epochs as
representing waking behavior. Consistent with previous sleep analyses, we measured total sleep time
as the total number of minutes of sleep epochs during the sleep period. We measured sleep efficiency
as the total sleep time divided by the duration of the sleep period. We calculated sleep fragmentation
as the total number of distinct wake bouts (i.e. separated by at least three epochs of sleep) within the
sleep period that were greater than or equal to two minutes in duration, divided by the total sleep time,
following (Samson & Nunn, 2015). We measured sleep time during the day — time spent napping — as
the number of minutes of sleep epochs from 07:30 to 17:30, as these times were reliably within the
waking period (Fig. 1.1C), and using standardized times prevented a spurious negative correlation
between time spent sleeping during the waking period and total sleep time during the sleep period that
would result from the waking period prior to or following short sleep periods having a greater number
of potential epochs that could be considered sleep.

The accelerometer units occasionally failed to collect data according to their programmed

sampling schedule. Because insufficient data in a given day would prevent a reliable calculation of the
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threshold value for the sleep classification and produce variability in the number of potential sleep
epochs, we did not include data for the sleep period time, sleep onset time, waking time, total sleep
time, sleep efficiency, sleep fragmentation, or napping time (both on the prior day and following day)
from noon-to-noon periods missing at least 120 (8.3%) accelerometry bursts, which decreased the
number of baboon-nights from 491 to 368. We further removed data for the sleep period time, sleep
onset time, waking time, total sleep time, sleep efficiency, and sleep fragmentation from noon-to-noon
periods missing at least 20 consecutive accelerometry bursts, as the determination of the sleep period
is sensitive to gaps between consecutive accelerometry bursts, resulting in a final number of 354 sleep
periods analyzed. We did not remove data for napping time on these days because measuring napping
time did not depend on the determination of the sleep period.
Validation of sleep classification algorithm

The algorithm from which the sleep classification technique is adapted is well-validated using
polysomnography (C-statistic = 0.83 — 0.86) to both classify sleep behavior and determine the sleep
period in humans (van Hees et al., 2015, 2018). Although the classification of sleep in non-human
primates using devices and algorithms that were validated with polysomnography only in humans has
become a common practice in sleep research (Barrett et al., 2009; Brutcher & Nader, 2013; Reinhardt
etal., 2019; Reyes et al., 2021; Samson et al., 2018; Sri Kantha & Suzuki, 2006; Zhdanova et al.,
2002), we returned to the study site in July 2019 to validate the accelerometer-based sleep
classification. Because logistical and ethical limitations prevent the use of polysomnography in free-
ranging, highly dexterous animals, we compared the accelerometer-based sleep classification to direct
observations of wakeful and sleeping baboons fit with accelerometer collars for validation, as
suggested by Rattenborg and colleagues (2017). Behavioral observations were facilitated by high-
resolution infrared imagery (FLIR T1020, FLIR Systems Inc., Wilsonville, OR, USA). The validation
study determined that our accelerometry-based classification of sleep exhibits an 80.7% accuracy
(Supplementary file 1r; see Supplementary file 1 for further details of validation study).
Physical activity

Using the GPS data, we calculated each individual’s daily travel distance. To avoid
accumulation of GPS positional error overestimating the actual daily travel distance, we calculated
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daily travel distance only after discretizing the GPS data to 5-meter resolution (Strandburg-Peshkin et
al., 2017). We removed travel distance data on days on which a baboon’s GPS collar first began
taking fixes later than 07:30 or took its last fix before 17:00. Between these times, the group was often
on the move, and thus delayed onset and premature offset of GPS devices that infringed upon this
period would likely underestimate travel distances. We further removed one individual’s data from
the first half of the study due to a temporary collar malorientation that resulted in exaggerated GPS
error.

We also calculated cumulative activity during the day from the accelerometry data. Using the
continuous 12 Hz accelerometry data, we calculated VeDBA from 06:00 to 18:00 using a 0.5 second
time window, averaged VeDBA over each minute, and then summed these values to generate a
cumulative measure of activity during the day.

Sleep location characterization and fidelity

Visualization of the GPS data indicated that individuals remained reliably stationary until at
least 06:15 every day, and thus we determined the location in which each baboon slept from the
median of the first 10 GPS locations that occurred before 06:15. If an individual’s GPS collar did not
successfully collect 10 locations before 06:15, its data on this day were excluded from analyses
involving sleep location. This resulted in the removal of 9/483 baboon-days of data. In ArcGIS, drone
imagery was used to trace the crowns of distinct sleep trees within the group’s main sleep site. We
determined that an individual slept in a particular tree if its sleep location was within the traced
polygon of that tree crown. Sleep locations that fell outside the crown of a tree, likely reflecting minor
error in the GPS location estimates, were assigned to the closest sleeping tree. Only 32/469 sleep
locations (6.8%) had to be assigned to a sleep tree in this manner. In rare cases where an individual’s
sleep location was greater than 10 m from the crown of the closest sleep tree (5/474 cases — 1.1% of
baboon-days), its data on this day were excluded from analysis.

Analysis of the sleep location data revealed that, over the course of the study, the baboons
slept in two distinct sleep sites that were separated by approximately 1.5 km. The group slept at their
main sleep site for the first 21 nights of the study, and then spent three nights in a different sleep site
after the leopard encounter on the 21% study night. The group then returned to the main site for the
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duration of the study. In total, they spent 32/35 (91.4%) nights at their main site and 3/35 (8.6%)
nights at the alternate sleep site. While the entire group slept in a single tree at the less frequently used
sleep site, the group’s main sleep site contained 10 trees across which the group slept. We performed
a permutation test to investigate whether individuals exhibited consistency in the tree in which they
chose to sleep. We calculated the Shannon entropy of each individual’s sleep tree usage, and we
compared these Shannon entropies to those produced from each of 1000 random exchanges of the
locations of individuals on each night. Permuted values provide a null distribution controlling for
potential sleep tree usage, as the distribution of individuals across the sleep trees each night from the
empirical data was maintained in the permuted data. Shannon entropy is a measure of the uncertainty

of a random variable, and is given by the equation:
HOO) = = ) p@log(p()
X=x

Thus, a lower Shannon entropy in the empirical data compared to the permuted data in this context
would signal sleep tree fidelity, with an individual sleeping more often in certain trees and less often
in other trees than expected by chance. To determine whether the baboons exhibited significant sleep
tree fidelity, we compared the distribution of the group’s empirical entropies to the distribution of
entropies produced from the permutations with a one-tailed two-sample Kolmogorov-Smirnov test.
As determining fidelity requires several nights of data, we did not include entropy values, either
empirical or permuted, from individuals with less than four nights of data. We also limited this
analysis of tree fidelity to the first 14 days of data, as the number of individuals on which we have
data decreases sharply after this day (Supplementary file 1a), which decreases the possible
permutations.

After determining that individuals showed non-random sleep tree selection (see Results), we
then calculated an individual-specific fidelity index for each tree. This fidelity index was measured as
the average number of nights an individual slept in a particular tree in the 1000 permutations
subtracted from the number of nights the individual actually slept in that particular tree. Again, we did
not calculate fidelity indices for individuals with less than four nights of data.

Pattern of sleep-wake behavior across the group
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We tested whether individuals staggered their periods of nocturnal wakefulness or,
conversely, synchronized them beyond the level expected by chance. For this analysis, we subset the
data to times between 21:00 and 05:00, as these times consistently fell within the bounds of the sleep
period of all individuals. We calculated the proportion of minute epochs across all nights in which at
least one group member was awake and the proportion of the group that was synchronized in their
behavior (either sleep or wakefulness) during each minute epoch, averaging across all epochs. We
then calculated these same proportions, but after applying a random time shift to each individual’s
time series of sleep-wake epochs on each night (Figure 1.4-figure supplement 1). We repeated this
procedure 1000 times to develop a null distribution of the proportion of epochs during the night in
which at least one individual is awake and a null distribution of the average proportion of the group
that was synchronized, and we compared the empirical proportions to their respective null
distributions statistically with a Fisher’s exact test. The p-value thus represents the proportion of time-
shifted values that were as extreme or more extreme than the empirical value. Shifting the data in time
rather than permuting it allowed us to develop null distributions while maintaining the autocorrelation
structure of the data.

To confirm the robustness of our findings, we again tested for collective vigilance and
synchronization, comparing the empirical values defined above to null distributions produced using an
alternative method. In this method, rather than applying a random time shift to each night of each
individual’s data, we maintained the real time associated with the time series data, but we permuted
the night associated with each time series (Figure 1.4-figure supplement 2). This permutation method
controlled for the possibility that baboons exhibited synchronized sleep patterns simply due to a
stereotyped schedule of activity that happened to be consistent across baboons and across nights. We
compared empirical values to the null distributions created by these night permutations with a Fisher’s
exact test.

Statistical analysis of sleep

Data were processed using the statistical analysis software R version 4.0.5 (R Core Team,
2021). We only included the first 20 study nights in the analyses of sleep, except where specified, due
to concerns that the leopard encounter that occurred on the 21 night could potentially disrupt typical
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sleep patterns. To compare the effects of various physiological, ecological, and social predictors of
sleep, we modeled total sleep time and sleep fragmentation with Bayesian linear mixed models
(LMM), with random effects of individual identity and night, and fixed effects of age, sex, distance
traveled in the preceding day, napping time during the preceding day, relative time spent sleeping the
previous night, relative sleep fragmentation the previous night, identity of the sleep tree, fidelity index
for the current sleep tree, relative number of individuals in the sleep tree, phase of the moon, and
minimum ambient temperature during the night. We created a separate model that included
cumulative VeDBA instead of distance travelled because cumulative daytime VeDBA was highly
correlated with distance travelled during the day. An individual’s relative time spent sleeping the
previous night was measured as the difference between its total sleep time on the previous night and
its average total sleep time. This relative measure controlled for positive correlations between total
sleep time on the previous night and current night total sleep time that would result purely from
among-individual variation in total sleep time — a scenario that would not be sufficiently controlled
for by the individual identity random effect in this model. An individual’s relative sleep fragmentation
on the previous night was calculated for the same motivation. We calculated the relative number of
individuals in the sleep tree by dividing the number of individuals in the sleep tree by the total number
of individuals who were successfully assigned to a sleep tree on that given night, to control for the
decrease in the number of individuals in each sleep tree over the course of the study that resulted from
premature termination of data collection in several collars. Moon phase was a continuous variable
realizing values from 0 to 1 (with O representing a new moon, and 1 representing a full moon), and we
collected this data for the days of the study using the “sunCalc” package in R (Benoit & Elmarhraoui,
2019). The minimum ambient temperature represented the minimum temperature at the sleep site
during the night, determined using interpolated ECMWF air temperature (2 m above ground) data
obtained with the Env-DATA functionality (Dodge et al., 2013) provided on Movebank data
repository (www.movebank.org). We standardized all response and predictor variables to allow for
comparison of effect sizes among variables. To increase the interpretability of the total sleep time and
sleep fragmentation models, we reran the models without standardized variables. Effect sizes reported
in the main text are derived from the standardized models, whereas figures produced in the main text,
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as well as the interpretation of the effect of each variable on the unstandardized sleep time are derived
from the models with unstandardized variables.

To examine the effect of the leopard encounter and subsequent sleep site change on sleep
parameters, we modeled the effect of particular nights on sleep parameters with Bayesian LMMs.
Specifically, we divided data into the following categories: all nights before the leopard encounter, the
night of the leopard encounter, the first night in the new sleep site (i.e. the night following the leopard
encounter), the second night in the new sleep site, the third night in the new sleep site, and the
remainder of study nights, during which the group slept in its main sleep site. Aside from this
categorical night variable, we also included age, sex, distance traveled in the preceding day, napping
time during the preceding day, relative time spent sleeping the previous night, relative sleep
fragmentation the previous night, phase of the moon, and minimum ambient temperature as fixed
effects in the models with random intercepts for individual identity. In these models, we did not
include sleep tree identity, number of individuals in the sleep tree, and sleep tree fidelity score, as the
entire group slept in a single tree in the less commonly used sleep site.

We further tested for the effect of prior sleep debt on sleep behavior by modeling the effect of
total sleep time and sleep fragmentation on time spent napping the following day. We modeled this
relationship with a Bayesian LMM, using individual identity and day as random intercepts. We also
assessed how the likelihood of sleep progressed through the night. We used a generalized additive
mixed model (GAMM) to model the log-odds of a baboon being asleep in a given epoch as a function
of the duration of that epoch from the beginning of the sleep period, scaled such that 0 represents the
beginning of the sleep period and 1 represents the end of the sleep period. We included individual
identity and night as random intercepts, and to account for autocorrelation in the response variable, we
also included an AR1 term in the model.

We tested whether individuals showed higher synchronization of their sleep-wake patterns
when sharing the same sleep tree than when inhabiting different trees. With a Bayesian LMM, we
modeled the synchronization score between dyads on each night, calculated as the number of minutes
from 21:00 to 05:00 in which members of the dyad exhibited the same behavior divided by the total
number minutes in which both individuals had data. We included a binary predictor variable
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indicating whether dyad members were in the same tree as the only fixed effect variable, and night,
the identity of both individuals in the dyad, as well as the identity of the dyad as random intercept
variables.

To assess whether baboons experience deeper sleep following nights of poor sleep, we
analyzed baboons’ arousal thresholds as a function of their total sleep time and sleep fragmentation on
the previous night. We leveraged the results of our previous analyses, which suggested that baboons
may wake in response to the nighttime activity of their group-mates, and tested how their response to
the nocturnal awakening of group-mates in their sleep tree is modulated by their previous night’s
sleep. We used a Bayesian Generalized Linear Mixed Model (GLMM) of family Bernoulli to model
the log-odds of a focal baboon being awake in a given epoch as a function of a binary variable
indicating whether any group-mate in the focal baboon’s sleep tree was awake in the previous epoch,
the focal baboon’s relative total sleep time on the previous night, the focal baboon’s relative sleep
fragmentation on the previous night, and interactions between each of the previous night sleep
variables and the binary variable indicating group-mate activity. We included random intercepts for
individual identity and night. Because this analysis depended on knowing the location and sleep-wake
state of group-mates and because many of the collars ceased collecting data after the 14" day of data
collection, we limited this analysis to the first 14 nights of data collection. We only analyzed epochs
between 21:00 and 05:00 as we were aiming to assess arousal thresholds well within the sleep period,
rather than those at onset or during waking. Lastly, we further subset the data to be modelled to the
epochs in which the focal baboon had been asleep for the three preceding epochs, as we were only
interested in the response of sleeping baboons, and not baboons that were already awake, to external
stimuli (i.e. their group-mates, in this case).

We carried out all Bayesian analyses with the “brms” package in R (Burkner, 2017). We used
diffuse, mean-zero Gaussian priors for all predictor variables. Model estimates are based off of four
independent Hamiltonian Monte Carlo chains with 5000 iterations, 2500 of which were burn-in
iterations. Trace plots indicated that mixing was sufficient and that the four chains converged on the
same posterior region. Model estimates reported in the text represent the mean of the posterior
distribution, along with the lower and upper 95% credible interval bounds from the standardized
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models. We used package “mgcv” in R (Wood, 2011) to fit the GAMM to the sleep epoch data, using
a thin plate spline smoothing term with 10 knots.
Evaluation of potential biases

In this section, we evaluate potential biases and limitations to the generalizability of our

results, utilizing the STRANGE framework (Webster & Rutz, 2020).
() Social background:

Because all study subjects were free-ranging, wild baboons living in a group with a size and
sex ratio that is typical for the species (study group size vs. typical group size: 46 vs. 15 — 100 (Ray &
Sapolsky, 1992), study group sex ratio vs. typical sex ratio (males:female): 3:5 vs 1:2 (Barton et al.,
1996)), we do not believe that the social background of the study individuals limits the
generalizability of our findings to other baboon groups. Because we trapped and collared ~80%
(24/29) of the adults and subadults in the study group, we believe that baboons with a wide variety of
social statuses are represented in our data, and thus the results generalize well to other groups of
baboons.

(i) Trapability and self-selection:

We chose the study group based on the group’s size, their proximity to an ideal trapping
location, our ability to remotely download collar data from an infrequently used road near their main
sleep site, and our avoidance of territorial conflicts with resident primatologists. Although we aimed
to study a group that was relatively small, the study group was only slightly, if at all, smaller than
other groups in the area. Thus, we do not feel that these selection criteria biased our results. Because
we needed to trap individuals before collaring them, bold individuals, which tend to be more likely to
enter traps (reviewed in Biro & Dingemanse, 2009), may be overrepresented in our data. To mitigate
this bias, we manually triggered traps such that we could capture individuals that were hesitant to
enter traps and may have only entered the traps once, rather than repeatedly capturing individuals that
continuously entered traps. Capturing a large majority of adults and subadults in the group also helped
to ensure representation of a wide range of behavioral types. Despite these mitigating measures, the
baboons that we were unable to capture likely represented a non-random sample. However, research
on behavioral syndromes suggest that these presumably shy individuals also tend to be more reactive
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to external stimuli (Réale et al., 2010). We therefore predict that the individuals that we did not
capture may have shown even more pronounced social and risk-related disruptions of sleep than those
individuals included in our data, and thus, our conclusions should be unaffected by trapability bias.
We were able to recover all data collected by the collars, and therefore, data recovery did not create
any bias.

Although not trapability bias per se, we did not capture and collar any young juveniles or
infants, as they were too small to carry the GPS/accelerometry collars. This bias certainly could have
contributed to our surprising finding that adults slept more than younger individuals, as the youngest
individuals, which would have been predicted to sleep the most, were excluded from our study.

(iii)  Rearing history:

All study individuals were wild, and because they were only semi-habituated, they had
relatively limited exposure to humans.

(iv) Acclimation and habituation:

Abnormal proximity to humans shortly prior to and during trapping, as well as handling and
sedation directly associated with collaring, may have induced high levels of stress for study subjects.
Because stress influences sleep (Han et al., 2012; L. Sanford et al., 2014), our procedure could have
theoretically biased our results. However, our observations of baboons before and after trapping (both
during this study and beyond) suggest that they continue normal behavior very shortly after trapping,
and that they acclimate to the bio-logging collars almost instantly. Nonetheless, to ensure that study
animals had acclimated to their collars and resumed normal behavior before commencing data
collection, we delayed the start of data collection until three days after the last baboon had been
trapped and collared. The majority of study individuals (~70%) were collared at least nine days before
data collection commenced (Supplementary file 1a). Thus, we do not believe that study procedures
biased our results. In confirmation, sleep patterns in the first few days of data collection were not
abnormal (Fig. 1.3D).

(v) Natural change in responsiveness

Because our study took place near the equator, at a site with relatively little seasonality (Isbell et
al., 2017), we believe that results from our data collection period are generalizable to other months.
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We explicitly considered and analyzed the influence of life stage, as well as the influence of the lunar
cycle, on sleep patterns.

(vi) Genetic make-up

We have no reason to suspect that the genetic make-up of the study individuals would bias their
sleep patterns in comparison to other populations of olive baboons.

(vit)  Experience

All study individuals experienced trapping and collaring procedures for the first time during

this study, and thus, were equally naive. See “Acclimation and habituation” for discussion of the

potential for experience with humans during collaring procedures to influence sleep patterns.
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Data availability
GPS and accelerometry data generated during this study are published and available in the

Movebank repository (www.movebank.org; Crofoot et al. 2021). Drone imagery is publicly available
for download from Dryad (http://dx.doi.org/10.5061/dryad.6h5b7). Accelerometry data and
behavioral scoring data from the 2019 sleep validation study are also publicly available for download
from Dryad (https://doi.org/10.5061/dryad.p5hgbzkgf). All code used to produce the final results from
the raw data is on GitHub (https://github.com/CarterLoftus/baboon_sleep/) and archived on Zenodo

(https://doi.org/10.5281/zen0d0.5905742).

Supplemental Materials
Sleep validation study

To evaluate whether the accelerometer-based sleep classification technique was accurately
monitoring sleep in baboons, we returned to Mpala Research Centre in July 2019 to perform a
validation study in which we compared the results of the accelerometer-based sleep classification to
direct observations of awake and sleeping baboons. Using the procedures described in Strandburg-
Peshkin et al., 2015, we trapped and anesthetized 27 members of a group of habituated olive baboons,
fitting each with a GPS and accelerometry collar. Eleven of the 27 collars deployed recorded
continuous tri-axial accelerations at 12 Hz/axis from 06:30 to 18:00 and 0.71-second bursts of
accelerations at 56.2 Hz/axis at the beginning of every minute from 18:00 to 06:30. Accelerometry
data was collected by each of these 11 collars for up to 31 days. The remaining 16 collars did not
collect accelerometry data from 06:30 to 18:00, and thus we excluded data from these collars from the
validation study.

We down-sampled and interpolated the accelerometry data such that it matched the sampling

frequency and schedule of the data collected in 2012 (i.e. the data analyzed for this manuscript). We
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then applied the sleep classification algorithm described in the Materials and Methods to this
validation dataset.

To validate the sleep classification algorithm, we performed direct behavioral observations of
the baboons at their primary sleep site. We recorded the behavior of the study baboons starting when
they approached their sleep site using a FLIR T1020 high-resolution infrared camera (FLIR Systems
Inc., Wilsonville, OR, USA). Recordings continued into the night for as long as the camera battery
allowed (average recording duration [range of recording durations]: 7.4 hours [1.7 — 14.9 hours]), and
we collected infrared imaging data on 21 nights. We identified individuals in the infrared imagery
both in real-time, via observer narration of the recorded imagery, and post-recording, by matching
movements of individuals in the infrared imagery to the GPS tracks of collared individuals.

Following initial data collection, we used the commercial software Loopy (Loopbio GmbH,
Austria) to score the behavior of identified individuals in the infrared imagery. Individuals’ behavior
was scored as “wakefulness”, “resting wakefulness”, or “sleep” (Figure 1.5-figure supplement 1).
Wakefulness refers to any behavior involving active movement (i.e. walking, running) or engaged
activity (i.e. allogrooming), whereas resting wakefulness refers to behaviors that are dormant (i.e.
sitting), but not in the typical sleeping posture of a baboon (sitting or lying with neck relaxed and head
hung). Sustained dormant behavior in the typical sleep posture was considered sleep. Video scoring
resulted in a total of 8.0 hours of behavioral observation across a total of 16 individual baboons.

Synchronizing the infrared imagery data with the accelerometry data produced a validation
dataset of 301 minute-epochs across six baboons that were both classified as either sleep or wakeful
behavior from accelerometry, and scored as wakefulness, resting wakefulness, or sleep from direct
observation. With both wakefulness and resting wakefulness representing wakeful behavior, the
accelerometer-based sleep classification exhibited an accuracy of 80.7% (Supplementary file 1r).
Consistent with previous validation studies of the use of accelerometry in measuring sleep (Ancoli-
Israel et al., 2003; de Souza et al., 2003), we found that accelerometer-based sleep classification has
difficulty distinguishing resting wakefulness from sleep, and we consider this limitation in our

interpretation of the results.
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Figure 1.2-figure supplement 1. Model output plot of model of total sleep time (for the first 20 days) with all

numerical variables standardized. The categorical variable tree is not plotted.
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Figure 1.2-figure supplement 2. Model output plot of model of sleep fragmentation (for the first 20 days) with

all numerical variables standardized. The categorical variable tree is not plotted.
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Figure 1.3-figure supplement 1. Comparison of the Shannon entropies of individuals’ sleep tree occupancy
within this sleep site to a null distribution produced by 1000 identity permutations. The analysis revealed lower
entropy in tree occupancy than expected by random chance (one-tailed two-sample Kolmogorov-Smirnov test: p
< 1.0 x 10), indicating that individuals exhibited high fidelity to particular trees. The red line represents the
distribution of Shannon entropies of individuals’ sleep tree occupancy calculated from the empirical data, and

the black line represents the distribution of entropy of sleep tree occupancy derived from the permuted data set.
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Figure 1.3-figure supplement 2. The conditional effect of tree identity on total sleep time. The conditional
effects plotted here are from the unstandardized Bayesian linear mixed model (LMM) of total sleep time

(hours).
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Figure 1.3-figure supplement 3. The conditional effect of night condition on total sleep time. The conditional

effects presented here are from the unstandardized model of total sleep time.
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Figure 1.3-figure supplement 4. The conditional effect of night condition on sleep fragmentation. The

conditional effects presented here are from the unstandardized model of sleep fragmentation.
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Figure 1.4-figure supplement 1. A toy example of the procedure we used to test for sentinel behavior and
synchronization of nighttime behavior. Each row represents a baboon’s time-series of sleep and wake activity
during the night, with black vertical lines indicating periods of nocturnal waking behavior. Colors correspond to
different nights, and the transparency of the color indicates the timing of night, with reference to the empirical,
unshifted data. The time shifting procedure was repeated 1000 times to generate a null distribution for the
proportion of minutes in which at least one individual is awake during the night and the mean proportion of the

group exhibiting synchronized behavior.
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Figure 1.4-figure supplement 2. A) A toy example of the procedure alternative to the one presented in the
main text (and represented in Figure 1.4-figure supplement 1) that we used to confirm findings concerning
sentinel behavior and synchronization of nighttime behavior that we derived from the procedure presented in the
main text. Each row represents a baboon’s time-series of sleep and wake activity during the night, with black
vertical lines indicating periods of nocturnal waking behavior. Colors correspond to different nights, with
reference to the empirical, unpermuted data, and the transparency of the color indicates the timing of night. The
night permutation procedure was repeated 1000 times to generate a null distribution for the proportion of
minutes in which at least one individual is awake during the night and the mean proportion of the group
exhibiting synchronized behavior. B) Comparison of the empirical proportion of minutes in which at least one
individual is awake (red dotted line) to its null distribution (grey density plot; p < 0.0001). C) Comparison of the
empirical mean of the proportion of the group exhibiting synchronized behavior (red dotted line) to its null
distribution (grey density plot; p < 0.0001). This method of permutation controls for the possibility that baboons
are synchronized in their behavior simply as a result of species-typical nocturnal waking patterns that are

consistent across baboons and across nights.

45



Wakefulness Resting wakefulness Sleep

Figure 1.5-figure supplement 1. Examples of the three different behaviors, “wakefulness”, “resting
wakefulness”, and “sleep”, that were scored during the validation study. Images presented here are extracted

from the infrared imaging that was used for the behavioral scoring.

olla € Age elg apture PS/A a PS end aate A ena
i g date date date
2460 F A 12 2012-07-28 2012-08-01 2012-08-01 | 2012-08-01
2459 F SA 8.6 2012-07-22 2012-08-01 2012-08-01 2012-08-01
2458 F A 13 2012-07-22 2012-08-01 2012-08-01 | 2012-08-01
2457 M A 28 2012-07-21 2012-08-01 2012-09-04 2012-09-04
2456 F A 175 2012-07-22 2012-08-01 2012-08-31 | 2012-08-31
2455 F SA 10 2012-07-28 2012-08-01 2012-08-08 | 2012-08-08
2454 M J 9.25 2012-07-22 2012-08-01 2012-08-14 | 2012-08-14
2453 F A 11.2 2012-07-25 2012-08-01 2012-08-03 2012-08-03
2452 M SA 9 2012-07-21 2012-08-01 2012-08-14 2012-08-14
2451 F A 13 2012-07-22 2012-08-01 2012-09-02 2012-09-02
2450 F SA 8.85 2012-07-24 2012-08-01 2012-08-05 | 2012-08-05
2449 F A 12.75 | 2012-07-23 2012-08-01 2012-08-31 2012-08-31
2448 M J 6.65 2012-07-22 2012-08-01 2012-08-16 2012-08-17
2447 F A 12.25 | 2012-07-24 2012-08-01 2012-08-31 2012-08-31
2446 F A 15.75 | 2012-07-25 2012-08-01 2012-09-02 | 2012-09-02
2443 M SA 9.25 2012-07-23 2012-08-01 2012-09-02 2012-09-02
2441 F SA 8 2012-07-22 2012-08-01 2012-08-29 2012-08-29
2439 F A 16 2012-07-21 2012-08-01 2012-09-04 | 2012-09-04
2436 M SA 16 2012-07-22 2012-08-01 2012-09-02 | 2012-09-02
2434 M A 25 2012-07-22 2012-08-01 2012-08-02 2012-08-02
2433 M SA 10 2012-07-22 2012-08-01 2012-08-06 2012-08-06
2432 M SA 8 2012-07-22 2012-08-01 2012-08-05 | 2012-08-05
2430 F A 14.65 | 2012-07-28 2012-08-01 2012-08-03 | 2012-08-03
2428 F SA 8.5 2012-07-29 2012-08-01 2012-08-15 2012-08-15
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2427 M A 25 2012-07-21 2012-08-01 2012-09-04 | 2012-09-04
2426 M SA 20 2012-07-21 2012-08-01 2012-08-30 | 2012-08-31
Supplementary file 1a. Individual metadata. Table depicts the sex, age, weight, capture date, as well as data

collection start and end dates for each study individual. F = female, M = male, A = adult, SA = subadult, J =

juvenile, ACC = accelerometry.

Sleep  Waking Sleep Sleep Sleep
onset time period efficiency fragmentation
time duration
Total sleep 1 -0.61 0.65 0.87 0.57 -0.48
time
Sleep onset X 1 -0.04 -0.72 -0.05 0.03
time
Waking time X X 1 0.72 0.10 -0.10
Sleep period X X X 1 0.11 -0.09
duration
Sleep X X X X 1 -0.83
efficiency
Sleep X X X X X 1
Fragmentation

Supplementary file 1b. Pearson correlation coefficient between the metrics of sleep extracted from the

accelerometry data. Total sleep time is correlated with all sleep metrics.

. Totalsleep time (standardized)

Predictors Estimates Cl (95%)

Intercept 0.02 -0.50 — 0.53
Travel distance -0.03 -0.19-0.14
Time spent napping -0.19 -0.36 —-0.01
Previous night relative total sleep time -0.04 -0.19-0.12
Previous night relative sleep fragmentation -0.06 -0.19-0.06
Tree fidelity score 0.21 0.05-10.36
Relative number of baboons in tree -0.53 -0.87 - -0.19
Minimum ambient temperature -0.04 -0.20-0.13
Moon phase 0.05 -0.12-0.22
age: Juvenile -0.34 -1.15-0.50
age: Subadult -0.34 -0.81-0.14
sex: Male 0.44 -0.05-0.94
tree: tree2 -0.26 -1.08 — 0.55
tree: tree3 -0.19 -1.06 — 0.66
tree: treed -0.85 -1.35--0.33
tree: treeb -0.27 -0.79-0.24
tree: tree6 -0.02 -0.66 — 0.63
tree: tree7 0.05 -0.68 —0.79
tree: tree8 -0.28 -0.77-0.20
tree: treel0 -0.29 -1.04 — 0.47
tree: treell -0.26 -0.84-0.30
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Random Effects

A 0.53

T00 night 0.02

T00 tag 0.09

ICC 0.17

N tag 18

N night 18
Observations 170
Marginal R?/ Conditional R? 0.345/0.419

Supplementary file 1c. Model output table of model of total sleep time (for the first 20 days) with all numerical

variables standardized.

Total sleep time (hours)

Predictors Estimates ClI (95%)
Intercept 19.09 -24.89 — 63.56
Travel distance (km) -0.02 -0.12 — 0.09
Time spent napping (mins) -0.01 -0.01 --0.00
Previous night relative total sleep time (mins) -0.00 -0.00 - 0.00
Previous night relative sleep fragmentation (bouts/hour of sleep) -0.11 -0.33-0.11
Tree fidelity score 0.61 0.16 — 1.08
Relative number of baboons in tree -1.61 -2.67 —-0.52
Minimum ambient temperature (degree Celsius) -0.03 -0.19-0.12
Moon phase 0.11 -0.24 —0.50
age: Juvenile -0.27 -0.88 — 0.36
age: Subadult -0.27 -0.63 - 0.08
sex: Male 0.34 -0.02 - 0.72
tree: tree2 -0.20 -0.82-0.45
tree: tree3 -0.14 -0.81 - 0.52
tree: treed -0.66 -1.04 — -0.26
tree: tree5 -0.22 -0.61-0.18
tree: tree6 -0.01 -0.50-0.49
tree: tree7 0.05 -0.52 - 0.63
tree: tree8 -0.23 -0.60-0.15
tree: treel0 -0.21 -0.80 — 0.37
tree: treell -0.21 -0.66 — 0.22
Random Effects

o> 0.31

T00 night 0.01

T00 tag 0.05

ICC 0.17

N tag 18

N night 18

Observations 170

Marginal R?/ Conditional R? 0.342/0.417

Supplementary file 1d. Model output table of model of total sleep time (for the first 20 days) with no

standardization of variables.

Total sleep time (standardized)
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Predictors Estimates Cl (95%)
Intercept 0.01 -0.51-0.51
Average VeDBA during day -0.12 -0.34-0.12
Time spent napping -0.13 -0.31-0.05
Previous night relative total sleep time -0.04 -0.18-0.11
Previous night relative sleep fragmentation -0.08 -0.20 - 0.05
Tree fidelity score 0.21 0.05-0.36
Relative number of baboons in tree -0.57 -0.91--0.21
Minimum ambient temperature -0.04 -0.21-0.12
Moon phase 0.07 -0.09-0.24
age: Juvenile -0.23 -1.03 - 0.55
age: Subadult -0.27 -0.78-0.18
sex: Male 0.53 0.08 —0.97
tree: tree2 -0.33 -1.15-0.49
tree: tree3 -0.51 -1.30—0.29
tree: treed -0.89 -1.41 - -0.37
tree: tree5 -0.31 -0.83-0.21
tree: tree6 0.00 -0.63 - 0.62
tree: tree7 0.05 -0.69-0.79
tree: tree8 -0.30 -0.79-0.20
tree: treel0 -0.18 -0.90 — 0.55
tree: treell -0.28 -0.84-0.28
Random Effects

o> 0.55

T00 night 0.02

T00 tag 0.07

ICC 0.13

N tag 18

N night 18

Observations 178

Marginal R?/ Conditional R? 0.358/0.419

Supplementary file 1e. Model output table of model of total sleep time (for the first 20 days) with all numerical

variables standardized (daytime VeDBA included instead of travel distance).

e Speé adp O anaardadilzead
Predictors Estimates Cl (95%)
Intercept -0.05 -0.44 - 0.33
Prior night total sleep time 0.03 -0.10-0.17
Prior night sleep fragmentation 0.00 -0.11-0.12
Random Effects
o’ 0.42
T00 night 0.21
T00 tag 0.44
ICC 0.61
N tag 20
N night 19
Observations 202
Marginal R?/ Conditional R* | 0.005/0.616
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Supplementary file 1f. Model output table of model of time spent napping during the day (for the first 20 days)

with all numerical variables standardized.

Time spent napping (minutes)

Predictors Estimates Cl (95%)
Intercept 17.52 -9.03 — 45.26
Prior night total sleep time (hours) 1.16 -1.62 —3.86
Prior night sleep fragmentation (bouts/hour of sleep) 0.12 -2.87-3.21
Random Effects

? 226.61

T00 night 40.73

T00 tag 78.33

ICC 0.34

N tag 20

N night 19

Observations 202

Marginal R?/ Conditional R? 0.003/0.536

Supplementary file 1g. Model output table of model of time spent napping during the day (for the first 20 days)

without standardization of the variables.

Total sleep time (standardized)

Predictors Estimates Cl (95%)
Intercept -0.25 -0.60 — 0.09
cond_night: night of leopard encounter -0.20 -0.85 - 0.45
cond_night: first night in new sleep site -1.52 -2.15--0.86
cond_night: second night in new sleep site -0.29 -0.98 — 0.42
cond_night: third night in new sleep site 0.24 -0.45-0.90
cond_night: remainder of nights (in original sleep site) 0.27 -0.05 - 0.58
age: Juvenile -0.24 -1.10 - 0.61
age: Subadult -0.35 -0.86 — 0.16
sex: Male 0.75 0.22-1.30
Travel distance -0.06 -0.18 - 0.07
Time spent napping -0.12 -0.28 — 0.05
Previous night relative total sleep time 0.18 0.06 —0.29
Previous night relative sleep fragmentation 0.06 -0.06 — 0.19
Minimum ambient temperature -0.01 -0.15-0.14
Moon phase 0.02 -0.12-0.16
Random Effects
o’ 0.78

| T00 tag ‘ 0.15 |
ICC 0.16

| N tag ‘ 20 |
Observations 275

| Marginal R?/ Conditional R? | 0.253/0.318 |

Supplementary file 1h. Model output table of model of total sleep time using data from entire study duration

(including after the leopard encounter) with all variables standardized.
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Total sleep time (hours)

Predictors Estimates Cl (95%)
Intercept 10.50 -42.03 - 61.10
cond_night: night of leopard encounter -0.17 -0.88 — 0.53
cond_night: first night in new sleep site -1.17 -1.87 — -0.47
cond_night: second night in new sleep site -0.24 -0.97 — 0.49
cond_night: third night in new sleep site 0.15 -0.57 -0.89
cond_night: remainder of nights (in original sleep 0.17 -0.17 - 0.49
site)

age: Juvenile -0.27 -0.96 - 0.41
age: Subadult -0.31 -0.72-0.08
sex: Male 0.59 0.19-1.01
Travel distance (km) -0.04 -0.14 - 0.05
Time spent napping (mins) -0.00 -0.01-0.00
Previous night relative total sleep time (mins) 0.00 0.00-0.01
Previous night relative sleep fragmentation 0.12 -0.10-0.33
(bouts/hour of sleep)

Minimum ambient temperature (degrees Celsius) -0.00 -0.18-0.18
Moon phase 0.07 -0.34-0.48
Random Effects

o> 0.43

T00 night 0.05

T00 tag 0.09

ICC 0.25

N tag 20

N night 32

Observations 275

Marginal R?/ Conditional R? 0.262 /0.369

Supplementary file 1i. Model output table of model of total sleep time using data from entire study duration

(including after the leopard encounter) without standardization of variables.

Sleep fragmentation (standardized)

Predictors Estimates Cl (95%)

Intercept -0.27 -0.93-0.37
Travel distance -0.10 -0.31-0.11
Time spent napping 0.22 0.00 - 0.45
Previous night relative total sleep time 0.09 -0.10 — 0.27
Previous night relative sleep fragmentation -0.03 -0.18-0.12
Tree fidelity score -0.05 -0.24-0.14
Relative number of baboons in tree 0.26 -0.15-0.67
Minimum ambient temperature 0.04 -0.17 - 0.26
Moon phase -0.08 -0.30-0.13
age: Juvenile 0.72 -0.28 - 1.75
age: Subadult 0.52 -0.06 -1.10
sex: Male -0.44 -1.04 -0.17
tree: tree2 0.91 -0.08 - 1.89
tree: tree3 0.37 -0.67—-1.39
tree: treed 0.60 -0.03-1.20
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tree: treeb 0.69 0.07 -1.30
tree: tree6 0.54 -0.26 - 1.30
tree: tree7 -0.22 -1.14 - 0.69
tree: tree8 -0.04 -0.64 — 0.55
tree: treel0 -0.00 -0.90-0.90
tree: treell 0.48 -0.21-1.15
Random Effects

o’ 0.79

T00 night 0.04

T00 tag 014

ICC 0.19

N tag 18

N night 18

Observations 170

Marginal R?/ Conditional R? 0.266 / 0.352

Supplementary file 1j. Model output table of model of sleep fragmentation (for the first 20 days) with all

numerical variables standardize.

eep a( - allO

dKe DO O O eep
Predictors Estimates Cl (95%)
Intercept -5.74 -44.05-31.71
Travel distance (km) -0.04 -0.13 - 0.05
Time spent napping (mins) 0.01 0.00-0.01
Previous night relative total sleep time (mins) 0.00 -0.00 — 0.00
Previous night relative sleep fragmentation -0.04 -0.21-0.15
(bouts/hour of sleep)
Tree fidelity score -0.10 -0.47 —0.26
Relative number of baboons in tree 0.55 -0.33-1.45
Minimum ambient temperature (degree Celsius) 0.03 -0.10-0.16
Moon phase -0.12 -0.43-0.18
age: Juvenile 0.38 -0.14-0.91
age: Subadult 0.28 -0.02 - 0.57
sex: Male -0.23 -0.55-0.08
tree: tree2 0.50 -0.03-1.01
tree: tree3 0.22 -0.34 - 0.77
tree: treed 0.33 -0.00 — 0.66
tree: tree5 0.37 0.04 —0.72
tree: tree6 0.29 -0.12-0.71
tree: tree7 -0.10 -0.58 - 0.40
tree: tree8 0.00 -0.31-0.32
tree: treel0 0.02 -0.47 - 0.51
tree: treell 0.27 -0.10-0.64
Random Effects
o’ -0.04
T00 night 0.01
T00 tag 0.00
ICC -0.04
N tag -0.10
N night 0.55
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Observations 0.03
Marginal R?/ Conditional R? -0.12
Supplementary file 1k. Model output table of model of sleep fragmentation (for the first 20 days) with no

standardization of variables.

Sleep fragmentation (standardized)

Predictors Estimates Cl (95%)
Intercept -0.29 -0.95-0.34
Average VeDBA during day -0.05 -0.33-0.23
Time spent napping 0.20 -0.02 - 0.42
Previous night relative total sleep time 0.07 -0.11-0.25
Previous night relative sleep fragmentation -0.03 -0.19-0.12
Tree fidelity score -0.06 -0.25-0.13
Relative number of baboons in tree 0.24 -0.18 - 0.65
Minimum ambient temperature 0.07 -0.14 - 0.27
Moon phase -0.10 -0.30-0.11
age: Juvenile 0.75 -0.25-1.76
age: Subadult 0.62 -0.00-1.24
sex: Male -0.46 -1.04 - 0.12
tree: tree2 0.85 -0.13-1.82
tree: tree3 0.45 -0.51-1.40
tree: treed 0.55 -0.07-1.17
tree: treeb 0.65 0.03-1.28
tree: tree6 0.43 -0.34-1.22
tree: tree7 -0.21 -1.08 - 0.70
tree: tree8 -0.05 -0.64 — 0.56
tree: treel0 0.09 -0.79-0.97
tree: treell 0.38 -0.28 — 1.06
Random Effects

o’ 0.80

T00 night 0.03

T00 tag 0.14

ICC 0.17

N tag 18

N night 18

Observations 178

Marginal R?/ Conditional R? -0.29

Supplementary file 11. Model output table of model of sleep fragmentation (for the first 20 days) with all

numerical variables standardized (daytime VeDBA included instead of travel distance).

Sleep fragmentation
(standardized)

Predictors Estimates Cl (95%)

Intercept 0.05 -0.33-0.44
cond_night: night of leopard encounter -0.32 -0.96 — 0.33
cond_night: first night in new sleep site 0.96 0.33-1.60
cond_night: second night in new sleep site 0.10 -0.60 — 0.80
cond_night: third night in new sleep site -0.48 -1.16-0.20
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cond_night: remainder of nights (in original sleep -0.20 -0.52-0.11
site)

age: Juvenile 0.69 -0.26 — 1.60
age: Subadult 0.48 -0.09 - 1.03
sex: Male -0.53 -1.10 - 0.05
Travel distance 0.01 -0.12-0.13
Time spent napping 0.21 0.05-0.38
Previous night relative total sleep time 0.02 -0.10-0.14
Previous night relative sleep fragmentation -0.08 -0.20-0.04
Minimum ambient temperature 0.10 -0.04 - 0.24
Moon phase -0.05 -0.18 - 0.09
Random Effects

o’ 0.79

T00 tag 0.20

ICC 0.20

N tag 20

Observations 275

Marginal R?/ Conditional R? 0.175/0.298

Supplementary file 1m. Model output table of model of sleep fragmentation using data from entire study

duration (including after the presumed leopard encounter) with all variables standardized.

Sleep fragmentation

(wake bouts / hour of sleep)

Predictors Estimates Cl (95%)
Intercept -15.99 -47.39 —-14.91
cond_night: night of leopard encounter -0.16 -0.58 - 0.24
cond_night: first night in new sleep site 0.50 0.07 -0.92
cond_night: second night in new sleep site 0.06 -0.38 - 0.51
cond_night: third night in new sleep site -0.24 -0.67 -0.19
cond_night: remainder of nights (in original sleep site) -0.11 -0.31-0.10
age: Juvenile 0.37 -0.11-0.85
age: Subadult 0.25 -0.05-0.53
sex: Male -0.27 -0.55 - 0.02
Travel distance (km) 0.00 -0.06 — 0.06
Time spent napping (mins) 0.00 0.00-0.01
Previous night relative total sleep time (mins) 0.00 -0.00 - 0.00
Previous night relative sleep fragmentation -0.09 -0.23-0.05
(bouts/hour of sleep)

Minimum ambient temperature (degrees Celsius) 0.06 -0.05-0.17
Moon phase -0.06 -0.30 - 0.19
Random Effects

c? 0.19

T00 night 0.01

T00 tag 0.05

ICC 0.24

N tag 20

N night 32

Observations 275

Marginal R?/ Conditional R? 0.185/0.329
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Supplementary file 1n. Model output table of model of sleep fragmentation using data from entire study

duration (including after the presumed leopard encounter) without standardization of variables.

Proportion of minutes synchronized (standardized)

Predictors Estimates Cl (95%)
Intercept -0.21 -0.45-0.03
Occupying same tree 0.56 0.47 — 0.64
Random Effects

o’ 0.60

T00 dy name 0.14

7T00 night 0.19

T00 tagl 0.08

T00 tag2 0.09

ICC 0.45

N night 34

N tagl 22

N tag2 22

N dy_name 250

Observations 2997

Marginal R?/ Conditional R? | 0.050 / 0.404

Supplementary file 10. Model output table of model of synchronization (i.e. the proportion of minutes during a
night that both dyad members exhibit the same behavior, either sleep or wakefulness) with response variable

standardized of the response variable.

Proportion of minutes synchronized

Predictors Estimates Cl (95%)
Intercept 0.73 0.71-0.74
Occupying same tree 0.03 0.02 - 0.03
Random Effects

o’ 0.00

T00 dy name 0.00

T00 night 0.00

T00 tagl 0.00

T00 tag2 0.00

ICC 0.45

N night 34

N tag1 22

N tag2 22

N dy_name 250

Observations 2997

Marginal R?/ Conditional R? | 0.050 / 0.404

Supplementary file 1p. Model output table of model of synchronization (i.e. the proportion of minutes during a
night that both dyad members exhibit the same behavior, either sleep or wakefulness) without standardization of

the response variable.
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Focal baboon awake in the current
epoch

Predictors

Odds Ratios Cl (95%)

Intercept

0.07 0.07 -0.08

At least one group-mate in the same sleep tree
awake in previous epoch

1.29 1.18-1.40

Previous night relative total sleep time

1.04 0.98-1.11

Previous night relative sleep fragmentation

1.01 0.96 —1.06

At least one neighbor awake x previous night
relative total sleep time

0.99 0.88-1.11

At least one neighbor awake x previous night
relative sleep fragmentation

0.99 0.90-1.09

Random Effects

=
T00 night

T00 tag

ICC

N night

N tag
Observations

3.29
0.01
0.01
0.00
12

20
44306

Marginal R?/ Conditional R?

| 0.001/0.002

Supplementary file 1q. Model output table of model of an individual being awake in a given epoch. The

previous night relative total sleep time and previous night relative sleep efficiency variables are standardized.

Data that was modelled here was a subset of the full dataset, in which the focal baboon was not awake in the

previous epoch, and the current epoch occurred between 21:00 and 05:00 and prior to the 15" day of the study,

when several of the baboons’ collars ceased collecting data.

Behavioral scoring
Awake Asleep
Wakefulness RETE Sleep
wakefulness
Accelerometer- Awake 32 89 17
based sleep
classification Asleep 0 41 122

Supplementary file 1r. Confusion matrix reporting the results of the validation study. Table entries represent

the number of minute-epochs classified according to the accelerometer-based technique and direct behavioral

observation.
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Chapter 2: Multi-dimensional social relationships shape the collective dynamics
of sleep in wild baboons

Abstract

Sleep is essential for all animals’ health and survival, and is largely considered to be an
individual experience, most often studied in isolated individuals in laboratory settings. For gregarious
animals, however, sleep patterns may critically shape, and be shaped by, the sleep patterns of their
group-mates. To shed light on these collective dynamics of sleep, we monitored the nighttime activity
and sleep behavior of a group of wild baboons (Papio anubis) with infrared computer-vision tracking
and tri-axial accelerometry. We found that the sleep patterns of group-mates are inherently
intertwined, with cascades of nocturnal waking and collective movement flowing through the group at
night. However, wakefulness did not propagate randomly throughout the group, but instead, was
guided by the group’s affiliative network and, to a much lesser extent, its dominance hierarchy, with
individuals exhibiting outsized influence over the nighttime waking of socially affiliated group-mates,
as well as subordinate group-mates. Moreover, the effect of the social networks in guiding
wakefulness cascades did not arise solely from their potential influence on the spatial distribution of
group members within the sleep site. Because of this asymmetric transmission of wakefulness,
socially central baboons slept less than their socially peripheral counterparts. Thus, remaining
attentive to and engaging with socially relevant group-mates during the sleep period creates costs to
sleep investment that are not shared equally across the group. However, this sleep sacrifice may be
adaptive, providing socially central individuals more time to maintain the social bonds that contribute
to their higher fitness. These results demonstrate that, for group-living animals, sleep is truly a
collective behavior, and understanding its adaptive value requires consideration of the complex social

dynamics in which it is embedded.

Introduction
Sleep is a biological imperative shared by all animals (Cirelli & Tononi, 2008). Playing a

central role in development, central nervous system maintenance, cognitive functioning, and immune
defense (reviewed in Zielinski et al., 2016), sleep is a key ingredient to health and survival (Cirelli &

Tononi, 2008). However, this period of decreased responsiveness to the outside world often represents
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the most vulnerable periods in an animal’s daily life, and the trade-off that individuals face when
fulfilling this physiological requirement must be carefully negotiated (Lima et al., 2005). Yet, many
animals do not navigate this trade-off alone. For social animals, sleep may be fundamentally a
collective behavior, whereby an individual’s choices about when, where, and how to sleep both shape
and are shaped by the choices of their group-mates (Troxel, 2010). However, to shed light on the
collective dynamics of sleep, we must investigate sleep in socially relevant contexts, ideally by
measuring sleep patterns simultaneously in multiple individuals that share a social environment. This
daunting logistical challenge has proven insurmountable to a field of research that has almost
exclusively studied the sleep of lone individuals isolated in the laboratory (Aulsebrook et al., 2016;
Rattenborg et al., 2017).

Theory predicts that the social environment will have an important influence on the sleep
patterns of group-living animals. Sleeping in the safety of a group may enable individuals to sleep
longer or more intensely, with perhaps coordinated periods of wakefulness across group members
maximizing collective vigilance (Samson et al., 2017). However, evidence suggests that proximity to
conspecifics during the sleep period may impede, rather than encourage, high-quality sleep (Loftus et
al., 2022; Meadows et al., 2009; Pankhurst & Home, 1994): waves of wakefulness can propagate
throughout the group in response to the waking activity of single individuals (Beauchamp, 2009,
2011; Karamihalev et al., 2019; Noser et al., 2003). These costs and benefits of sleeping together, as
with many other costs and benefits of group-living (Strauss & Shizuka, 2022), are likely shared
unequally across the members of the group. Variation among group members in both their individual
traits and social relationships may lead group-mates to experience social influences on their sleep
quality quite differently (Karamihalev et al., 2019; Noser et al., 2003). In highly structured societies,
in which relationships between group-mates are differentiated and multi-dimensional, an individual’s
position within the group’s multi-layer social network is thus likely to critically influence its ability to
obtain a good night’s sleep.

To understand how collective dynamics shape the sleep patterns of group-living animals, we
investigated the social influences on sleep in wild olive baboons (Papio anubis). Baboons live in
stable and highly cohesive multi-male, multi-female groups of 15 — 100 individuals (Ray & Sapolsky,
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1992), that are comprised of several matrilines (Cheney & Seyfarth, 2008). Complex yet well-studied
social dynamics define the lives of baboons (Cheney & Seyfarth, 2008); interactions between group-
mates depend heavily on their relatedness, their relative position within the group’s linear dominance
hierarchy, as well as their affiliative network, which can develop both within and between matrilines
(Altmann & Altmann, 1970; Cheney & Seyfarth, 2008). Baboons invest heavily in building and
maintaining their highly differentiated and multifaceted social relationships, perhaps unsurprisingly
given the importance of these relationships in determining a baboon’s fitness (Archie et al., 2014;
Campos et al., 2020; Cheney et al., 2016; Silk, 2003; Silk et al., 2009, 2010).

At the end of each day, baboons retreat into tree crowns or onto rock outcroppings, where
they spend the night sleeping together (Bidner et al., 2018; Markham et al., 2016). Nocturnal
predation by leopards—the primary cause of mortality for adult baboons (Cheney et al., 2004)—
places substantial selective pressure not only on the group’s choice of sleep refuge, but also on
individuals’ choices about where to sleep within the refuge. As leopards can infiltrate sleep sites and
kill baboons within their refuges (Anderson, 1984, 1998, 2000; Busse, 1980; Isbell et al., 2018),
intense competition is expected within the group over preferred sleep locations in the sleep site
(Anderson, 1984, 1998; Smeltzer et al., 2022). Dominant individuals may have priority of access to
their location of choice, potentially exhibiting outsized influence over the sleep patterns of the
individuals that they displace upon relocating within the sleep site during the night. In the safety of
the refuge, baboons might also engage in social interactions that allow them to develop and maintain
their social bonds, an activity for which they have limited time available during the day (Dunbar,
1992). These potential interactions with affiliated group-mates may further structure the social
influence that group-mates have on each other’s sleep patterns.

We leveraged high-resolution infrared imagery of a group of wild olive baboons during the
night, in conjunction with data from collar-mounted tri-axial accelerometers fit to 26 of the group’s
members, to investigate the collective dynamics of sleep in a complex society. We monitored the
sleep patterns of study group members using an unsupervised classification algorithm that we
developed and validated to measure sleep from baboon accelerometry data (Table S2.1). We
complemented the sleep data with the nighttime activity and movements of all group members that we
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extracted with a computer-vision deep learning algorithm developed to track baboons within the
infrared imagery (Table S2.2). Using these data, we assessed sleep as a collective behavior by
analyzing interdependencies in the timing of waking and activity across the group during the night.
We then explored the mechanism by which social influences on sleep and activity propagate through
the group, applying information theoretic and network-based diffusion analyses to understand the role
of differentiated, multifaceted social relationships in guiding this propagation. Lastly, we evaluated
the outcome of these mechanisms of collective sleep dynamics, testing how an individual’s position

within the group’s social networks influences the time it invests in sleep.

Results
By extracting sleep metrics from 31 calendar days (572 baboon-nights; Table S2.1) of

accelerometry data, we found that collared members of the study group slept for an average of 10.7 +
0.02 (mean * SE) hours from 18:00 to 06:30, the period when all collars collected data. Individuals
woke, on average, 20.0 = 0.2 times during the night. Infrared computer-vision tracking of the entire
group on 21 nights (154.73 total hours of recording; Table S2.2) revealed that baboons occasionally
moved during the night, repositioning themselves within their sleep site upon waking (Fig. S2.1).

Sleep and waking patterns during the night indicated that the sleep behavior of group
members both influenced and was influenced by that of their group-mates. Collared individuals
exhibited synchronization in their sleep states (i.e. sleep vs. waking) during the night beyond that
expected by random chance (Fig. S2.2, Fisher’s exact test: p < 0.0001). Infrared imagery of baboons
in their sleep site revealed that periods of synchronized waking during the night were accompanied by
collective movement. There were fewer instances than expected during which at least one group
member was moving (Fig. 2.1A, Fisher’s exact test: p < 0.0001), but, when at least one individual was
moving, there were significantly more group members moving than expected (Fig. 2.1B, Fisher’s
exact test: p < 0.0001). Additionally, we found that an individual’s probability of waking is correlated
with the number of individuals that awoke during the previous minute (Fig. 2.1C, Bernoulli
generalized linear mixed model (GLMM): standardized estimate [95% credible interval lower bound,
95% credible interval upper bound]: 0.09 [0.02, 0.16]), suggesting that collective waking and

movement may involve a sequential diffusion of wakefulness through the group.
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Figure 2.1. The sleep patterns of baboons both influence and are influenced by the sleep patterns of their
group-mates. Baboons exhibited temporally coordinated waking and movement during the night. Compared to
1000 time-shifted datasets (A and B, black distributions), there were fewer instances in which any movement
was detected in the infrared imagery than expected (A, dotted red line; Fisher’s exact test: p < 0.0001), but a
greater number of individuals were detected as moving, when there was movement within the group (B, dotted
red line; Fisher’s exact test: p < 0.0001). Synchronized periods of movement during the night resulted not from
perfectly synchronized awakening, but rather from the sequential awakening of group members, as individuals
became increasingly more likely to awaken with the number of group-mates that awoke in the previous minute
(C). This transmission of wakefulness caused baboons to have significantly more influence over the sleep states
of their group-mates, as measured by transfer entropy (D, dotted red line), than expected based on 1000 time-
shifted datasets (D, black distribution, Fisher’s exact test: p < 0.0001). Subplot (C) depicts the conditional

effects from a model of the data.

An analysis of the transfer entropy between the sleep states of group members corroborated a

social influence on nighttime sleep patterns. Transfer entropy offers a robust measure of the influence
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that one discrete random variable (e.g. an individual’s sleep state) has over another discrete random
variable (e.g. a group-mate’s sleep state). By comparing the sum of the transfer entropies between
dyads’ sleep states from the empirical data to that calculated from 1000 time-shifted datasets, we
found significantly more total transfer entropy between dyads’ sleep states in the empirical data than
expected (Fig. 2.1D, Fisher’s exact test: p < 0.0001), indicating that, aggregated across the group,
individuals had a significant influence over the sleep state of their group-mates during the sleep
period.

Nighttime wakefulness did not spread randomly throughout the group, but rather propagated
according to the group’s social networks (Fig. 2.2A). We found that group-mates that shared stronger
affiliative relationships had greater influence over each other’s sleep patterns, such that the dyad that
spent the most time together during the day exhibited more than three times as much influence over
each other’s sleep states, as measured by transfer entropy, than the dyad that spent the least time
together during the day (Fig. 2.2B, skew normal LMM: 0.11 [0.03, 0.20]; MRQAP: estimate = 0.197,
p < 0.01). The social influence on sleep correlated with dominance relationships as well, with
individuals having a stronger influence over the sleep patterns of individuals whom they displaced
more often during the day (Fig. 2.2C, skew normal LMM: 0.07 [-0.01, 0.16]; MRQAP: estimate =
0.082, p = 0.07). However, dominance relationships had a lesser effect than affiliative relationships on
influence over sleep state, and we note that the dominance network only approached a significant
correlation with the sleep state transfer entropy network in the multiple regression network analysis.

To understand the importance of these social influences on nocturnal awakening, we
employed a network-based diffusion analysis, which quantifies the importance of a social network in
structuring the diffusion of a behavior (e.g. waking) throughout a group of individuals. We found
unequivocal support for both the affiliative network and dominance network in guiding the
propagation of wakefulness during the night (summed Akaike weights: affiliative network = 1.0 for
all models, relative dominance network = 1.0 for the “tied” model and > 0.95 for “not tied” models;
Table S2.3, S2.4). The network-based diffusion analysis revealed that 10.7% [9.1% - 12.0%)] of all
waking events occur due to the prior waking of a social affiliate, and 4.4% [2.8% - 5.7%)] of all
waking events occur in response to the prior waking of a dominant group-mate. We also found that
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both age and sex influenced the probability of waking in response to the social transmission of
wakefulness, as well as the probability of waking independently of other group-mates. Males were
more likely to wake, both as a result of social transmission of wakefulness and independent of social
transmission, than females (social: males 1.25 [0.97, 1.62] times more likely to wake than females;
asocial: 1.08 [1.01, 1.15]). Adults were 1.28 [1.20, 1.37] times more likely than other age groups to
wake independently, but were 0.60 [0.43, 0.83] times as likely as other age groups to wake due to
social propagation of wakefulness. Juveniles were 0.67 [0.48 — 0.93] times as likely as other age
groups to wake due to socially transmitted wakefulness. Thus, subadults were more likely than both

adults and juveniles to wake in response to the waking of their group-mates.
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Figure 2.2. Multi-dimensional relationships shape the influence that individuals have over their group-
mates sleep patterns. Baboon groups are characterized by highly structured social dynamics in that highly
differentiated affiliative (A, red network) and dominance (A, blue network) relationships between group-mates

are important in shaping interactions. These social dynamics continue to shape interactions well into the sleep
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period (A, green network: sleep state transfer entropy network), as individuals exert greater influence over the
sleep patterns of affiliated group-mates (B) and, to a lesser extent, subordinate group-mates (C). In subplot (A),
all collared study individuals are represented in each network, with vertical black edges connecting the same
individuals across networks. In each network, all edges are weighted, and edges representing values less than the
80" percentile of edge values were removed for plotting, although they were included in the analysis. We note
that the affiliative network is undirected while the dominance network and transfer entropy network are
directed, with edges pointing from the dominant to subordinate individual in the dominance network and in the
direction of the flow of influence in the transfer entropy network. Subplots (B) and (C) illustrate the conditional

effects from a model of the data.

We found limited influence of the spatial network on sleep and activity patterns during the
night. We predicted that if wakefulness propagated trivially through the spatial network, group
members would experience worse sleep on nights when the group’s spatial network was denser or less
modular, as these spatial constructions would allow more routes through which wakefulness could
propagate throughout the network and would prevent wakefulness cascades from remaining localized
within a sub-group. However, we found that these properties of the spatial network during the night,
which we extracted from the infrared imagery, had no influence on the total time spent sleeping
during the night (Fig. 2.3, LMM: spatial network density: -0.33 [-2.17, 1.53], spatial network
modularity: -0.40 [-2.22, 1.49]). Moreover, analysis of movement within the infrared imagery
suggested that spatial proximity to active individuals might not be sufficient to cause inactive
individuals to become active. We found that when individuals became active and relocated within the
sleep site during the night, significantly more group-mates subsequently became active in the
proximity of locations to which the relocating individuals moved than in the proximity of where they

first commenced the relocation (two-sided paired Wilcoxon signed rank test: V = 1001.5, p < 0.02).
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Figure 2.3. Nocturnal wakefulness is insensitive to the arrangement of baboons within their sleep site at
night. Neither the density (A) nor the modularity (B) of the spatial network at night influenced the total time

that individuals spent sleeping. Because the total sleep time is directly affected by sleep disruptions, this result
indicates a limited role of the spatial network in the propagation of wakefulness during the night. Subplots (A)

and (B) both illustrate the conditional effects from a model of the data.

The collective dynamics that shaped the sleep behavior of wild baboons had consequences for
individuals that were not shared equally across the group. We found that individuals that were more
socially connected in the group’s affiliative network slept for less total time during the night (Fig.
2.4A, LMM: -0.14 [-0.24, -0.04]). The most socially central individual in the group, according to its
eigenvector centrality, slept an average of 16.3 minutes less per night than the most socially peripheral
individual in the group. We did not, however, find an effect of an individual’s dominance on the total

time that it spent sleeping (Fig. 2.4B, LMM: 0.01 [-0.08, 0.11]).
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Figure 2.4. Socially central individuals bear the consequences of collective sleep dynamics. With the social
transmission of wakefulness propagating primarily through the group’s affiliative network, group members that
are well connected within the affiliative network, as measured by their eigenvector centrality, obtain less sleep

than their group-mates (A). An individual’s dominance status, on the other hand, did not influence its ability to

obtain sufficient sleep (B). Subplots (A) and (B) both illustrate the conditional effects from a model of the data.

Discussion
We demonstrate that sleep in a wild social primate is characterized by complex collective

dynamics, with multifaceted relationships among group-mates forging fundamental interdependencies
between their sleep patterns. We show that the social interactions of baboons during the night
propagate wakefulness primarily to affiliated group-mates and, to a lesser extent, to subordinate
group-mates. Although remaining attentive to a highly structured social environment while sleeping
may be important for an animal whose fitness is dependent upon its social relationships (Archie et al.,
2014), it leads individuals to sacrifice time invested in sleep—a sacrifice that is disproportionately
borne by socially central individuals. Our results shed light on the trade-offs that group-living animals
must navigate when reconciling their social priorities with their physiological need for sleep. Thus,
this study underscores the importance of investigating sleep in its collective context, where the social
relationships that define the interactions between group-mates continue to be crucially important in
shaping individuals’ behavior during the half of their lives that is spent in darkness.

Decades of research that have implicitly recognized sleep as a strictly individual experience

(Gordon et al., 2017; Troxel, 2010). In contrast, our findings demonstrate that, for gregarious animals,
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sleep is fundamentally a collective behavior. By fitting the majority of baboons in the study group
with collar-mounted accelerometer units and monitoring their sleep patterns during the night with an
accelerometer-based sleep classification algorithm, we found that the timing of sleep and wake bouts
throughout the night is highly non-random across group-mates. Contrary to the predictions of the
sentinel hypothesis, which posits that animals should stagger their periods of nocturnal wakefulness
(Samson et al., 2017; Snyder, 1966), we found that baboons’ sleep states (i.e. sleep vs. waking) were
synchronized. Despite the obvious anti-predator benefits that could be realized by staggering periods
of vigilance during the night, sleep synchronization appears to be surprisingly common across taxa
(Beauchamp, 2011; Drews et al., 2020; Eban-Rothschild & Bloch, 2012; Karamihalev et al., 2019; but
see Samson et al., 2017). However, it has, until now, remained unclear whether synchronized patterns
of sleep and waking within a social group arise from simultaneous responses to external stimuli,
endogenous rhythms that create stereotyped sleep schedules across individuals, or true social
influences on sleep. Here, we demonstrate, with an information-theoretic approach, that
synchronization is, indeed, a result of the direct influence that the sleep state of one individual has
over the sleep states of its group-mates, and we leverage high-resolution infrared computer-vision
tracking to show that synchronized periods of waking during the night are accompanied by collective
movements and social interactions within the sleep refuge.

Our findings reveal not only that group members influence the sleep patterns of their group-
mates, but that they do so asymmetrically. Specifically, individuals had disproportionate influence
over the sleep state of their close affiliates and of subordinate group members. These transfer entropy-
identified asymmetries were confirmed with a network-based diffusion approach, which further
revealed that wakefulness propagates primarily through the group’s affiliative network but also down
the dominance hierarchy, with the social transmission of waking through these networks alone
accounting for up to 20% of all awakenings during the night (Table S2.3).

Remaining responsive to the behavior of group-mates—particularly that of socially relevant
group-mates—during the night may be essential for gregarious animals. Synchronizing activity
patterns is important to realizing the full benefits of sociality (King & Cowlishaw, 2009), and
coordinating nocturnal waking with social affiliates may reflect an adaptive strategy to maximize the
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time available to develop and maintain social bonds—an activity that is important for fitness (Silk,
2003; Silk et al., 2009, 2010), but for which there is limited time available during the day (Dunbar,
1992). We found potential support for this hypothesis (e.g. instances of grooming and copulation
during the night; JC Loftus, AC Govaerts personal observations) by using high-resolution infrared
imagery to gain unprecedented insights into the nighttime behavior of wild baboons. Monitoring the
behavior of dominant group members may also be important for social animals in avoiding aggressive
and potentially injurious encounters during the night. This strategy would reflect the strategy adopted
during the day, when individuals lend more vigilance to their dominant group-mates to evade
confrontational interactions (Treves, 2000).

The social relationships between members of a highly structured society critically shape
collective behavior across contexts. In groups on the move, for example, an individual’s influence
over its group-mates often depends on its affiliative network and relative dominance rank (Jacobs et
al., 2011; Papageorgiou & Farine, 2020; Peterson et al., 2002; Sueur et al., 2009). Thus, the
distribution of relationships across the group’s multi-layer social network has important consequences
for collective decisions about where and when to move (Bode et al., 2011a, 2011b; Conradt et al.,
2009; Couzin et al., 2005; del Mar Delgado et al., 2018; Strandburg-Peshkin et al., 2018). Baboons,
specifically, exhibit outsized influence over the behavior of their social affiliates (Farine et al., 2016;
King et al., 2011) and the behavior of subordinate group-mates (Carter et al., 2016; Cheney &
Seyfarth, 2008). However, by demonstrating that these multi-dimensional relationships continue to
drive interdependencies in group-mate behavior well into the sleep period, we raise the exciting
possibility that group-living animals monitor and respond to changes in a complex social environment
during the sleep cycle.

An alternative explanation for our findings lies in the possibility that the affiliative network—
the network primarily responsible for the social transmission of wakefulness—determines the spatial
positioning of individuals within the sleep site. Under this scenario, our results could arise from
baboons waking trivially in response to the waking activity of proximate group-mates, regardless of
their relationships with those group-mates, per se. Primates have indeed been shown to preferentially
sleep in proximity to social affiliates (reviewed in Anderson, 1984), and we have previously
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hypothesized that wakefulness propagates via proximity to active individuals (Loftus et al., 2022).
Here, by resolving the spatial positioning of group members with infrared videography, we
demonstrate that the arrangement of individuals within the sleep site did not influence individuals’
sleep duration. This result was contrary to that expected if spatial proximity alone guided the
transmission of wakefulness and thus sleep disruptions. Additionally, we found that the movement of
an individual within the sleep site during the night precipitated activity in group-mates not at the
location where the individual had left, but rather at the location where it relocated. Thus, proximity to
an active group-mate, per se, does not necessarily precipitate waking. Instead, wakefulness spreads
when active individuals move to, and potentially interact with, socially relevant group-mates.
Consistent with this explanation, individuals do indeed engage in interactions during the night upon
waking (Packer, 1979; JC Loftus, personal observation). We therefore suggest that the social
relationships between group-mates guide the transmission of nocturnal wakefulness within the group,
at least somewhat independent of the effect of these relationships on the spatial arrangements of
group-mates. However, we note that future extensions of this research that succeed in measuring
spatially-explicit social networks will enable a direct test of the independent influences of the spatial
arrangement of individuals and the social relationships between them on the collective dynamics of
sleep.

Regardless of the precise mechanisms by which wakefulness spreads through the group, the
collective dynamics of sleep have consequences for the sleep quality of individual group members,
and these consequences are not shared equally across the group. Notably, we show that individuals
that are highly connected within the affiliative network sleep less than their less connected group-
mates. Thus, social centrality may pose a previously unconsidered burden on individuals aiming to
fulfill their daily sleep requirement. This sleep cost of social centrality is a logical consequence of the
propagation of nighttime sleep disruptions through the affiliative network and aligns with the recent
finding that popularity in human social networks correlates with shorter sleep duration (Li et al., 2019;
Mednick et al., 2010). However, the shorter sleep duration of individuals who have strong affiliative

relationships, taken together with the health detriments of insufficient sleep (Durmer & Dinges, 2005;
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Knutson et al., 2007; Mullington et al., 2009), appears to be in conflict with the higher fitness that
socially connected individuals experience (Cheney et al., 2016; Silk et al., 2009).

We suggest three potential explanations for the logical inconsistency that socially central
baboons experience higher fitness despite sleeping less. First, it is possible that although socially
central group members sleep for a shorter duration, other aspects of their sleep improve. Socially
connected humans, for example, experience more efficient, less fragmented sleep than their socially
isolated peers (Cacioppo et al., 2002; Kurina et al., 2011). Human couples also report better subjective
sleep quality—which proves important in achieving the health benefits of sleep (Buysse, 2014)—
when sleeping together compared to when sleeping apart, despite objective indicators suggesting the
reverse pattern (Pankhurst & Home, 1994). Although it may not be possible to assess an animal’s
subjective experience of sleep, further investigation should evaluate whether socially connected
individuals compensate for shorter duration sleep with improvement in other characteristics of their
sleep (e.g. sleep fragmentation, sleep efficiency). Second, it is possible that socially central
individuals do indeed experience worse overall sleep quality than peripheral individuals, and that
incidental costs of lost sleep for socially central individuals are compensated by other fitness benefits
of strong affiliative relationships, including enhanced offspring survival (Cameron et al., 2009; Silk,
2003), increased mating opportunities (Schiilke et al., 2010), and increased tolerance at feeding
patches (King et al., 2011). Lastly, we propose that the shorter sleep duration of socially connected
individuals may not represent an incidental cost at all, but rather reflect a strategy of adaptive sleep
loss (Lesku et al., 2012), with individuals willingly giving up sleep to invest in maintaining their
social network. Thus, the costs of lost sleep may be recouped directly within the sleep period by
trading high-quality sleep for the fulfillment of social needs (Troxel, 2010). This final possibility
highlights the trade-off that group-living animals face when balancing the benefits of strong social
bonds with their physiological sleep imperative, and supports recent findings from ecologically-
relevant settings that have revealed that animals often sacrifice sleep to perform other fitness-critical
behaviors in the wild (Basner et al., 2007; Lesku et al., 2012; Loftus et al., 2022; Rattenborg et al.,

2016).
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Interestingly, we did not find an influence of social dominance on sleep duration, despite the
flow of wakefulness down the dominance hierarchy. This result likely reflects the relatively minor
role that the dominance network played, in comparison to the affiliative network, in guiding the
propagation of awakening within the group. The relative importance of the affiliative and dominance
networks in shaping sleep dynamics reflects findings from contexts outside of the sleep period, which
suggest that affiliative bonds may be more important than dominance relations for an animal seeking
to meet its daily needs (Cheney et al., 2004; Marshall et al., 2015; McFarland et al., 2017; Sick et al.,
2014; Silk et al., 2010).

Continuing to unravel the collective dynamics of sleep may prove critical in understanding
broader connections between social behavior, sleep, and health in our own species. A burgeoning
research interest at the intersection of sleep and social behavior in humans has revealed intriguing bi-
directional feedbacks: poor sleep can impair social functioning, while social stressors and deficiencies
can impair sleep quality (poor sleep leads to impairments in the following social functions: greater
interpersonal conflict (Gordon & Chen, 2014), social isolation (Ben Simon & Walker, 2018), lower
empathetic accuracy (Gordon & Chen, 2014; van der Helm et al., 2010), reduced engagement in
social activity (Holding et al., 2020), and increased social stress (Prather et al., 2013; Radwan et al.,
2021); the following social stressors and deficiencies lead to poor sleep: interpersonal conflict (Hicks
& Diamond, 2011), social isolation (Cacioppo et al., 2002; Kurina et al., 2011), and low social capital
(Robbins et al., 2019); reviewed in Gordon et al., 2017, 2021)). Understanding the link between sleep
and social behavior is a public health priority given that sleep disorders and impairments in social
functioning often present comorbidly (Spoormaker & Montgomery, 2008; Steiger & Kimura, 2010),
and that both of these pathologies have been implicated as causes of a variety of downstream health
concerns (Barnes & Drake, 2015; Seeman, 1996). Yet, despite clear interdependence between our
sleep and our social world, exceptionally few studies have considered the role of social dynamics that
occur while we sleep (but see Troxel, 2010; Troxel et al., 2007). Although modern humans may not
sleep in the large aggregations typical of many other social animals, our earliest ancestors likely did
sleep in conditions quite similar to those of modern baboons, as early hominins moved into their new
niche in the expanding savannahs (Brain, 1983; Isbell et al., 2018). Investigating the collective
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dynamics of sleep in the social and ecological environment in which it evolved may generate key
insights into why our social behavior and our sleep are so intertwined. This functional perspective
could prove critical in generating solutions to disrupt the self-reinforcing cycle between poor sleep
and social dysfunction that impacts the one in three Americans that are sleep deprived (Sheehan et al.,

2019).

Materials and Methods
Data collection

We monitored sleep patterns and nighttime behavior in a group of wild olive baboons at
Mpala Research Centre, a 200 km? conservancy comprised of savannah-woodland habitat on the
Laikipia Plateau in central Kenya. From July 15 to July 18, 2019, we captured members of the study
group in individual traps that were placed near the study group’s primary sleep site and baited with
maize. Trap baiting began two weeks before capture to habituate baboons to the traps. Individuals that
were clearly too small to be fit with a telemetry device were released upon capture. We anesthetized
the remaining 28 baboons with 10 mg/kg of ketamine hydrochloride (Bremer Pharma GmbH,
Warburg, Germany) and 0.03 mg/kg of medetomidine (Domitor, Zoetis Ltd., Parssipany-Troy Hills,
NJ, USA), visually estimating body mass to determine the appropriate dosage. Upon immobilization,
we weighed each individual and estimated its age-class according to its body size and secondary
sexual characteristics (Altmann et al., 1981). Of the 28 individuals anesthetized, all but one were large
enough to be fit with a telemetry collar, such that the collar was less than 3% of its body weight. See
Kamau et al. (2021) for further details on the health monitoring of baboons during and after
anesthesia.

We fit GPS collars with an integrated tri-axial accelerometer (e-Obs Digital Telemetry,
Gruenwald, Germany) to 27 baboons in the study group. Adults and large subadults were fit with
collars containing a D-cell battery, while small subadults and juveniles were fit with collars
containing a C-cell battery. We painted the battery casing of each collar with a unique color
combination to facilitate individual identification. Collars began collecting data on July 19, 2019, and
the 27 collars deployed were split among two different sampling regimes. We programmed 11 collars

(collar ID’s beginning with “2” in Table S2.1) to collect GPS locations at 1 Hz and continuous tri-
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axial accelerations at 12 Hz/axis from 06:30 to 18:00, and 0.71-second bursts of accelerations at 56.2
Hz/axis at the beginning of every minute from 18:00 to 06:30. These 11 collars were not programmed
to collect GPS data from 18:00 to 06:30. One of these 11 collars failed to collect any data. The
remaining sixteen collars (collar ID’s beginning with “6” in Table S2.1) collected GPS locations at 1
Hz from 06:30 to 18:00 without accelerometry and, from 18:00 to 06:30, they collected 2-second
bursts of accelerations at 20 Hz/axis and a GPS location every five minutes when the accelerometry
indicated that the baboon was moving or every ten minutes when the accelerometry indicated that the
baboon was stationary. C-cell collars with this sampling schedule were reprogrammed to collect high-
resolution GPS data from 06:30 to 10:00 and lower-resolution GPS and accelerometry burst data from
10:00 to 06:30 beginning on August 6. On August 15, the D-cell collars with this sampling schedule
were reprogrammed to collect a 2-second burst of accelerations every five seconds during the night,
as opposed to every minute. We programmed collars to continue collecting data until they were
released from the baboons via an automatic break-away unit (SureDrop, Advanced Telemetry
Systems, Isanti, MI, USA) on August 18, 2019, although the actual duration of data collection varied
by collar (see Table S2.1). In total, we collected 649 baboon-nights of accelerometry data, with night
defined as the period from noon to noon.

We monitored the behavior of group members during the night, starting when they
approached their sleep site, using a high-resolution infrared camera (FLIR T1020, FLIR Systems Inc.,
Wilsonville, OR, USA) that was mounted in a fixed location across from the study group’s primary
sleep site. We recorded 1024x768 resolution infrared images at 5 Hz on each night of recording for as
long as the camera battery allowed (average recording duration [range of recording durations]: 7.4
hours [1.7 — 13.9 hours]; Table S2.2). We collected infrared recordings every night that the study
group inhabited their primary sleep site from July 31 to August 21, 2019, for a total of 21 nights
(154.73 hours) of infrared imaging data (Table S2.2).

We monitored the daytime activity of members of the study group every morning, shortly
after they departed from their sleep site, with video recorded from four GoPro Hero 7 cameras (GoPro
Inc., San Mateo, CA, USA) mounted 5 meters high on stationary tripods. The aerial-perspective
enabled us to simultaneously record the behavior of as many group members as possible. The GoPro
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cameras recorded with 1920x1080 resolution at a frame rate of 24 frames per second. We recorded
videos every morning from August 2 to August 15, 2019 for approximately one to two hours.
Sleep measurement from accelerometry

We used the accelerometry data to classify sleep behavior using an algorithm that we adapted
from a method that we had previously developed and validated for use in measuring sleep in baboons
(Loftus et al., 2022). The algorithm, which was itself adapted from a method developed by van Hees
and colleagues (2015, 2018) to classify sleep and the sleep period in humans, could not be applied to
the current dataset in its original implementation because the accelerometry sampling schedule
deviated from the requirements of the original implementation.

To algorithmically classify sleep from the accelerometry data, we first down-sampled and
interpolated the accelerometry data to match the most limited sampling schedule and rate across the
accelerometer units, uniformizing the effective sampling across devices. After this processing, each of
the 26 individuals had 0.67-second bursts of 12 Hz/axis accelerometry data every minute on the
minute from 18:00 to 06:30. For each accelerometry burst, we calculated the vectorial dynamic body
acceleration (VeDBA) using a 0.42-second time-window and then calculated the mean VeDBA over
the burst. We log-transformed these mean values to derive the mean log VeDBA (henceforth, log
VeDBA\) for each burst. We then classified periods of at least three minutes, during which an
individual’s log VeDBA never exceeded the 90" percentile of its log VeDBA across the study period
(limited to 18:00 to 06:30, by the data processing step above) as sleep. All minute epochs within the
18:00 to 06:30 period that did not meet these criteria to be considered sleep were classified as waking
behavior. This data processing resulted in a total of 646 baboon-nights of sleep data.

From the sleep data, we extracted both the minute-by-minute pattern of sleep and waking
behavior of each collared individual, as well as the total time that each collared individual slept during
each night, calculated as the total number of epochs classified as sleep within the 18:00 to 06:30 data
collection period. Because the total time spent sleeping was potentially underestimated when
accelerometer units occasionally failed to record an accelerometry burst, we removed data for total

sleep time on nights during which an individual was missing a total of at least 45 (> 6%)

74



accelerometry bursts during the 18:00 to 06:30 period. This filtering removed 74 baboon-nights of
data, for a total of 572 baboon-nights of data on total sleep time for analysis.
Validation of sleep classification algorithm

To validate that the sleep classification algorithm accurately measured sleep behavior, we
compared its classification of sleep to observer-identified sleep and waking behavior of baboons in
the study group. Using the infrared recordings, we performed behavioral observations of study
individuals within their sleep site following the initial data collection. We identified study individuals
for observation within the infrared imagery using both real-time narration of the recordings, as well as
post-recording matching of the positions and movements of individuals within the infrared imagery to
the GPS and accelerometry data of collared individuals. For the duration during which a collared
individual was identifiable, an observer categorized the individual’s sleep state as representing
“wakefulness”, “resting wakefulness”, or “sleep,” following the definitions provided in Loftus et al.
(2022). This procedure resulted in a total of 15.3 hours of observation across 19 study individuals.
The behavioral observations were recorded using the commercial software Loopy (Loopbio GmbH,
Austria) and the open-source software BORIS 7.9.4 (Friard & Gamba, 2016).

Using the direct observations in the infrared imagery, we extracted a validation set of a total
of 650 epochs that were both classified as wakefulness or sleep by the sleep classification algorithm
and declared as wakefulness, resting wakefulness, or sleep by the human observer. Categorizing both
wakefulness and resting wakefulness as waking behavior and considering the observer-identified
sleep and waking behavior as the true sleep state, we found that the sleep classification algorithm had
an accuracy of 73.5% (Table S2.5).

Measuring social relationships

After initial data collection, we performed behavioral observations in the videos that we
recorded in the morning, following the group’s departure from their sleep site. We identified
individuals within the videos with collar-derived GPS track overlays on the original videos, in
conjunction with concurrent photographs taken from a terrestrial perspective (as opposed to the aerial
perspective of the videos) and real-time narration of the videos that clarified the unique color
combination on the collars of individuals in the field-of-view of the video. We used a focal follow
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sampling procedure (Altmann, 1974) to record the behavior of collared individuals that we identified
in the videos, which resulted in a total of 15.8 hours of focal observations across 23 collared
individuals. From these focal observations, we extracted instances in which the focal individual
engaged in co-sitting with a group-mate or displaced (or was displaced by) a group-mate. We defined
CO-sitting as stationary behavior occurring within an arm’s length of a group-mate and displacement
as an individual moving towards a group-mate and taking the position of this group-mate, causing the
group-mate to move away from its original position. We noted the identity of the non-focal individual,
when possible, during these dyadic behaviors. In total, we identified 185 distinct periods of co-sitting
and 94 displacements in which both individuals involved in the encounter were collared.

We then paired these observations with features from the GPS and accelerometry data to train
a decision-tree machine-learning model with extreme gradient boosting, using the classification
learner toolbox in MATLAB 2020 software. We included the following features in the model: the
mean speed of each individual, proportion of time each individual is non-stationary (based on
stationary vs. nonstationary model prediction), each individual speed change (by fitting linear slope),
speed difference among individuals (at the beginning, end, and mean), dyad distance characteristics
(at beginning, end, mean, minimum, fitted linear slope), angular difference in movement direction
between the two individuals and dynamic time warping score based on the trajectories. We split the
data into training dataset and testing dataset with 5-fold cross validation. The model exhibited 88%
accuracy in identifying co-sitting and 81% accuracy in identifying displacements. We then applied the
model to predict instances of co-sitting and displacements in the full dataset. Because co-sitting is an
affiliative behavior (Farine et al., 2016; King et al., 2011), we used the predicted instances of co-
sitting from the full dataset to defined a dyad’s affiliative relationship (also referred to in the text as
affiliative score) as the total amount of time they spent co-sitting over the study period divided by the
amount of time during which we collected data from both dyad members. The group’s affiliative
network represents the concatenation of all dyad’s affiliative relationships. As displacements (i.e.
approach-avoid interactions) often reflect broader dominance relationships (Sapolsky, 1983; Seyfarth,
1976), we defined a dyad’s dominance relationship as the total amount of time that one individual
spent displacing the other dyad member, divided by the amount of time for which we collected data
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from both individuals. We note that we calculated the dominance relationship values for each dyad
directionally. We used these dominance relationships to create two dominance networks for the
group: the absolute dominance network included all dominance relationship values for all dyads,
whereas the relative dominance network included only positive values of the net dominance
relationships (i.e. ID A’s dominance value over ID B minus ID B’s dominance value over ID A).
Extracting nighttime spatial positioning and individual movement from infrared imagery

We used the FLIR File Science Software Development Kit
(https://flir.custhelp.com/app/account/fl_download_software) for Python to extract infrared imaging
data from its proprietary file format and to divide each night’s infrared recording into hour-long
segments for ease of processing. From the infrared imagery, we also extracted 976 individual frames
that were distributed across the data collection period, and, in each frame, we localized all present
baboons and annotated them with bounding boxes using the commercial software Loopy (Loopbio
GmbH, Austria; Fig. S2.3A). This procedure produced a total of 28556 annotations, 22000 (77.0%) of
which were used to train a convolution neural network (CNN) to detect baboons within the infrared
imagery. Specifically, we used Facebook’s Detectron2 application programming interface (API; Wu
et al., 2019) within the PyTorch framework (Paszke et al., 2019) to fine-tune a Faster-RCNN (Ren et
al., 2016) with a Resnet 50 Feature Pyramid Network backbone (Lin et al., 2017) that was pre-trained
on the Common Object in Context (COCQ) dataset (Lin et al., 2014). We chose a learning rate of
0.005 and allowed a maximum of 4000 iterations. We validated the model on the remaining 6556
(23.0%) annotations, revealing a model recall of 0.71 and precision of 0.18 with a score (i.e. model
confidence) threshold of 0.60 and intersection-over-union (I0U) threshold of 0.50 (Fig. S2.4), and a
model recall of 0.59 and precision of 0.19 with a score threshold of 0.80 and IOU threshold of 0.50
(Fig. S2.5). We applied the trained CNN to detect all baboons in each frame of the full dataset of
infrared recordings from the study period (Fig. S2.3B), taking the mean of the four corners of each
bounding box prediction to be the location of a baboon in the frame. We predicted the location of
baboons in each frame with the CNN using two different score thresholds: 0.60, which we used to
measure the spatial networks of the group during the night, and 0.80, which we used for tracking the
baboons while within their sleep site. Although setting the threshold to 0.80 compromised recall
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without a notable advantage in precision, user-experience suggested that this threshold setting
facilitated the manual corrections of tracks (see below).

To extract continuous tracks for every individual in the infrared imagery from the CNN-
detected positions on each individual frame, we connected consecutive positions that corresponded to
the same baboon across frames into trajectories (Fig. S2.3C). We constructed individual trajectories
with a modification of the Hungarian method (Kuhn, 1955), in which we extended each track (starting
as a single location for each detected baboon in the first frame) frame-by-frame by assigning positions
in the current frame to existing tracks such that we minimized the total distance between the most
recent position of each track and its newly assigned position. However, we applied the Hungarian
algorithm under the constraint that a track could not be assigned a position that was farther than 100
pixels or 0.45 times the distance to the closest track away from the focal track’s most recent location.
When two tracks were in close proximity, we allowed a minimum new position search radius of 10
pixels to override the aforementioned constraint. We allowed tracks to persist as candidates for
extension for 30 frames after their most recent new position assignment, after which they were
considered to be completed. If a new position was assigned to a track that was not assigned a position
in the previous frame, linear interpolation provided the locations of the track between its most recent
position and the newly assigned position. When a new position was not assigned to an existing track,
this new position became the start of a new track; but if the algorithm did not assign subsequent
positions to this newly instantiated track with sufficient frequency, the new track was automatically
deleted. In a customized graphical user interface, we then manually corrected tracks for errors to
produce human-verified, error-free tracks of each baboon’s movement in the infrared recordings.
Because we processed infrared recordings for position detection and tracking in one-hour segments,
we merged tracks that terminated at the end of a recording segment with the closest track within 25
pixels that commenced at the beginning of the next consecutive recording segment within each night.
Thus, we were able to produce continuous tracks for each baboon that persisted for as long as the
individual was in view during the duration of infrared recording. Due to the labor-intensive nature of
the manual track corrections, we only corrected a subset of all tracks, which produced a total of 23.5
hours of corrected tracking data across seven nights. In analyses that were not sensitive to minor
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errors in the tracks (noted in Statistical analysis), we used the uncorrected tracks instead of the
manually corrected tracks to augment sample size.

Prior to analysis, we applied a spatial correction to the position and track coordinates
extracted from the infrared imagery in order to ameliorate the distortion caused by the perspective
with which the video was recorded. During data collection, we recorded a cylindrical object of known
dimensions as we moved it across the field of view of the camera. When depicted in the two-
dimensional recording, the cylindrical object appeared as a rectangle whose width was insensitive to
the exact orientation of the cylinder. Using ImageJ software (Schneider et al., 2012), we extracted the
image coordinates of the corners of the apparently rectangular object at several locations within the
field of view (Fig. S2.6A). From these coordinates, we calculated the length, in pixels, of the line
segments forming the left and right sides of the rectangles, as well as the image coordinates of the
midpoint of each such line segment. We then modelled the length of the line segments as a function of
the x-coordinate of the midpoint of the line segments. Because the relationship between the x-
coordinate of the midpoint of a line segment and its length was approximately linear, we used a first-
order linear regression model. This regression produced the following equation:

[ = 0.0169x + 8.762, (1)
where [ is the length, in pixels, of the line segment representing a side of the measurement object and
x is the x-coordinate within the image of the midpoint of the line segment. This equation can be used
to find the metric dimensions of a pixel as a function of its x-coordinate because

Ip=s )
where [ is still the length, in pixels, of the line segment representing a side of the measurement object,
p is the metric length (and width) of a pixel, and s is the metric length of the side of the measurement

object and is, therefore, constant. Solving for p as a function of x, we find:

S S
P =71~ Doteox+s762 (3)

To find a corrected x-coordinate that amends the distortion caused by the variable metric
dimensions of a pixel, we simply integrate equation (3) for the size of a pixel as a function its x-

coordinate from O to our initial x-coordinate. Thus,

79



Xe = [y —————dx 4

0 0.0169x+8.762

Because
1 l +b
f dx = 29t onstant, (5)
ax+b a
we find,
10g|0.0169x+8.762| %o
0g|0. x+8.
c=S 0.0169 (6)
' 0

where x,. is the spatially corrected x-coordinate, x,, is the initial x-coordinate, and s is still the metric
length of the side of the measurement object, which we measured to be 0.4064 m.

To find the corrected y-coordinate, we first centered each y-coordinate by subtracting the
mean of the y-coordinates. We then multiplied each centered y-coordinate by the metric length of a

pixel, as determined by evaluating equation (3) at its associated x-coordinate. Thus,

N
SR} L — 7
Ye = e 0.0169x,+8.762 (7)

where y, is the spatially corrected y-coordinate, y, is the centered y-coordinate, and x,, is the initial x-
coordinated associated with this y-coordinate.

Because the spatial correction is applied based on the x-coordinate of each location, it is
important that locations with the same x-coordinate are equidistant from the infrared camera. Due to
the perspective of the camera, this prerequisite was not necessarily met. Thus, before performing the
spatial correction procedure described here, we rotated the tracking coordinates, as well as the
coordinates of the corners of the measurement object by a rotation matrix that ensured that the x-
coordinates were proportional to the distance from the camera (Fig. S2.6B). Specifically, in ImageJ,
we marked several locations along the cliff ledge that is parallel to the horizontal plane, but does not
appear to be in the infrared imaging. We modelled a linear regression of these locations, which
produced the equation:

y = —0.486x — 958.40 9
Using the slope from this regression line, we found the angle needed for rotation, as

a = |tan™1(—0.486)|, (10)
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where a is the angle of rotation. We then applied the following rotation matrix to the coordinates of
the tracks, as well as the coordinates of the measurement object before proceeding with the spatial

correction:

bl = e o e[y] (1)

where x, and y, are the initial x- and y-coordinates used as input for the spatial correction, and x,. and
v, are the raw x- and y-coordinates, respectively.

After applying the spatial correction to the tracks extracted from the infrared recordings (Fig.
S2.6C), we smoothed the tracks to reduce error and to decrease the location sampling frequency to a
more biologically relevant timescale. We smoothed the tracks by reducing them to their mean x and y
location for each second, effectively decreasing the location sampling frequency from 5 Hz (the frame
rate of the infrared camera) to 1 Hz. We then calculated the speed of each track.

While performing the behavioral observations in the infrared imagery for the validation of the
sleep classification algorithm (see Validation of sleep classification algorithm), we also recorded the

EE 1Y 9% ¢¢ % <

position state of each focal individual as “lying down”, “crouching”, “sitting”, “standing

bEANTY % <

(quadrupedally)”, “standing (bipedally)”, “walking”, “running”, “climbing”, or “other”. We

EE T3 LR INT3 9

categorized “lying down”, “crouching”, “sitting”, “standing (quadrupedally)”, and “standing
(bipedally)” as stationary behavior, and “walking”, “running”, and “climbing” as non-stationary
behavior. We paired these observations with the speed of the associated track to train a decision-tree
machine learning model with extreme gradient boosting that predicted whether an individual in the
infrared imagery was exhibiting stationary or non-stationary behavior, using track speed as the sole
feature. We extracted 12,971 second epochs during which we were able to both calculate the speed of
an individual’s track and determine whether it was stationary or non-stationary by direct observation.
We performed a class balanced split of the labelled dataset using the “caret” package (Kuhn, 2008) in
R software version 4.1.3 (R Core Team, 2022) to produce a training set of 10,377 (80%) epochs and a
test set of 2,594 (20%) epochs. Prior to training the model, we removed epochs from the training set

(but not the test set) in which the individuals were not actually on the main rock outcropping within

their sleep site, as these locations were not only unlikely to have been corrected by the spatial
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correction we applied, but they were likely actually further distorted by the correction. This exclusion
reduced the number of training epochs to 10,258. We did not exclude these locations from the test set,
so that we could generate a confusion matrix that would be representative of application of the model
predictions to the full dataset. After training, the model exhibited an accuracy of 99.7% in its
classification of stationary and non-stationary behavior in the test set (Table S2.6). We used the
“xgboost” package (Chen et al., 2015) via the “caret” package (Kuhn, 2008) in R software to train and
evaluate the model. We processed the full dataset (both for manually corrected as well as uncorrected
tracks) with the model to predict whether tracks were stationary or non-stationary during each second.
Statistical analysis

We tested whether collective dynamics influenced baboon behavior during their sleep period
by investigating whether baboons exhibited coordinated patterns of nighttime waking and movement
within their sleep site. We limited these analysis to the period from 21:00 to 05:00, as these times fall
well within the sleep period of wild baboons (Loftus et al., 2022). We first tested for synchronization
in collared individuals’ sleep-wake patterns, extracted with accelerometry-based sleep classification
(see Sleep measurement from accelerometry), by measuring the proportion of group members that
exhibited the majority behavior (either sleep or waking) during each minute epoch. We took the mean
over all epochs to calculate the mean proportion of the group that is synchronized in their sleep state
across the study period. We compared this empirical value to a null distribution produced by
calculating the mean proportion of the group that is synchronized in their sleep state in each of 1000
time-shifted datasets. We evaluated significance with a one-sided Fisher’s exact test, where the p-
value represents the proportion of the values in the null distribution that are as great or greater than
the empirical value. To investigate whether synchronized waking events reflected collective
movement within the sleep site, we tested the prediction that movements coordinated across group-
mates during the night would result in concentrated collective movement events (i.e. fewer instances
across the night than expected by chance when at least one individual was moving) during which
more individuals would be moving than expected by chance. We used the stationary vs. non-
stationary classification of the tracks in the infrared imagery to calculate the proportion of seconds
during the study period (again from 21:00 to 05:00) in which at least one individual was moving. We
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also determined the mean number of individuals that were moving when there was any movement
within the group. We compared these empirical values to null distributions generated by calculating
1000 replicates of the same values, each computed after applying a random time shift to each
individual’s track. By shifting the data in time, rather than permuting the time-series, we preserved the
autocorrelation structure of each individual’s empirical data in the null distribution. We tested for
significance with a one-sided Fisher’s exact test. Spurious significant results indicating collective
movement during the night may result from individuals being synchronous not necessarily in their
periods of non-stationary behavior, but rather simply in when their tracks are visible in the infrared
imagery. However, using the same time shifting procedure described above, we found that tracks were
not more synchronized, but rather less synchronized in their presence — indicated by a significantly
lower standard deviation in the number of tracks present at any given time across the study period — in
the empirical data than in the time-shifted data (p < 0.0001; Fig. S2.7), eliminating the concern of a
spurious significant result. Because this analysis of the infrared tracking data was not sensitive to
small errors in the tracking (e.g. track identity switching, track fragmentation), we used the tracks that
had not been manually corrected to augment sample size.

To understand whether periods of collective waking and movement during the night actually
reflected social influences on sleep or, rather, synchronized responses to exogenous stimuli, we
investigated the temporal dynamics of changes in sleep state across the group. We first tested whether
the waking of group-mates increased the likelihood of a focal individual waking in the following
minute. Presuming that a baboon’s reaction time is less than a minute, we predicted that there would
be no correlation between the number of individuals that awoke in the previous minute and the
probability of a focal individual waking if the causes of collective waking were purely extrinsic to the
group. We used a Bayesian generalized linear mixed model (GLMM) of family Bernoulli to model
the probability of transitioning from sleep to waking in a given minute as a function of the number of
individuals that awoke during the previous minute. We included a fixed effect spline variable for
minutes since 18:00 to control for intrinsic periodicity in the baboons’ sleep cycles that may increase
their likelihood of awaking at similar times during the night, as well as random intercepts for
individual and night identity. Before model fitting, we downsampled the data to every 15" observation
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to eliminate the autocorrelation in the response variable (Fig. S2.8) and to avoid the excessive run
time associated with directly modelling the autocorrelation of the response variable (a model that
explicitly incorporated autocorrelation had not reached 10% of its run time after seven days). We
limited this analysis to the period from 21:00 to 05:00 and to nights prior to August 10, 2019, as the
analysis is sensitive to the number of individuals with functioning collars, and, on August 10, 2019,
the number of functioning collars drops and remains below 75% of the original number of functioning
collars.

We analyzed the transfer entropy between the sleep states of study group members for a more
detailed understanding of how an individual’s sleep and waking behavior both influences and is
influenced by the behavior of each of its group-mates during the sleep period. Transfer entropy is a
conditional mutual information measure that can be expressed as:

TExoy = I1(Yy Xeeqio-l Yeo1:e-1), (12)
where I( X; Y| Z) is the mutual information between random variables X and Y, conditioned on the
random variable Z. Thus, the transfer entropy from individual X’s sleep state (asleep vs. awake) to
individual Y’s sleep state represents the information shared between individual Y’s current sleep state
and individual X’s past L sleep states that is not already contained in individual Y’s past L sleep
states. A perhaps more intuitive formulation is provided by the further decomposition of the
conditional mutual information:

TEx.y = H(Y|Yio1.0-1) — H(Ye| Yeoro 1 Xe—1:0-1), (13)
where H(X) represents the Shannon entropy of the random variable X. Because the Shannon entropy
of a random variable, given by:

HX) = —XYxexP(x)logP(x), (14)
measures the uncertainty of the random variable X, equation (13) can be read as: the transfer entropy
from X to Y is equal to the reduction in uncertainty about the current (sleep) state of Y that we achieve
by knowing the past L states of X, given that we already know the past L states of Y. For our purposes,

the transfer entropy can be thought of as the influence that one individual’s sleep behavior has on the
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sleep behavior of a particular group-mate. We note that transfer entropy is a directional measure, such
that:
TEy_y # TEy_x (15)

We first assessed whether individuals indeed influenced their group-mates’ sleep behavior by
comparing the transfer entropy between group members’ sleep states to that expected by random
chance. We measured the transfer entropy between the sleep states of each dyad over the study period,
again limited to the 21:00 to 05:00 period, and summed these entropies across the dyads within the
group to calculate an empirical value of the total transfer entropy within the network. We then
calculated this same value, but after randomly time-shifting the data of one of the dyad members,
repeating this procedure for a total of 1000 times to generate a null distribution. We compared the
empirical value of the total transfer entropy within the network to its null distribution with a Fisher’s
exact test. For all transfer entropy calculations, we used a history length (L in equations (12) and (13))
of 3 because the autocorrelation in individual’s sleep state during the 21:00 to 05:00 period appeared
to dissipate at lag 3 (Fig. S2.9), suggesting that the Markov order of the sleep state time-series does
not exceed 3.

We then analyzed how the relationships between individuals affect the influence they have
over each other’s sleep behavior. Specifically, we tested how dominance and affiliative relationships
influence transfer entropy in sleep state. We modelled the log of the empirical transfer entropy
between dyads’ sleep behavior over the study period using a Bayesian GLMM of the skewed normal
family. We included the dyad’s dominance score (directed) from the absolute dominance network and
affiliative score (undirected) as fixed effects in the model, and the identity of each dyad member and
the identity of the dyad itself as random intercepts in the model. We standardized the response
variable and fixed effects variables, by subtracting the mean and then dividing by the standard
deviation, before model fitting. Despite the implicit violation of independence in network data, we
opted to model the data with a GLMM so that we could extract, and draw conclusions from, the effect
sizes of the fixed effect variables. However, we confirmed our results with appropriate network
statistics. We implemented the multiple regression quadratic assignment procedure (MRQAP) with
double-semi-partitioning (DSP) and 1000 randomizations in the package “asnipe” (Farine, 2013) in R
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to test for an effect of the affiliative and dominance network on the transfer entropy network. For this
analysis, we calculated transfer entropy with a history length of 1. We calculated transfer entropies
using the “RTransferEntropy” (Behrendt et al., 2019) package in R.

Although transfer entropy provides a suitable relative measure of the longer-term influence
that individuals have over the sleep states of their group-mates, it offers little insight into the role of
collective dynamics in individual waking events during the night, as its calculation requires
probability distributions of the data aggregated over time. Thus, to gain a better understanding of how
the collective dynamics of nocturnal awakenings are shaped by the relationships between group
members and the importance of these social influences on sleep patterns, we performed a network-
based diffusion analysis (NBDA; Franz & Nunn, 2009; Hasenjager et al., 2021; Hoppitt et al., 2010).
NBDA assesses the role of the social network in guiding the spread of a target trait through a
population. The importance of social processes in trait acquisition is indicated by the extent to which
the trait follows the connections of the network as it diffuses throughout the population, or,
alternatively, spreads randomly with respect to the network. Originally developed to investigate social
learning, whereby the acquired trait represents a learned behavior, NBDA was applied in our study to
analyze the spread of wakefulness during the night. Here, the transition from sleep to waking
represents acquisition of the target trait.

We adapted the “time of acquisition diffusion analysis” (TADA) variant of NBDA to assess
the spread of wakefulness via the study group’s affiliative and relative dominance networks. Because
NBDA in its original form assumes that individuals cannot lose a trait after acquiring it, we applied a
custom implementation that modelled all trait acquisitions (i.e. waking events) of each individual,
regardless of whether the individual was waking for the first time or had previously woken and fallen
back asleep. In conjunction with a specification of the duration for which individuals remained awake
after waking, this adaptation allowed us to implement NBDA for our use-case.

In addition to modelling the role of the social network(s) in trait acquisition, our
implementation of NBDA also modelled the influence of individual-level variables (ILVs) on the
probability of waking either asocially (i.e. independent of the diffusion of wakefulness through the
affiliative and relative dominance networks) or socially (i.e. as a result of the diffusion of wakefulness
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through the affiliative and relative dominance networks). Therefore, we also included the age and sex
of each individual as variables in the analysis alongside the group’s affiliative and relative dominance
network. The strength of the social influences on waking, estimated through the parameters s1
(affiliative network) and s2 (relative dominance network), is estimated relative to the baseline rate of
waking. To ensure a stable parameterization of the models, we set the baseline rate of waking to the
midpoint of all ILVs.

We ran a model for each possible combination of parameters, including with and without one
or both of the affiliative and relative dominance networks, such that some models evaluated nighttime
waking as a completely asocial process. Because we ran “unconstrained” models (Hasenjager et al.,
2021) that estimated a separate parameter for the influence of each ILV on social waking and asocial
waking (Hasenjager et al., 2021; Laland & Hoppitt, 2013), all parameter combinations resulted in a
total of 200 models. After running the models, we calculated model support using AICc (Burnham &
Anderson, 2002) and summed the Akaike weights for each variable across models to assess the
support for each variable. This procedure enabled us to determine the support for each social network
(affiliative and relative dominance) in contributing to the pattern of waking across the group
throughout the night, as well as the support for the influence of each ILV on both the probability of
waking socially and the probability of waking asocially. We considered variables that received
summed Akaike weights of greater than 0.5 to be influential.

We measured the strength of influence of each social network on nocturnal awakening by
using the best performing model to estimate the percentage of waking events that resulted from the
social transmission of wakefulness through the respective networks. We calculated 95% confidence
intervals as 1.96 times the standard error of these percentages extracted from the best performing
model. For the ILVs deemed to be influential, we estimated the effect sizes by calculating the
weighted medians of their effect sizes across all models, as weighted means can be biased by extreme
values (Hasenjager et al., 2021). We calculated 95% confidence intervals as 1.96 times the standard
error of the respective effect sizes in the best performing model.

We ran two sets of complete models and evaluated them as described above to account for
uncertainty in the order of waking of individuals that awoke within the same minute. Given the
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minute resolution of our sleep-wake classification, it was probable that waking events that appeared
simultaneous in our data were not actually simultaneous. However, our implementation of TADA
considered social transmission to be impossible between two simultaneous waking events. Thus, we
ran two types of models. First, we ran a set of conservative models that assumed that waking events
that occurred within the same minute were “tied,” such that there was no possibility of these waking
events having a social influence on each other. These conservative models likely underestimated the
transmission of wakefulness through the social networks. Second, we ran a set of models that assumed
a random order of the waking events that occurred within the same minute. These models allowed for
the possibility that waking events that occurred first (according to the randomized order) could have
precipitated the subsequent waking of group-mates within the same minute. We repeated this second
set of models five times, each with a different randomized order of waking events that occurred within
the same minute. We refer to these models in the results tables (Table S2.3, S2.4) as “not tied.” We
focused our presentation of the results on the “tied” models to remain conservative in our
interpretation. For all NBDA analyses, we used data from 21:00 to 05:00 prior to August 10, 20109.

We tested the influence of the group’s spatial network configuration on a given night on the
total time each individual spent sleeping that night to develop insights into the mechanism by which
wakefulness transmits socially during the night. We predicted that if the social transmission of
wakefulness occurs via the spatial network, with individuals woken by the waking activity of any
nearby group-mates, then individuals would sleep least on nights during which the entire group slept
within a spatially confined area. Conversely, we predicted that a spatial network with low density and
high modularity would facilitate longer total sleep time, as a lower density network would decrease
the opportunity for waking activity to propagate to nearby individuals and higher modularity of the
network would ensure that wakefulness that does propagate is contained within a small cluster of
individuals. To test these predictions, we extracted the spatial network of the group on each night at
22:00 from the detection positions in the infrared imagery (see Extracting nighttime spatial
positioning and individual movement from infrared imagery). We considered individuals within three
meters of each other to be connected within the spatial network and used the “igraph” package (Csardi
& Nepusz, 2005) in R to measure the density and modularity of the network. In the calculation of
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modularity, we assigned community membership with the walktrap clustering algorithm (Pons &
Latapy, 2005). We modelled individuals’ total time spent sleeping from 18:00 to 06:30 with a
Bayesian linear mixed model (LMM) with fixed effects for spatial network density, spatial network
modularity, age, and sex. We included random intercepts for individual and night identity. This
analysis was limited to the nights on which we collected infrared recordings until at least 22:00 (Table
S2.2).

We leveraged the tracking data from the infrared imagery to investigate the possibility that
wakefulness propagates throughout the group not as a result of active individuals waking proximal
group-mates where the active individuals awoke, but, rather, as a result of these individuals waking
nearby group-mates upon relocating within the sleep site. We spatially discretized the movement of
the infrared tracks at one-meter resolution and extracted discrete relocations of individuals within the
sleep site as instances in which an individual exceeded the one-meter threshold from its previous
spatially discretized location for the first time in five minutes. We considered the discrete relocation
to begin when the individual most recently started moving (according to the stationary vs. non-
stationary classification) prior to exceeding the one-meter threshold and to end when the individual
stopped moving following the last time it exceeded the threshold and prior to five minutes of not
exceeding the threshold. We then recorded the number of individuals that subsequently (in the
following minute) transitioned from stationary behavior to non-stationary behavior within a one-meter
radius of the individual’s location when it commenced its discrete relocation, when it ended the
relocation, and every time it exceeded the one-meter spatial discretization threshold (i.e. made a non-
local movement step) during its relocation. We assumed that the focal individual’s activity led to the
transitions of these group-mates from stationary to non-stationary behaviors, and we note that each
transition from stationary to non-stationary behavior could be attributed to a maximum of one focal
individual. We then used a two-sided paired Wilcoxon signed rank test to test whether relocating
individuals caused more group-mates to transition from stationary to non-stationary behavior after
moving away from their initial position than at the position where they commenced relocation. We
note that although individuals actively moving must be awake, individuals that are not moving are not
necessarily asleep, and so we cannot assess sleep state by the automated detection of the movement of
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individuals in the infrared imagery. Thus, this analysis tested whether an individual was more likely to
cause nearby group-mates to become active, not necessarily to awaken, in proximity to the location
where the individual first became active or, rather, upon relocating away from that location. For more
details on the algorithm, see the pseudo-code in Fig. S2.10. For this analysis, we used the tracks that
had been manually corrected and trimmed them to the period between 20:00 to 05:00, instead of 21:00
to 05:00, so that we could augment limited sample size of the manually corrected tracks. Although
20:00 is a less conservative start time for the analysis than 21:00, it is still within the sleep period of
wild baboons within this population (Loftus et al., 2022).

Lastly, we explored the consequences of the collective dynamics during the sleep period on
individuals’ ability to meet their physiological sleep requirements by testing the effect of an
individual’s position within the group’s social networks on total time spent sleeping. We modelled the
total time spent sleeping from 18:00 to 06:30 with a Bayesian LMM as a function of age, sex,
dominance, and centrality in the affiliative network. We included random intercepts for individual and
night identity. We calculated dominance as an individual’s out-strength (weighted out-degree) minus
its in-strength (weighted in-degree) in the absolute dominance network. We calculated centrality using
the “igraph” package (Csardi & Nepusz, 2005) in R to calculate eigenvector centrality in the
affiliative network.

We ran all Bayesian models with the R package “brms” (Birkner, 2017). We used diffuse,
mean-zero Gaussian priors for all fixed effects variables. The default priors in “brms” were used for
the intercept, as well as all random effects variables. Model estimates are generated from four
Hamiltonian Monte Carlo chains, each with 2500 burn-in iterations and 2500 sampling iterations.
Trace plots indicated sufficient mixing and convergence of the four chains on the same posterior
region. We ran all models with response and predictor variables standardized. Model estimates
reported in the main text in the form Estimate [lower CI, upper CI] reflect the mean of the posterior
distribution followed by the lower and upper 95% credible interval bounds of the standardized
models. Model estimates reported in the text in any other form, as well as plots generated from model
estimates, were back-transformed from standardized model estimates. Model output tables and plots
from the posterior predictive checks are included in the Supplemental Materials.
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Data availability
GPS and accelerometry data generated during this study are stored in the Movebank data

repository (www.movebank.org) under the project name “Papio Anubis Mpala 2019”. For permission
and access to download the data from Movebank, please contact Meg Crofoot
(mcrofoot@ab.mpg.de). The raw infrared imaging data are archived on the storage server for the
Department for the Ecology of Animal Societies in the Max Planck Institute of Animal Behavior, with
a backup at the Max Planck Computing and Data Facility in Garching, Germany. The raw infrared
imaging data is contained within the following directory of the storage server:
“/EAS_shared/baboon/archive/rawdata/video/thermal/2019_summer/cliff_data/thermal/viewpoint_1/
T1020/”. All other data necessary to reproduce the analyses are archived on the same server in the
following directory: “EAS_shared/baboon/archive/pubs/Loftus_dissertation/social_sleep/”. For access
to data archived on the storage server for the Department for the Ecology of Animal Societies, please
contact Meg Crofoot (mcrofoot@ab.mpg.de). All code and instructions necessary to reproduce the
final results from the raw data are published on GitHub
(https://github.com/CarterLoftus/social_sleep/) and archived on Zenodo

(https://doi.org/10.5281/zen0d0.6913229).

Supplemental Materials

olla e AQE elg Batte ap e . a . ena
D 0 e adate date date
2428 | M A 25 D 2019-07-18 | 2019-07-19 | 2019-08-17
2433 F A 15.5 D 2019-07-17 | 2019-07-19 | 2019-08-17
2434 F A 16 D 2019-07-17 | 2019-07-19 | 2019-08-18
2436 F J 13 D 2019-07-17 | 2019-07-19 | 2019-08-17
2441 F SA 12 D 2019-07-18 | 2019-07-19 | 2019-08-17
2447 F SA 14 D 2019-07-17 | 2019-07-19 | 2019-08-18
2448 F J 11 D 2019-07-17 NA NA
2450 F SA 14 D 2019-07-18 | 2019-07-19 | 2019-08-04
2451 M A 28 D 2019-07-18 | 2019-07-19 | 2019-08-03
2454 | M A 25.5 D 2019-07-18 | 2019-07-19 | 2019-08-18
2455 | M J 8 C 2019-07-17 | 2019-07-19 | 2019-07-25
6890 F SA 9 C 2019-07-15 | 2019-07-19 | 2019-08-18
6891 M J 11 C 2019-07-15 | 2019-07-19 | 2019-07-29
6892 F SA 11 C 2019-07-15 | 2019-07-19 | 2019-08-18
6894 M J 9 C 2019-07-15 | 2019-07-19 | 2019-07-27
6897 F A 13.5 C 2019-07-15 | 2019-07-19 | 2019-08-10
6898 F J 8 C 2019-07-15 | 2019-07-19 | 2019-08-01
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6900 F SA 16 C 2019-07-15 | 2019-07-19 | 2019-08-18
6910 | M A 28.5 D 2019-07-17 | 2019-07-19 | 2019-08-18
6914 F SA 135 D 2019-07-17 | 2019-07-19 | 2019-07-23
6915 | M | SA 20.5 D 2019-07-15 | 2019-07-19 | 2019-08-15
6921 M | SA 17 D 2019-07-17 | 2019-07-19 | 2019-08-18
6924 F SA 15.5 D 2019-07-17 | 2019-07-19 | 2019-08-17
6927 M A 24 D 2019-07-15 | 2019-07-19 | 2019-08-18
6932 M A 28.5 D 2019-07-17 | 2019-07-19 | 2019-08-18
6933 M | SA 17 D 2019-07-15 | 2019-07-19 | 2019-08-18
6934 | M | SA 15 C 2019-07-15 | 2019-07-19 | 2019-08-12

Table S2.1. Individual metadata. Table contains the identity, sex, age, weight, battery size of the
GPS/accelerometry collar, and capture date, as well as the start and end dates of accelerometry data collection

for each collared individual. F = female, M = male, A = adult, SA = subadult, J = juvenile, C = C cell battery, D

= D cell battery, ACC = accelerometry. Note that ID 2448’s collar failed to collect any data.

g Recorading sta e Recording end e Duratio
0

2019-07-31 2019-07-31 18:00:09 2019-08-01 02:38:35 8.64
2019-08-01 2019-08-01 17:06:02 2019-08-02 06:47:33 13.69
2019-08-02 2019-08-02 16:05:07 2019-08-02 21:18:08 5.22
2019-08-03 2019-08-03 16:30:06 2019-08-04 04:57:38 12.46
2019-08-04 2019-08-04 16:30:09 2019-08-05 04:11:11 11.68
2019-08-06 2019-08-06 16:20:05 2019-08-06 21:32:18 5.2
2019-08-07 2019-08-07 17:00:05 2019-08-08 06:56:25 13.94
2019-08-08 2019-08-08 16:30:05 2019-08-09 03:10:39 10.68
2019-08-09 2019-08-09 16:30:08 2019-08-09 21:34:24 5.07
2019-08-10 2019-08-10 16:30:03 2019-08-10 18:27:12 1.95
2019-08-11 2019-08-11 16:30:06 2019-08-12 00:31:23 8.02
2019-08-12 2019-08-12 16:56:03 2019-08-12 21:32:09 4.6
2019-08-13 2019-08-13 16:30:06 2019-08-13 19:42:38 3.21
2019-08-14 2019-08-14 17:00:05 2019-08-14 23:09:47 6.16
2019-08-15 2019-08-15 16:35:05 2019-08-15 21:51:29 5.27
2019-08-16 2019-08-16 16:30:06 2019-08-17 00:15:25 7.76
2019-08-17 2019-08-17 17:00:02 2019-08-17 22:19:22 5.32
2019-08-18 2019-08-18 17:11:02 2019-08-18 18:51:57 1.68
2019-08-19 2019-08-19 16:20:01 2019-08-19 20:37:34 4.29
2019-08-20 2019-08-20 16:23:03 2019-08-21 03:01:46 10.65
2019-08-21 2019-08-21 16:01:01 2019-08-22 01:15:20 9.24

Table S2.2. Infrared recording metadata. Table depicts the dates on which infrared imagery was collected, as
well as the start and end times of recording, and the total duration of the recording (in hours). Note that the night
column indicates the date of recording start (e.g. night 2019-08-01 starts on 2019-08-01 and ends on 2019-08-

02).
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Diffusion | Support % of events 95% Support % of events 95%
for through  [confidence for through confidence
affiliative affiliative intervals | dominance | dominance intervals
network network network network
social social social social
models transmission model transmission
(summed (summed
Akaike Akaike
weights) weights)
Tied 1.000 10.65 9.10-12.00 1.000 4.40 2.84-5.70
Not tied 1.000 17.93 16.37- 0.969 2.25 0.71-3.66
1 19.41
Not tied 1.000 17.13 15.62- 1.000 3.73 2.12-5.18
2 18.58
Not tied 1.000 17.16 15.68- 0.999 3.33 1.73-4.79
3 18.58
Not tied 1.000 17.30 15.60- 0.996 2.81 1.25-4.25
4 18.82
Not tied 1.000 17.53 15.83- 0.952 2.31 0.75-3.77
5 19.11

Table S2.3. Support for (as indicated by summed Akaike weights) and strength of social transmission in

network-based diffusion analysis (NBDA).

Diffusion Sex Age Age
(adult/other) (juv./other)

Influence on Support Tied 0.883 1.000 0.458
asocial

|earning Not tied 1 0.914 1.000 0.301

Not tied 2 0.605 1.000 0.303

Not tied 3 0.782 1.000 0.307

Not tied 4 0.702 1.000 0.336

Not tied 5 0.945 1.000 0.362
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Effect size Tied Males 1.08 Adults 1.28 -
[1.01-1.15] [1.20-1.37]
times more times more
likely to wake | likely to wake
up asocially up asocially
compared to compared to
females other age
classes
Not tied 1 1.08 [1.02- 1.29[1.21- -
1.16] 1.38]
Not tied 2 1.06 [0.99- 1.24[1.18- -
1.13] 1.31]
Not tied 3 1.07 [1.00- 1.24 [1.18- -
1.14] 1.31]
Not tied 4 1.06 [0.99- 1.26 [1.19- -
1.13] 1.33]
Not tied 5 1.09 [1.02- 1.24 [1.18- -
1.16] 1.31]
Influence on Support Tied 0.663 0.985 0.918
social
learning Not tied 1 0.645 0.733 0.384
Not tied 2 0.966 0.277 0.582
Not tied 3 0.837 0.417 0.545
Not tied 4 0.897 0.471 0.302
Not tied 5 0.548 0.361 0.287
Effect size Tied Males 1.25 Adults 0.60 | Juveniles 0.67
[0.97-1.62] [0.43-0.83] [0.48-0.93]
times more | times as likely | times as likely
likely to wake to wake up to wake up
up socially socially socially
compared to compared to compared to
females other age other age
classes classes
Not tied 1 1.20 [0.98- 0.80 [0.64- -
1.46] 1.00]
Not tied 2 1.33[1.10- - 0.82 [0.64-
1.62] 1.05]
Not tied 3 1.25 [1.02- - 0.85 [0.66-
1.52] 1.08]
Not tied 4 1.29 [1.06- - -
1.57]
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Nottied 5 | 1.15[0.94- . ]
1.40]

Table S2.4. Support for (as indicated by summed Akaike weights) individual-level variables (ILVs), including

parameter estimates and 95% confidence intervals, from NBDA. Bolded figures correspond to variables that
were deemed influential by the models (received greater than 0.5 summed Akaike weights). Note that we only

report estimates and confidence intervals for variables that were deemed influential.

Behavioral scoring

Awake Asleep
Wakefulness Resting Sleep
wakefulness
Accelerometer- 16 93 5
based sleep 4 163 369

classification
Table S2.5. Confusion matrix reporting the performance of the accelerometer-based sleep classification

algorithm. Table entries represent the number of minute-epochs classified according to the accelerometer-based

algorithm and direct behavioral observation, with the direct behavioral observations taken to be ground-truth.

Behavioral scoring

Non-stationary Stationary
Classification Non-stationary 36 2
from XGBoost Stationary 6 2550

model

Table S2.6. Confusion matrix reporting the performance of the decision-tree machine-learning model with
extreme gradient boosting (XGBoost model) used to classify the behavior of individuals in the infrared imagery
as either stationary or non-stationary. Table entries represent the number of second-epochs classified according
to the XGBoost model and direct behavioral observation, with the direct behavioral observations taken to be

ground-truth.
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Figure S2.1. The proportion of group members exhibiting non-stationary behavior in the infrared imagery (as
determined by predictions from the extreme gradient boosted decision-tree machine-learning model on the
uncorrected tracks) as a function of time of day. The proportion of group members moving was smoothed with a
moving mean with a 1-minute time window before plotting. A separate semi-transparent grey line is plotted for

each individual night of data collection. One particular night, 2019-08-01, is highlighted in blue as an example.

15000
|

Probability density
10000
|

5000
|

T T T T
0.9209 0.9210 0.9211 0.9212

Mean proportion of group synchronized

96



Figure S2.2. There was a higher mean proportion of group that was synchronized in their sleep vs. wake state
during the night over the study period (dotted red line) than expected based on 1000 time-shifted datasets (black

distribution).

Figure S2.3. Depiction of the workflow to obtain tracks from the infrared imagery. We first annotated all
baboons visible in 976 frames distributed across the study period in the commercial software Loopy (Loopbio
GmbH, Austria; A: green bounding boxes were drawn around each baboon by an observer). These annotations
were used to train a convolutional neural network (CNN) that automatically detected baboons in the infrared
imagery (B: blue bounding boxes reflect CNN predictions). The center points of these detections were knit
together across frames to create individual trajectories using a modification of the Hungarian algorithm (Kuhn,

1955; C). These trajectories were then manually corrected by a human observer.
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Recall
Figure S2.4. Precision-recall curve of CNN used to predict the locations of baboons, which were then used to

measure attributes of the group’s spatial network during the night (score threshold = 0.60).
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Figure S2.5. Precision-recall curve of CNN used to predict the locations of baboons, which were then used to

generate individual tracks for each baboon (score threshold = 0.80).
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Figure S2.6. Depiction of the spatial calibration applied to the location data from the infrared imagery. (A)
represents the original, unmanipulated data, with black points indicating the coordinates of all tracks produced
from one night of data collection (downsampled by a factor of 10 for plotting), and red points indicating the
coordinates of the four corners of the measurement object at several time points as it was moved across the
camera field-of-view. (B) represents the same coordinates as in (A), after the rotation matrix was applied to

them. We then applied the spatial correction to all coordinates in (B) to obtain (C).
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Standard deviation in the number of tracks present at a given time

Figure S2.7. The lower standard deviation in the number of tracks present in the infrared imagery at any given
time in the empirical data (dotted red line) compared to those from 1000 time-shifted datasets (black
distribution) suggests that tracks were not synchronized in their presence more than we would expect by chance
(actually, the opposite was true: tracks were staggered in their presence), and thus, any result indicating

synchronized movement of the tracks would not be a spurious one.
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004
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Figure S2.8. Partial autocorrelation plot of the transition from sleep to waking during the night, limited to the
data that fit the criteria to be included in the model of the probability of a baboon waking as a function of the
number of group-mates that awoke in the previous minute. The dotted line, drawn at lag 15, indicates the lag
where we considered the autocorrelation to have dissipated. We therefore downsampled the data, by keeping
only every 15" data point, before modeling the probability of a baboon waking based on the number of its

group-mates that awoke in the previous minute.
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Figure S2.9. Partial autocorrelation plots of sleep state during the period from 21:00 to 05:00 for each
individual. The autocorrelation appears to dissipate at lag three, which informed our use of the history length of

three for the transfer entropy analysis.
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Spatial discretization
* For each night of data:

+ For each track:
*  Set the tracks initial location to be its initial “spatially discretized” location
»  For each location recorded:

» Measure the distance to the previous spatially discretized location
recorded

« Ifthis distance is greater than the spatial discretization
threshold (1 meter), record this location as the current
spatially discretized location

» If the distance is not greater than the spatial discretization
threshold, record the previous spatially discretized location as
the current spatially discretized location

Do focal individuals cause group-mates to become active where the focal individuals initially
became active themselves, or after relocating within the sleep site?
*  For each night of data:

*  Trim the tracking data to 20:00 — 05:00

» Create a dataframe of each discrete transition from stationary to non-stationary
(discrete = separated by a one-minute period of stationary behavior)

« If an individual exhibits non-stationary behavior before a one-minute period
of stationary behavior, consider the first instance of non-stationary behavior a
discrete transition from stationary to non-stationary behavior

» Create a dataframe of each discrete relocation (discrete relocation = period in which
individuals show movement (i.e. non-zero step length) according to their spatially
discretized location, separated by periods of 5 minutes of no movement in their
spatially discretized location)

« If anindividual exhibits movement according to their spatially discretized
locations before a period of 5 minutes of no movement according to their
spatially discretized locations, consider the first instance of spatially
discretized movement to be the beginning of a relocation

+ Set the start time of the relocation event to be the time at which the individual
most recently transitioned from stationary to non-stationary behavor
(following 10 seconds of non-stationary behavior) within the previous minute
prior to the first non-zero step length in the spatially discretized locations of
the relocation event

» If the individual did not transition from stationary to non-staionary
behavior within the previous minute, remove this relocation event
from the dataframe

» Set the end time of the relocation to be the soonest transition from non-
stationary behavior to stationary behavior (preceding 10 seconds of stationary
behavior) within the minute following the last non-zero step length in the
spatially discretized locations of the relocation event
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» If the individual did not transition from non-stationary to stationary
behavior within this following minute, set the end of the relocation
event to be the time of the last non-zero step length in the spatially
discretized locations

»  Order the relocation events by their start times
» For each relocation event (in order of start time):

»  Subset the tracking data to the data of the individual who relocated
and to the time of the relocation (after it starts and before it ends)

» Extract and save the number of individuals within one meter of the
location where there this relocation event began that transitioned
from stationary to non-stationary behavior within one minute
following the beginning of the relocation event. This represents the
number of individuals that transitioned from stationary to non-
stationary behavior where the relocating individual began the
relocation

* Remove the corresponding transitions from the data frame
indicating when individuals transitioned from stationary to non-
stationary, so that this transition cannot be attributed to more than
one relocating individual

» For each time that the relocating baboon moves greater than one
meter, according to its spatially discretized location, as well as for its
last location during the relocation event:

« Extract the number of individuals within one meter of the
relocating baboon’ current location that transitioned from
stationary to non-stationary behavior within one minute
following this timestamp. Add this to a cumulative total
indicating the number of baboons that transitioned from
stationary to non-stationary behavior after the relocating
baboon moved away from its original position

* Remove the corresponding transitions from the data frame
indicating when individuals transitioned from stationary to
non-stationary behavior, so that this transition cannot be
attributed to more than one relocating individual

Concatenate the data from all relocations on all nights and perform a two-sided paired
Wilcoxen signed rank test comparing the number of individuals that transitioned from
stationary to non-stationary behavior where a relocating baboon first began its relocation
to the number of individuals that transitioned from stationary to non-stationary behavior
in proximity to where the baboon then traveled during its relocation (after leaving its
original position)
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Figure S2.10. Pseudo-code for the algorithm to determine whether individuals actively relocating during the
night caused more group-mates to become active where they began their relocation or after relocating within the

sleep site.

Model outputs and fit

Probability of wakin

Predictors Odds Ratios | CI (95%)
Intercept 0.04 0.04 - 0.05
Number of individual awakening in previous minute 1.10 1.02-1.18
Time since start of night (spline, b) 1.14 0.16 —4.84
Time since start of night (spline, sd) 1.30 1.01-4.22
Random Effects

o’ 0.00

Too 0.04

ICC 0.01

N night 22

N tag 26

Observations 14089

Marginal R?/ Conditional R? 0.001/0.002

Table S2.7. Model output table of the model of the probability of waking as a function of the number of group-

mates that awoke in the previous minute.

Yiep

1.00

Figure S2.11. Posterior predictive check of the model of the probability of waking as a function of the number

of group-mates that awoke in the previous minute.

Transfer entropy (standardized
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Predictors Estimates Cl (95%)
Intercept -0.04 -0.18-0.10
Affiliative score (standardized) 0.11 0.03-0.20
Dominance score (standardized) 0.07 -0.01-0.16
Random Effects

o’ 0.84

T00 dy _name 0.05

T00 tag_a 0.06

T00 tag_b 0.03

ICC 0.15

N tag_a 26

N tag_b 26

N dy_name 325

Observations 650

Marginal R?/ Conditional R? 0.029/0.189

Table S2.8. Model output table of the model of the transfer entropy between two individual’s sleep states as a

function of affiliative and dominance relationships.

—_y

Yrep

Figure S2.12. Posterior predictive check of the model of the transfer entropy between two individual’s sleep

states as a function of affiliative and dominance relationships.

Total sleep time (standardized)

Predictors Estimates Cl (95%)
Intercept 0.20 -0.32-0.70
Spatial proximity network density (standardized) -0.33 -2.17 —1.53
Spatial proximity network modularity (standardized) -0.40 -2.22 -1.49
Sex: Male 0.03 -0.30-0.36
Age: Juvenile 0.12 -0.59-0.84
Age: Subadult -0.51 -0.85--0.18
Random Effects
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a 0.77

T00 night 0.35

T00 tag 0.02

ICC 0.32

N night 10

N tag 22
Observations 165
Marginal R?/ Conditional R? 0.134/0.281

Table S2.9. Model output table of the model of the total time spent sleeping from 18:00 to 06:30, with measures

of the group’s nighttime spatial network (density and modularity) as predictors.

—y

Yieep

Figure S2.13. Posterior predictive check of the model of the total time spent sleeping from 18:00 to 06:30, with

measures of the group’s nighttime spatial network (density and modularity) as predictors.

Total sleep time (standardized)

Predictors Estimates Cl (95%)
Intercept 0.08 -0.20-0.36
Eigenvector centrality in affiliative network (standardized) -0.14 -0.24 — -0.04
Dominance (standardized) 0.01 -0.08 -0.11
Sex: Male -0.07 -0.25-0.12
Age: Juvenile -0.33 -0.63 —-0.05
Age: Subadult -0.16 -0.37-0.05
Random Effects

¢’ 0.68

T00 night 0.34

T00 tag 0.01

ICC 0.34

N night 30

N tag 26
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Observations 572
Marginal R?/ Conditional R? 0.042/0.335
Table S2.10. Model output table of the model of the total time spent sleeping from 18:00 to 06:30, with

individual position within the group’s social networks (affiliative and dominance) as predictors. Dominance is

equal to an individual’s in-strength subtracted from its out-strength in the absolute dominance network.

RS T}

Vieep

Figure S2.14. Posterior predictive check of the model of the total time spent sleeping from 18:00 to 06:30, with

individual position within the group’s social networks (affiliative and dominance) as predictors.
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Chapter 3: The social dynamics of sleep catalyze tolerant relationships between
baboon groups

Abstract
Sleep is essential for the health and survival of all animals. For many animals, sleep occurs in

a social context, and the ability to obtain high-quality sleep may be fundamentally influenced by the
behaviors of their neighbors. Because sleep research has primarily focused on lone individuals in
laboratory settings, little is known about the social dynamics of sleep. To shed light on how the social
environment both shapes, and is shaped by sleep patterns in the wild, we used GPS and tri-axial
accelerometry over a one-year period to track the movements and sleep patterns of neighboring
groups of wild olive baboons (Papio anubis). We found a strong interplay between social contexts
and sleep dynamics. Members of neighboring groups exhibited lower quality sleep and greater
temporal coordination in patterns of sleep and waking at night when their groups slept together
compared to nights spent in lone groups. These social dynamics of sleep continued well beyond the
sleep period: after sharing a sleep site, groups were substantially more likely to engage in extended
associations that defined non-random attractions between groups across the study period. Thus,
although social interactions during the sleep period jeopardize high-quality sleep, they may play an
important role in catalyzing tolerant relationships between baboon groups. Our results reveal the
trade-offs that animals face when sleeping amidst a social environment, and draw a link between the
physiological need for sleep and the inter-group relationships that represent the building blocks of

multi-level societies like our own.

Introduction
All animals sleep (Cirelli & Tononi, 2008). The ubiquity of sleep across taxa is paralleled by

its importance: sleep plays a central role in maintaining the central nervous system (Xie et al., 2013),
supporting cognitive functioning (Walker, 2009), and enhancing immune defense (Irwin, 2019;
reviewed in Smeltzer et al., 2022). Many animals reap these benefits of sleep while mitigating the
risks that are inherent to this period of reduced responsiveness by congregating during the sleep
period to gain the protection of a shared refuge, maximize collective vigilance, or dilute the risk of

predation (Finkbeiner et al., 2012; Lima et al., 2005). Thus, for many animals, sleep is embedded in a
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social context. In this social context, the choices and behaviors of nearby conspecifics may
fundamentally influence an individual’s ability to obtain the high-quality sleep that is critical to
fitness.

Prompted by calls to transition the investigation of sleep from the laboratory to the
ecologically and socially relevant contexts in which it evolved (Aulsebrook et al., 2016; Rattenborg et
al., 2017; Reinhardt, 2020), recent studies have suggested that interactions within groups of social
animals continue well into the sleep period, with consequences for sleep (Karamihalev et al., 2019;
Loftus et al., 2022; Smeltzer et al., 2022). However, the social environment of sleep is not always
limited to familiar group-mates: congregation during the sleep period can often represent the primary
interaction between individuals of solitary species and between groups of social species (Mohanty et
al., 2022; Snyder-Mackler et al., 2012). While exceptionally few studies have explored the influence
of group-mates on sleep in a social group, none has examined the sleep consequences for group-living
animals of temporary associations with members of other social groups during the sleep period,
despite important contrasts between the social dynamics of familiar and unfamiliar individuals that
may lead to quite different sleep outcomes (Mochida & Nishikawa, 2014).

The influence on sleep of the congregation of multiple social groups may have particular
significance that extends beyond an individual’s ability to obtain high-quality sleep. Because social
animals have comparatively infrequent encounters with extra-group (vs. intra-group) individuals,
interactions that occur within the sleep period during temporary associations may overwhelmingly
contribute to shaping the overall relationships between social groups (Leu et al., 2011). Thus, the
feedback between social dynamics and sleep may be bi-directional: while the presence of neighboring
groups may influence sleep, sleep dynamics—characterized by the choices of individuals and groups
about where and when to sleep, as well as how to sleep, behave, and interact during the sleep period—
may critically shape the relationships between neighboring groups.

Significant logistical challenges have hindered investigation of the interplay between sleep
and inter-group social dynamics. Polysomnography—the gold standard for measuring sleep—requires
subdermally or inter-cranially implanted electrodes, which, despite exciting advances in the use of
polysomnography in the wild (reviewed in Rattenborg et al., 2017), remains intractable for use on
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many wild animals (Smeltzer et al., 2022). Moreover, battery life limitations of mobile
polysomnography restrict recordings to relatively short time periods (e.g. 10 days (Rattenborg et al.,
2016), 8-10 days (Voirin et al., 2014)), which presents challenges to testing the influence of relatively
infrequent events, such as inter-group encounters, on sleep behavior. Lastly, understanding how sleep
patterns and behavior during the sleep period influence inter-group relationships involves monitoring
not only sleep behavior, but also interactions between groups that may continue beyond, or occur
entirely outside of, the sleep refuge—a daunting task that can involve the habituation and continuous
observation of several groups of animals simultaneously.

Recent bio-logging approaches offer novel solutions to these historical challenges. Spurred by
the dramatic rise in human wearable devices, accelerometry-based sleep classification has become an
appealing, non-invasive alternative to polysomnography (Ancoli-Israel et al., 2003), and creates
exciting opportunities to investigate the sleep of wild animals in new contexts and at dramatically
longer time-scales (Watanabe & Rutz, 2022; Williams et al., 2021). Such methods can shed important
light on the dynamics of sleep and social behavior, particularly in combination with simultaneously
collected GPS data, which itself has opened new frontiers in the study of social behaviors from
collective decision-making (Papageorgiou & Farine, 2020; Strandburg-Peshkin et al., 2015) to inter-
group interactions (Markham et al., 2013).

Leveraging remotely-sensed accelerometry and GPS data, we monitored the sleep behavior of
olive baboons (Papio anubis) to understand how the social environment both shapes, and is shaped
by, sleep patterns. Baboons live in stable, multi-male, multi-female groups of 15-100 individuals, and
neighboring groups have extensively overlapping home ranges (Altmann & Altmann, 1970; Isbell et
al., 2018; Markham et al., 2013). Females are philopatric, remaining with their natal groups for life,
while males disperse between groups (Altmann & Altmann, 1970; Cheney & Seyfarth, 2008).
Although interactions between baboon groups can range from benign to aggressive, baboons are
typically not considered to be highly tolerant of neighboring groups (Cheney & Seyfarth, 1977;
Kitchen et al., 2004). At night, however, baboons seek refuge in trees and on rock outcroppings to
avoid nocturnal predation from leopards, and due to the limited number of high-quality sleep sites on
the landscape, neighboring groups occasionally spend the night in the same refuge (Bidner et al.,
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2018; Markham et al., 2016). Although recent work has revealed that social and environmental
pressures play a critical role in shaping the sleep of wild baboons (Loftus et al., 2022), we know
nothing about how interactions between neighboring groups influence sleep, or how sleep dynamics,
in turn, shape the social landscape across a baboon population.

We investigated the feedback loop between sleep and the social environment, by collecting
accelerometry and GPS data from multiple individuals across four groups of wild olive baboons for
over a year. Specifically, we examined how sharing a refuge with another group influenced the sleep
quality of baboons, as well as their pattern of sleep and waking behavior during the night, using an
algorithm that we have developed and validated for measuring sleep from accelerometry in baboons.
By drawing upon simultaneous GPS data to identify and analyze encounters between groups both
within and outside of the sleep site, we then tested how sleep dynamics feed back to influence
subsequent inter-group interactions, and how these subsequent interactions scaled up to shape the
relationships between baboon groups. Thus, combining accelerometry and GPS data collected from
across a population provided a complete and objective account of both sleep patterns and interactions
among study groups for the entire study duration, and, in doing so, offered a unique opportunity to

explore inherent population-wide interdependences in sleep and space use.

Results
We collected GPS and accelerometry data from six adult females across four different groups

of olive baboons ranging on Mpala Research Centre, in Laikipia, Kenya for over a year, resulting in
1644 baboon-days of data (Table S3.1). The home range of each study group, as indicated by the GPS
data, partially overlapped with the home range of every other study group, and dyads with directly
adjacent home ranges exhibited extensive overlap in their space use (Fig. 3.1, Tables S3.2, S3.3).
Sleep sites were limited across the landscape, with all four groups combined sleeping in a total of 24
sleep sites during the entire data collection period. Extensive space use overlap, in conjunction with a
limited number of available sleep sites, created a high potential for groups to make use of the same
sleep sites as their neighbors over the course of the study, occasionally even on the same night. This

potential was realized, as half of all sleep sites (12/24; Fig. 3.1) were used by more than one group
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across the study period, and two groups spent the night together in the same sleep site on 46 different
occasions.

The presence of another group at the sleep site influenced sleep patterns, with baboons
experiencing lower quality sleep when sharing the sleep site with another group. By algorithmically
identifying bouts of sleep from the accelerometry data, we found that baboons slept for 9.3 £ 0.02
hours (median = SE) while at their sleep site. Individuals typically experienced sleep onset at 19:32 +
2.4 minutes and waking at 05:55 + 2.7 minutes. Within this sleep period, individuals exhibited a sleep
efficiency of 81.4% =+ 0.1% and a sleep fragmentation of 2.0 + 0.02 awakenings per hour of sleep.
However, when baboons shared their sleep site with another group, they slept for 33.5 minutes less,
with 1.2% less efficiency and 0.15 more awakening per hour of sleep, on average, than when they
slept with only their group-mates (Fig. 3.1; total sleep time hierarchical Bayesian regression (Student-
t): standardized estimate [90% credible interval lower bound, 90% credible interval upper bound]: -
0.52 [-0.67, -0.37]; log-odds of sleep efficiency hierarchical Bayesian regression (Gaussian): -0.20 [-
0.35, -0.04]; sleep fragmentation hierarchical Bayesian regression (Gaussian): 0.20 [0.05, 0.35]).
Baboons from different groups also showed greater temporal coordination in their sleep patterns
during the night when they shared a sleep site compared to when they were sleeping in separate sites

(temporal coordination score hierarchical Bayesian regression (Gaussian): 0.18 [0.00, 0.37]).
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Figure 3.1. Social dynamics within shared sleep refuges disrupt the sleep of wild baboons. Baboon groups
took refuge in trees and on cliffs during the night to mitigate the risk of predation while they fulfilled their
physiological need for sleep. Scarcity of high-quality nighttime refuges led to overlap in the sleep site
alternatives of neighboring groups (A). Although groups tolerated the simultaneous use of shared sleep sites, the
altered social environment impaired sleep quality. When sleeping with another group, baboons experienced
1.2% less efficient sleep (B) and 0.15 more waking events per hour of sleep (C) during the sleep period, leading
to a total of 33.5 minutes of sleep lost (D), on average, while at the sleep site. The home ranges of the four
groups, determined by the 95% utilization distribution, as well as all GPS locations collected during the study
are depicted in subplot A. Subplots B, C, and D show the posterior probability density of the effect size of
sleeping with another group on the respective sleep metrics, with the 90% credible interval shaded and bound by

vertical dotted lines.
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Visualization of the groups’ trajectories during the 123 inter-group encounters across the
study period highlighted the central role that sharing a sleep site played in catalyzing and shaping
these encounters. Baboon groups were 8.0 times more likely to have an interaction with a neighboring
group on days following sharing a refuge with that particular neighbor compared to days prior to
which groups slept at different sites (Fig. 3.2B; hierarchical Bayesian regression (Bernoulli): 2.84
[2.25, 3.47]). Spending the night together influenced not only the probability of an encounter the
following day, but also the nature of the interaction that occurred during the encounter: when baboon
groups did encounter each other, their interactions were 3.2 times more likely to involve extended,
cohesive movements—similar to the coordinated movements of group-mates—if the participating
groups spent the night at the same sleep site the previous night than if they had slept at separate sleep

sites (Fig. 3.2C; 1.60 [0.82, 2.41]).

114



10

o
!

8000 |

6000 —

4000 -

distance (meters)  Velocity ( meter / minute )

ic

2000 —

Dyad

0

2014-04-16 44, v
14-00 17:00  20:00

500 1,000 m
R

08 08 4

06 - 06

0.4 - 0.4

interaction
@
°

02 02 'y

Probability of interacting

®

00 ——

T T

0.0

Prob. of cohesive movement during

T T

After sleeping as After sharing After sleeping as After sharing
lone group sleep site lone group sleep site

Figure 3.2. Shared sleep sites catalyze extended, cohesive movements between neighboring baboon
groups. The social dynamics within the nighttime refuge continued beyond the sleep period, as baboons were
substantially more likely to engage in an interaction with a neighboring group on days following a night spent in
the same sleep site as that particular neighbor (B). Not only did sleeping in the same refuge play a central role in
catalyzing interactions the following day, but it also shaped the nature of these interactions. When groups
encountered each other, they were much more likely to engage in extended, tolerant interactions consisting of
cohesive movements if they had spent the previous night together than if they had spent the previous night in
different sleep sites (C). Subplot A shows the trajectories of study groups during a 30-hour period that illustrates
an example of cohesive movement between neighboring groups. The green line in subplot A indicates the
trajectory of one adult female, the two blue lines indicate the trajectories of two adult female group-mates, and

grey lines indicate the trajectories of other study individuals not highlighted in this example. Line colors in the
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inset correspond to the trajectories. Subplots B and C show the mean of the posterior linear predictions of the

data from a model of the data, with error bars indicating the 90% credible interval.

The cohesive movements that occurred after groups slept in the same sleep site defined
overall relationships of tolerance between groups across the study period, characterized by non-
random inter-group attractions. When engaged in an encounter, groups maintained closer proximity to
each other and had more similar trajectories—as indicated by similarities in their movement headings
and velocities, as well as the dynamic time warping distance between the trajectories— than expected
based on time-shifted movement trajectories (Fig. 3.3A, B; Fisher’s exact tests: mean dyadic distance
during encounters: p < 0.0001, difference in headings during encounters: p < 0.0001, difference in
movement velocity during encounters: p < 0.0001, dynamic time warping distance between
trajectories during encounters: p < 0.002). This influence on each other’s movement during
encounters created non-trivial patterns of attraction between groups, with study groups maintaining a
significantly lower mean distance to each other and greater proportion of time engaged in encounters
across the entire study period than expected by chance (Fig. 3.3C, D; Fisher’s exact tests: mean
dyadic distance: p < 0.02, proportion of time engaged in encounters: p < 0.0001). Overall patterns of
attraction across the study period arose specifically from attractions between groups after they spent
the previous night in the same sleep site: while the mean dyadic distance between groups was
significantly lower than expected by chance on the day after groups shared a sleep site, the mean
dyadic distance between groups that had not spent the previous night together did not deviate from
expectation (Fig. S3.1; Fisher’ exact tests: mean dyadic distance after sleeping in same sleep site: p <
0.0001, mean dyadic distance after sleeping in different sleep sites: p = 0.253). The outsized influence
of interactions at the sleep site on overall relationships between groups is perhaps unsurprising, given

that almost half (60/123) of all encounters occurred, at least partially, at the sleep site.
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Figure 3.3. Overall relationships of tolerance between groups arise from the extended interactions that
occur after sharing a sleep site. Across the study period, groups moved together more cohesively when they
encountered each other than expected by chance, indicated by their proximity and the dynamic time warping
distance between their movement paths when engaged in an encounter (A, B; Fisher’s exact tests: mean dyadic
distance during encounters: p < 0.0001, dynamic time warping distance between trajectories during encounters:
p < 0.002). These cohesive movements resulted in neighboring groups spending more time engaged in
encounters and maintaining an overall lower mean dyadic distance across the study period than expected by
chance (C, D; Fisher’s exact tests: proportion of time engaged in an encounter: p < 0.0001, mean dyadic
distance: p < 0.02). In all subplots, the vertical red line represents the empirical value, while the black solid line
represents the null distribution of the measure calculated from 1000 time-shifted datasets. The vertical black

dotted lines delineate the 2.5 and 97.5 percentiles of the null distributions.

In contrast to their daytime movements, baboon groups exhibited no interdependence in their
choice of sleep site. The empirical proportion of nights on which study groups slept with another
group fell well within the null distribution that was generated from permutations of groups’ sleep site
occupancy time-series (Fig. S3.2; Fisher’s exact test: p = 0.291). Thus, co-occurrence at the sleep site

occurred randomly, with groups neither attracting nor avoiding each other at the sleep site.
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Discussion
In this study, we demonstrate that the social dynamics surrounding sleep not only

fundamentally influence sleep patterns, but also extend well beyond the sleep period, shaping the
diurnal interactions, and even the broader relationships, between social animal groups. Coincidental
congregation of neighboring baboon groups at shared sleep refuges results in social disruptions to
sleep that are temporally coordinated across cohabitating groups. Although these social dynamics of
sleep impair sleep quality, they play a central role in catalyzing tolerant inter-group encounters that
extend beyond the sleep refuge and define the nature of relationships between groups in a species that
is not known for particularly positive inter-group relations (Cheney & Seyfarth, 1977). These results
highlight the importance of the physiological need for sleep, in conjunction with local ecological
features (e.g. the abundance and distribution of sleep refuges), in shaping the social organization of a
population, while also emphasizing the trade-offs that animals face when sleeping in a social context.
By measuring sleep via accelerometry, we shed much needed light on the influence of the
social environment on sleep in the wild. Research on sleep has traditionally focused on isolated
individuals in the laboratory, divorced from the ecologically and socially relevant context in which it
evolved (Rattenborg et al., 2017; Reinhardt, 2020; Samson, 2021), and our understanding of how
sleep manifests in the social environment in which it is embedded for many wild animals is therefore
severely limited. Accelerometer-based sleep classification opens a new frontier of scientific
investigation into the social dynamics of sleep in the wild, by dramatically increasing the ease of
measuring sleep over relatively long durations and across several individuals simultaneously
(Watanabe & Rutz, 2022). We took advantage of this opportunity to understand how sharing the
nighttime refuge with a neighboring social group influences the sleep of wild baboons, revealing that
baboons experience shorter duration, lower efficiency, and more fragmented sleep when spending the
night with another group. This reduction in sleep quality may reflect an incidental sleep cost of chance
encounters at the sleep site, perhaps resulting from the stress induced by inter-group interactions
(Sanford et al., 2015; Wittig et al., 2016) or from a shortage of high-quality sleep positions within the
sleep site that could accommodate the greater number of individuals (Smeltzer et al., 2022). However,

we propose an alternative explanation: the decrease in sleep quality while sharing a sleep site may
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represent adaptive sleep loss, whereby a sacrifice of sleep to engage in other activities results in net
fitness benefits (Lesku et al., 2012). Recent studies of the collective dynamics of sleep within social
groups also reveal social disruptions of sleep (Karamihalev et al., 2019; Loftus et al., 2022), and
propose that the interactions that occur between individuals during coordinated periods of nocturnal
wakefulness may prove beneficial to fitness (Loftus et al., 2022). The temporal coordination in
nighttime waking patterns between the members of co-sleeping groups suggests that, surprisingly,
these nighttime interactions may also arise across social group boundaries, raising the possibility that
social sleep dynamics serve important functions in developing relations between, as well as within,
groups.

Our results demonstrate that the social dynamics of sleep continue well beyond the sleep
period, revealing bi-directional feedback between the social environment and sleep. High-quality
sleep refuges are a critical, yet limited resource for many animals (Anderson, 1984; Markham et al.,
2013), and these important resources could become hotspots of interaction simply by bringing
conspecifics together in time and space. However, we found that sleeping together not only increased
the likelihood of groups encountering each other the following day, but it also changed the very nature
of their interactions: inter-group encounters were substantially more likely to involve extended,
tolerant interactions after groups had slept together the previous night. Cooperative social interactions
between members of distinct social groups may arise during the sleep period from both decreased
foraging competition and the mutual benefit of increased collective vigilance and predator dilution
(Lucchesi et al., 2020; Robinson & Barker, 2017), leading to the development of inter-group social
bonds that then persist into the day (Leu et al., 2011). Although this study is the first, to our
knowledge, to implicate social sleep dynamics as a formative influence on the relationships between
non-human animal groups, a large body of evidence from research on humans suggests that
interactions within the sleep period are indeed important in the development and maintenance of
social bonds (reviewed in Gordon et al., 2017, 2021; Troxel, 2010; Troxel et al., 2007).

The interplay between the sleep and the social environment highlights the role that the
physiological need for sleep may play as a key driver of complex forms of sociality. The evolution of
multi-level societies, in which distinct social units occasionally exhibit highly coordinated behavior
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within regular bouts of close proximity (Grueter et al., 2017), critically depends on tolerant
relationships among social units (Grueter et al., 2012; Rubenstein & Hack, 2004). Here, we
demonstrate that the search for a safe refuge in which to fulfill a sleep requirement catalyzed tolerant
relationships between baboon groups, as mutual attraction to a limited number of sleep refuges
brought about inter-group interactions—interactions that made up almost half of all encounters
between groups (60/123) and that were largely tolerant due to the inter-group dynamics that occurred
while sleeping within a shared refuge. Because these interactions arose from chance encounters at the
sleep site, the tolerant inter-group relationships that represent the building blocks of multi-level
societies may emerge spontaneously from a scarcity of adequate refuges in which to obtain high-
quality sleep. Indeed, limitation of sleep refuges promotes conspecific interaction within diverse taxa
(Childress & Herrnkind, 1997; Gardner et al., 2007), and may be important in shaping the social
organization of a species (Duffield & Bull, 2002; Hamilton 111, 1982; Martin & Martin, 2007). We
note that many species that exhibit multi-level social organizations live in habitats in which refuges
are scarce, and interactions between distinct social units often occur primarily at the sleep site
(geladas: Bergman, 2010; hamadryas baboons: Kummer, 1968; Stammbach, 2008; vulterine
guineafowl: Papageorgiou et al., 2019; reviewed in: Sueur et al., 2011; Grueter et al., 2012; Hamilton
& Watt, 1970). Moreover, recent evidence that large brains are not a prerequisite for the evolution of
multi-level societies lends support to a self-organized origin of this complex form of sociality
(Papageorgiou et al., 2019).

Our findings offer a new perspective on the evolution of our own societies. Our earliest
ancestors evolved in a rapidly expanding savannah that was dominated by diverse and abundant
carnivore megafauna (Brain, 1970, 1983; Treves & Palmqyvist, 2007; Werdelin & Lewis, 2005).
Evidence suggests that early hominins faced intense predation pressure (Brain, 1983; Treves &
Palmaqvist, 2007), and thus they likely obtained their necessary sleep in safe refuges above the ground
(Coolidge & Wynn, 2018; Samson & Nunn, 2015). Because these refuges would have been
particularly sparse in the new savannah habitat, distinct hominin foraging groups may have
aggregated at night, forming the first multi-family aggregations in our lineage (Aureli et al., 2008;
reviewed in Grueter et al., 2012). As the formation of social groupings beyond the family unit
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signified an integral step in the evolution of extensive cooperative networks in humans (Hill et al.,
2011), we suggest that the intense cooperation and cumulative culture that make us so uniquely
human may be partially attributable to the social dynamics of sleep in an environment with scarce

refuges.

Materials and Methods
Data collection

We monitored the movement and activity patterns of six adult female olive baboons
distributed across four stable social groups that range on Mpala Research Centre, a 200 km?
conservancy of savannah-woodland habitat located on the Laikipia Plateau in central Kenya. Each
study individual was trapped, anesthetized, and fit with a GPS and accelerometer collar (see Isbell et
al. 2018 for details on capture methodology). We programmed the collars to record the baboon’s GPS
location at 15-minute sampling intervals and collect 3-second bursts of tri-axial accelerations for 3
s/min at 10.54 Hz/axis continuously throughout the study. The collars collected data from as early as
January 15, 2014 to as late as January 27, 2015, with some collars ending data collection prematurely
(Table S3.1). In total, we collected 1644 baboon-days of GPS data and 1646 baboon-nights of
accelerometry data. We processed the data to synchronize the GPS location data across groups,
interpolate missing fixes, correct anomalous GPS fixes, and remove local GPS jitter that was likely
caused by error (see Supplemental Materials).

Identifying home ranges and sleep sites

We created group-level tracks based on the tracks of collared females. The average dyadic
distance of females belonging to the same group was 43.4 £ 0.3 m (mean * SE), falling within the
typical range of baboon group spread (Harel et al., 2021), and thus, data from a single group member
was sufficient to describe the location of the group. We therefore removed group-level duplicate data
(i.e. data on two females belonging to the same group) when sampled simultaneously. We then
determine the utilization distribution (UD) for each group using kernel density estimation (KDE). We
define each group’s home range as the minimum boundary encompassing 95% of the UD. For each
group dyad, we calculated the proportion of overlap of the groups’ home ranges, as well as the

Bhattacharyya’s affinity between their UDs for a more accurate probability of the groups’ joint space
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use (Fieberg & Kochanny, 2005; Table S3.2, S3.3). For all home range analyses, we used the
“adehabitatHR” package (Calenge, 2006) for R version 4.1.2 (R Core Team, 2021).

We determined where each individual spent each night by calculating the mean location of
her GPS fixes from 20:00 to 04:00. With hierarchical agglomerative clustering of these mean
nighttime locations, we identified 24 distinct sleep sites used by the study population. We used the
cluster membership of individuals’ mean nighttime locations to determine in which sleep site they
took refuge each night.

Sleep analysis

We extracted sleep metrics from the accelerometry data with an adaptation of the algorithms
presented by van Hees and colleagues (2015, 2018) that were developed for analyzing sleep in
humans from wearable accelerometry devices. Our adaptation of the sleep classification algorithm,
which was implemented and validated in Loftus et al. (2022), exhibited 80.7% accuracy in
distinguishing sleep and waking behavior in wild olive baboons. Using the accelerometer-based sleep
classification algorithm, we calculated 1) the total time spent sleeping at the sleep site, 2) sleep
efficiency during the sleep period, and 3) sleep fragmentation during the sleep period. We also
measured the temporal coordination score in sleep and wake patterns for each dyad of individuals on
each night (see Supplemental Materials for details of sleep classification algorithm and definitions of
sleep metrics).

Encounter analysis

We created animations of inter-group encounters to observe and analyze interactions that
occurred during encounters. We calculated the Euclidean distance between every dyad of study
groups at each timestamp and defined dyadic inter-group encounters as periods when any member of
a group was within the response distance (i.e. the distance at which groups typically react to the
presence of another group) of a member of another group. We developed an algorithm to extract this
response distance empirically from the data, and determined it to be 600 m (Fig. S3.3, see
Supplemental Materials for further details). For each dyadic encounter, we recorded all instances of:
1) moving cohesively, 2) co-sleeping, 3) following/pursuing, 4) avoiding, 5) displacing, 6) avoiding at
a sleep site, 7) displacing from a sleep site, and 8) moving indifferently to one another. Although
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group encounters were extracted using data from all study individuals and the locations of all collared
individuals were visualized in the animations, interactions were only scored at the group dyad level,
as collared group-mates exhibited the same general behaviors during encounters.

For this analysis, we defined the sleep site as the location in the animation where the group
took refuge for the duration of the night, and we considered any encounter that involved sharing a
sleep site, avoidance at a sleep site, or displacement from a sleep site to have occurred at least
partially at a sleep site. We note that we defined encounters between groups purely based on spatial
proximity, whereas we defined inter-group interactions by the manual scoring of the animations of the
encounters (described above). Thus, two groups could share a sleep site without interacting the
following morning if they departed from the sleep site with apparent indifference to one another, even
though they were considered to be engaged in an encounter during their morning departure (based on
spatial proximity).
Intergroup movement and sleep site occupancy analysis

We analyzed how the interdependencies in the movements and sleep site choices of groups
across the entire study period compared to that expected by random chance to understand the nature
of the broader relationships between the groups. We first explored whether groups avoided each other
or were generally attracted to each other, by measuring the mean dyadic distance between each group
dyad, as well as the proportion of time that dyads spent in an encounter. We again considered an
encounter to occur when individuals from different groups were within the response distance of 600 m
(Fig. S3.3). We compared these values to those calculated from 1000 permutations of the groups'
movement paths (see Supplemental Materials for details). To understand how behavior during
encounters compared to that expected by chance, we calculated the following measures in the
empirical data, limited to the time when two groups were within the response distance of each other:
1) the mean distance between the two groups, 2) the mean difference between the headings of the
groups, 3) the mean difference between the step lengths (e.g. displacements between each 15-minute
interval) of the groups, and 4) the mean distance between the groups movement trajectory time-series,
as determined by dynamic time warping (Bellman & Kalaba, 1959). We again compared these
measures to those calculated from the movement path permutations. We then repeated this movement
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path permutation analysis, comparing the mean dyadic distance between groups in the empirical and
permuted datasets, but after separating both the empirical and permuted datasets into data from days
on which groups had slept at the same sleep site the prior night and data from days on which groups
had slept in separate sleep sites the prior night.

We assessed whether groups influenced each other’s sleep site choices, by determining
whether groups shared a nighttime refuge more or less than expected by chance. Specifically, we
compared the proportion of nights during which two groups slept at the same sleep site to 1000 such
proportions, each produced by applying a random shift to one dyad member’s sleep site occupancy
time-series (see Supplemental Materials for details).

Statistical analysis

We tested the influence of spending the night at a sleep site with another group on the total
sleep time, sleep efficiency, and sleep fragmentation. We modelled the total sleep time while at the
sleep site using a hierarchical Bayesian regression model of family Student-t, with a fixed effect
variable indicating whether the group was sharing its sleep site on that night with another group, and
random intercept terms for group identity, individual identity, date, and the identity of the sleep site.
By including the identity of the sleep site as a random effect, we controlled for variation among the
sleep sites in their characteristics that may inherently promote or hinder high-quality sleep. We used
the same fixed and random effect variables to model the log odds of the sleep efficiency, as well as
sleep fragmentation, both with hierarchical Bayesian regression. We then tested whether individuals
from different groups were more likely to show temporal coordination in their nighttime sleep-wake
patterns when they spent the night in the same sleep site. We modelled the temporal coordination
score between each dyad as a function of whether dyad members were spending the night in the same
sleep site, using hierarchical Bayesian regression. We included random intercepts for the identity of
both dyad members, as well as for the identity of the dyad itself. We removed data from dyads of
individuals that belonged to the same group prior to analysis.

To test how sharing a sleep site influenced inter-group interactions the following day, we
modelled the probability of two groups engaging in an interaction as a function of whether the two
groups had spent the night in the same sleep site the previous night with hierarchical Bayesian
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regression of family Bernoulli. We included random intercept terms for the identity of both groups,
individually, as well as for the identity of the group dyad. We then subset the data to instances in
which two groups encountered each other and modelled the probability of the encounter involving
cohesive movement (encounter outcome (1) in Encounter analysis) as a function of whether the two
groups had slept in the same sleep site the previous night. We again used hierarchical Bayesian
regression of family Bernoulli, with random intercept terms for the identity of each group involved in
the encounter and the identity of the group dyad.

For all permutation tests, we compared empirical values to their respective null distributions
with a Fisher’s exact test. The p-value therefore represents the proportion of values from the null
distribution that are as extreme or more extreme than the empirical value.

We fit all Bayesian models with the “brms” package in R (Blrkner, 2017). We used diffuse,
mean-zero Gaussian priors for fixed effects variables. For random effects variables and the intercept,
we used half Student-t distributions with three degrees of freedom and a scale parameter of 2.5 as
prior distributions. Model estimates are based off of four independent Hamiltonian Monte Carlo
chains with 2500 burn-in iterations and 2500 sampling iterations. Trace plots indicated adequate
mixing and convergence of the four chains on the same posterior region. In the main text, we report
the mean of the posterior distribution, along with the lower and upper 90% credible interval bounds
from the standardized models for all model estimates. The model output tables and the posterior

predictive checks are contained in the Supplemental Materials.

Data availability
GPS and accelerometry data generated during this study are stored in the Movebank data

repository (www.movebank.org) under the project name “Leopards, vervets, and baboons in Laikipia,
Kenya”. For permission and access to download the data from Movebank, please contact Lynne Isbell
(laisbell@ucdavis.edu). The data resulting from observations of animations of the GPS data during
inter-group encounters are publicly available for download at Dryad
(https://doi.org/10.25338/B87D15). All code and instructions necessary to reproduce the final results
from the raw data are published on GitHub (https://github.com/CarterLoftus/intergroup_sleep/) and

archived on Zenodo (https://doi.org/10.5281/zenodo.6912917).
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Supplemental Materials
Materials and Methods

Data processing

We fit six adult female baboons across four social groups with GPS collars that contained a
tri-axial accelerometer unit. We programmed each GPS collar to collect location data (henceforth,
fixes) every 15 minutes. However, due to variation in the time the collars needed to acquire and
record a fix, they did not collect fixes exactly according to the programmed sampling schedule or in
perfect synchrony with each other. We required synchronous location data across the population to
analyze the distance between neighboring groups, as well as their trajectories with respect to one
another. We therefore interpolated fixes at the ideal sampling schedule (i.e. every 15 minutes, on the
minute) with a linear interpolation, when at least one fix was taken within 7.5 minutes of the sampling
timestamp.

Using this new dataset, with location data interpolated to the programmed sampling schedule,
we further interpolated locations for missing and anomalous data. We performed a linear interpolation
for timestamps on which the collars failed to collect a GPS location, under the condition that both the
prior and subsequent fix were within 60 minutes of the timestamp of the location to be interpolated
and within 75 minutes of each other. The location data for 3252 failed fixes (2.1% of all location data)
were interpolated in this way. To assess the validity of this interpolation method, we used the same
method to interpolate location data for timestamps associated with successful fixes. We found that
interpolated locations showed a median distance of 15.6 m (mean: 38.1 m) away from the true fix
taken at that timestamp. We considered GPS fixes anomalous if their distance to the associated
interpolated location was greater than the 99" percentile of the distances between GPS fixes and
associated interpolated locations. We replaced these anomalous data with the interpolated locations,
resulting in a total of 1504 anomalous locations (1.0% of all location data) that were replaced by their
associated interpolated locations.

After interpolating missing and anomalous GPS fixes, we removed the local GPS movements
from the data that were likely caused by minor GPS error (jitter) by applying a 30 m spatial

discretization to the location data. For the spatial discretization, we considered the first location of
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each individual to be its first spatially discretized location as well. We then iteratively measured the
distance from each GPS location to the individual’s previous spatially discretized location. If this
distance was greater than 30 m, then the location of the baboon’s current GPS fix was taken to be the
individual’s current spatially discretized location. If, however, the distance was not greater than 30 m,
then the baboon’s previous spatially discretized location was taken to be its current spatially
discretized location. We used the individual’s spatially discretized location in all analyses of locations
and trajectories, aside from the identification of sleep location. For the identification of sleep location,
averaging the location of multiple GPS fixes during the night (see Home range analysis and sleep site
identification in the main text) eliminated concerns about GPS error. For all data processing and
subsequent analyses, GPS data was reprojected from latitude-longitude to UTM coordinates.

We programmed the tri-axial accelerometer unit contained in each GPS collar to collect a
three second burst of accelerometry data at 10.54 Hz per axis at the beginning of every minute. After
data collection, we calculated the vectorial dynamic body acceleration (VeDBA), a commonly used
measure of overall activity (Qasem et al., 2012), using a 0.7-second time window, and took the natural
logarithm of the mean of the VeDBA (henceforth, log VeDBA) over each three-second burst.

One collared female died during data collection, and we removed data prior to her death
before analysis to prevent anomalous behavior biasing our results. Specifically, we removed both GPS
and accelerometry data collected by her collar after May 27, 2014, because on the following day, she
became separated from her group, and remained apart from the group for much of the remainder of
her life (i.e. until June 8, 2014), even during the sleep period (indicated by the GPS locations of her
healthy group-mate). This behavior is highly unusual for female baboons, which maintain high
cohesion with group-mates throughout their lives, and thus, we felt justified in removing data
associated with this anomalous behavior.

Measuring sleep from accelerometry

We extracted metrics of sleep from accelerometry data with an algorithm that we had
previously developed and validated for use in measuring sleep behavior in baboons (Loftus et al.,
2022). In the validation study, the algorithm exhibited an accuracy of 80.7% in differentiating the
sleep vs. waking behavior of wild baboons (Loftus et al., 2022). The algorithm, which is adapted from
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a method of classifying sleep behavior and determining the sleep period in humans from wearable
devices (van Hees et al., 2015, 2018), first identifies the sleep period, by connecting periods of
sustained inactivity that occur within short succession of each other. For each noon-to-noon period,
we took the rolling median of an individual’s log VeDBA over a nine-minute window, and classified
minutes as potential sleep epochs when the rolling median of the log VeDBA was less than the 10%"
percentile of these values during this 24-hour period multiplied by 1.125. Continuous blocks of
potential sleep epochs that were individually greater than 30 minutes in duration but less than 45
minutes apart from each other were then combined into potential sleep periods. The longest potential
sleep period during the noon-to-noon period was then identified as the sleep period. Both within and
outside of the algorithmically determined sleep period, we classified epochs as sleep behavior if they
occurred within bouts of at least three consecutive epochs in which the log VeDBA remained below
the 10" percentile of the rolling median of the log VeDBA during the 24-hour period multiplied by
1.125. This procedure identified the sleep period for 1627 baboon-nights of data.

After classifying sleep behavior and identifying the sleep period, we calculated total time
spent sleeping, sleep efficiency, and sleep fragmentation. Typically, total time spent sleeping would
be calculated as the total number of epochs of sleep within the sleep period. However, individuals’
extended periods of activity during the night truncated their sleep period dramatically on several
nights of the study period, resulting in a heavily skewed distribution of the total number of epochs of
sleep within the sleep period (Fig. S3.4). We therefore chose to measure total time spent sleeping as
the total number of epochs of sleep between the median arrival time at the sleep site and the median
departure time from the sleep site the following morning, as using standardized times across nights
and individuals eliminated heavy skew in the distribution. An individual’s sleep site arrival time was
the first time after 12:00 on which it entered a 200 m radius of its mean nighttime (20:00 — 04:00)
location, and an individual’s sleep site departure time the following day was the first time that an
individual left the same 200 m radius of the mean nighttime location. If an individual never left the
200 m radius of its previous nighttime location on a given day, then the departure time was set to

12:00 (5 departure times were assigned this way, of the 1617 departure times that were assigned).
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Across all individuals and all nights, the median arrival time at the sleep site was 17:30, while the
median departure time was 08:30.

We calculated sleep efficiency as the proportion of epochs during the sleep period that are
classified as sleep, and sleep fragmentation as the number of distinct wake bouts during the sleep
period that were greater than or equal to two minutes in duration, divided by the total number of hours
of sleep during the sleep period, following (Samson & Nunn, 2015). These sleep metrics were not
sensitive to skew in the sleep period duration or total number of epochs of sleep during the sleep
period, and so we did not have to limit their calculation to standardized time periods.

We used the minute-by-minute classification of sleep behavior to evaluate temporal
coordination in the periods of sleep and waking between study individuals while at the sleep site. On
each night and for each dyad of individuals, we calculated a temporal coordination score as the
number of minutes in which individuals exhibited the same behavior (either sleep or waking) divided
by the total number of minutes in which we had accelerometry data (and thus, sleep behavior data) for
both individuals. These calculations were limited to the period between the median time of arrival at
the sleep site (17:30) and the median time of departure from the sleep site (08:30; medians calculated
across all individuals for the study period).

Prior to analysis, we removed all sleep data (both minute-by-minute and nightly measures) on
nights during which the accelerometer units frequently failed to collect data, as incomplete data may
bias the threshold value used for sleep classification on these nights. Specifically, we removed data
from noon-to-noon periods missing at least 120 (8.3%) accelerometry bursts. This data cleaning
resulted in the removal of nine nights of data, leaving a total of 1618 baboon-nights of sleep data.
Determining the response distance

To understand how the social dynamics within the sleep site affected inter-group relations, we
analyzed the influence that sharing a sleep site with a neighboring group had on the quantity and
nature of interactions with that group the following day, as well as the broader encounters between
study groups over the full study period. However, prior to these analyses, we had to define an inter-
group encounter. As opposed to estimating, somewhat arbitrarily, a distance between groups at which
we would consider them to have engaged in an encounter, we chose to define this distance directly
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from the empirical data, as the distance at which groups respond to each other’s presence. To
determine the distance at which groups respond to each other’s presence, we established candidate
response distance intervals from 0 to 7000 m, with each distance interval spanning 100 m (i.e. [0,
100), [100, 200), [200, 300), ..., [6900, 7000)). For each distance interval, we extracted the total
number of instances in the empirical data in which the distance between two groups (i.e. dyadic
distance) fell within that distance interval (Fig. S3.3, red points). We then repeated this procedure
1000 times, but instead of extracting the number of instances within each distance interval from the
empirical data, we extracted this metric from a new time-shifted dataset for each repetition. In each
time-shifted dataset, each individual’s time series of locations had been independently shifted by a
random number of days, such that study animals maintained their true trajectories, but trajectories
were shifted in time with respect to one another. These time-shifted datasets produced a null
distribution for each distance interval of the total number of instances in which groups were separated
by a distance within that interval (Fig. S3.3, semi-transparent black points) while controlling for
mutual attraction to resources and maintaining the spatio-temporal autocorrelation inherent to the data
(Havmaller et al., 2021).

We then compared the empirical values in each distance interval to the null distribution
within the same distance interval to determine at which distances groups’ co-occurrence deviated
from that expected by chance. We considered the maximum distance at which baboon groups respond
to each other, and thus, the encounter distance threshold for our analyses, to be the lower bound of the
first distance interval, starting from 0, in which the empirical value fell between the 5" and 95™
percentile (Fig. S3.3, blue bars). Using this method, we found the response distance to be 600 m.

When shifting the data in time, we took measures to ensure that the null distributions were
unbiased. First, we applied all shifts within 30-day segments of data, so that no trajectories could be
compared to the trajectories of other individuals that were more than 30 days apart, as ephemeral
resources may become variable at this time scale. Secondly, we only extracted metrics that
contributed to the empirical values and the null distributions from 30-day segments of an individual’s
data when the individual had a complete dataset for those 30 days (i.e. never an entire day, or more, of
data missing within the segment).
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We removed the data from Pa_LI_TH and Pa_Al_WG for this analysis, as these data were
redundant with the data from their respective group-mates, who each had a longer duration of data
collection than the individuals excluded. We also limited this analysis to the period between 09:00
and 17:00 (30 minutes after and before the median time at which groups depart from and arrive at
their sleep sites, respectively), as data collected during the night did not inform how baboons
responded to neighboring groups, seeing that groups were predominantly stationary while inhabiting
their sleep site (Isbell et al., 2017).

Encounter analysis

We explored how groups responded when they encountered one another by analyzing
animations of each inter-group encounter in Google Earth Pro v. 7.3.4.8248. To extract distinct inter-
group encounters for visualization, we first calculated the Euclidean distance between every dyad of
individuals at each 15-minute interval throughout the study. We defined dyadic inter-group
encounters as periods when any member of a group was within the response distance (i.e. the distance
at which groups typically react to the presence of another group) to a member of another group. We
determined this response distance—identified as the maximum distance at which baboon groups’
movements with respect to each other deviated from that expected by random chance—to be 600 m
(Fig. S3.3, see Determining the response distance for further details). We extracted distinct
encounters by combining any encounters that involved the same group dyad and that were separated
by 60 minutes or less. For each distinct encounter, we recorded all instances of: 1) both groups
moving cohesively together, similar to how two group-mates would move (cohesive movement), 2)
both groups sleeping at the same sleep site (co-sleeping), 3) one group consistently orienting its
motion towards the other group (following/pursuing), 4) one group consistently orienting its motion
away from the other group (avoiding), 5) one group moving to the position where the other group is
located, followed by the other group moving away (displacing), 6) one group re-orienting away from
sleep site that the other group has inhabited (avoiding sleep site), 7) one group moving to the sleep
site where the other group is located, followed by the other group leaving the sleep site (displacing
from sleep site), and 8) the groups apparently moving with complete indifference to one another.
Although group encounters were extracted using data from all study individuals, and the locations of
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all collared individuals were visualized in the animations, encounters were only scored at the group
dyad level, as collared group-mates exhibited the same general behaviors during encounters.

For this analysis, we defined the sleep site as the location in the animation where the group
took refuge for the duration of the night, and any encounter that involved sharing a sleep site,
avoidance at a sleep site, or displacement from a sleep site was considered to occur at least partially at
a sleep site.

Movement path and sleep site permutations

We performed a movement path permutation procedure to assess how the relationships
between the locations and trajectories of neighboring groups compared to that expected by random
chance. We first measured the mean dyadic distance across all group dyads for the study duration, as
well as the proportion of all dyadic distances calculated between all groups that were within the
response distance (600 m; see Determining response distance). We then subset the data to only those
instances in which a group dyad was engaged in an encounter (i.e. within the response threshold) and
calculated, for the groups engaged in the encounter, 1) the mean distance between the groups, 2) the
mean difference between the movement headings of the groups, 3) the mean difference between the
step lengths (movement velocities) of the groups, and 4) the mean distance between the groups’
movement trajectories, as determined by dynamic time warping (the total dynamic time warping
distance, divided by the number of fixes in the movement trajectories; Bellman & Kalaba, 1959). We
compared each of these measures, calculated from the empirical data, to 1000 respective measures,
each calculated from a different permutation of the movement trajectories over the study period.

We used a similar time-shifting procedure as that described above (see Determining the
response distance), in which we applied a random time-shift of a multiple of 15 minutes (the GPS
sampling rate) to each individual’s trajectory to produce datasets of permuted movement trajectories.
As in the determination of the response distance, we applied time shifts to 30-day segments of data,
and only extracted empirical and permuted metrics from 30-day segments of individuals’ data that
contained no full days of missing GPS data. Because this analysis was also performed at the group-
level, we removed data from Pa_LI_TH and Pa_Al_WG prior to the calculation of metrics of interest
in the empirical and permuted datasets. We again limited data for this analysis to the period between
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09:00 and 17:00, to understand how groups influence each other’s movements during the day,
independent of how they may influence each other’s choice of sleep site.

After finding that groups showed non-random attractions to each other over the full study
period (Fig. 3.3, main text), we aimed to isolate whether these patterns resulted from attractions across
the full study period or whether they resulted specifically from attractions that occur on the day after
two groups spent the night at the same sleep site. We therefore repeated the time-shifting procedure
with the same restrictions, shifting each individual’s trajectory by a random number of days (again,
within 30-day segments) for each of 1000 permuted datasets. For the empirical dataset and each
permuted dataset, we separated the data into days on which group dyads had slept at the same sleep
site the prior night and days on which group dyads slept at separate sleep sites the prior night. We
then compared the mean dyadic distance following nights of group co-sleeping in the empirical data
to that in the permuted data, and the mean dyadic distance following nights without group co-sleeping
in the empirical data to that in the permuted data.

To understand whether groups influence each other’s sleep site choices, we again compared
empirical data to a null distribution produced from a permutation of the data. We determined where
each group slept on each night (see Home range analysis and sleep site identification in main text)
and measured the proportion of all dyad-nights in which two groups slept at the same sleep site. We
compared this empirical proportion to a null distribution generated by calculating the same proportion
from each of 1000 permuted datasets. We produced each permuted dataset by applying a random shift
to the time-series of each group’s sleep occupancy. As in the permutation procedures described above,
we applied shifts to 30-day segments of data. Although we did not expect the sleep sites themselves to
change markedly over larger time periods, the location of food resources, which are more likely to
vary beyond this time scale, can influence the choice of sleep site (Chapman et al., 1989).

We used a permutation approach to analyze inter-group relationships, because apparent
interdependencies in the movement and space use decisions of neighboring groups can potentially
arise by chance. These spurious correlations between the movements of neighboring groups can result
from shared, yet unmeasured environmental features, such as the location of food resources or barriers
in the landscape, driving the movement choices of each group independently, while producing similar
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decision outcomes (Spiegel et al., 2016). The permutation procedure allowed us to create a null
distribution that controlled for the influence of the shared physical environment on the movements of
neighboring groups.

Tables and Figures

Individual Group Start date of data collection End date of data collection
ID ID
Pa_Al_WG Al 2014-01-19 2014-10-10
Pa_Al_YK Al 2014-01-19 2015-01-15
Pa_LI_LU LI 2014-01-15 2014-06-29
Pa_LI_TH LI 2014-01-15 2014-06-08*
Pa_MG_SH MG 2014-01-23 2015-01-08
Pa_ST_MS ST 2014-01-16 2015-01-27

Table S3.1. Individual metadata. The table contains the identity of each baboon that was captured and collared
with a GPS/accelerometry tag as part of this study, in addition to the group to which each individual belonged,
and the start and end date of data collection from their collars (both accelerometry and GPS). The asterisk
denotes that although Pa_LI TH’s collar continued to collect data until her death on 2014-06-08, we removed
data collected by her collar after 2014-05-27 from the analysis, because after this date, her behavior became
highly anomalous, likely as a result of her worsening condition that led to her death. She most likely became too

ill to climb into a tree to sleep, and was eventually killed by a GPS-collared leopard on a small kopje during the

night (Isbell et al., 2018).

Al LI MG ST

Al = 0.063 0.007 0.156
LI 0.114 - 0.255 0.526
MG 0.018 0.369 - 0.002
ST 0.294 0.551 0.001 -

Table S3.2. Proportion of home range overlap between the study groups. If the row index is represented by i,
and the column index is represented by j, then the proportion of home range overlap between animals i and j is

equal to the area of intersection of the two home ranges divided by the area of animal i’s home range.

Al LI MG ST
Al = 0.062 0.015 0.245
LI = = 0.350 0.588
MG = = 0.072
ST = = = =
Table S3.3. Bhattacharyya’s affinity between the home ranges of the study groups. Bhattacharyya’s affinity is

essentially a measure of the joint probability distribution of both animals’ utilization distribution (UD), thus

giving the probability of both animals occupying the area of home range overlap (Fieberg & Kochanny, 2005).
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Bhattacharyya’s affinity is calculated as ffooo ffooo JUD;(x,y) x JUD;(x, y) dxdy, where UD; and UD; are the

utilization distributions for animals i and j, respectively, and x and y are spatial coordinates. We note that
although some group dyads have low overlap in their utilization distributions, as indicated by Bhattacharyya’s
affinity, all dyads have non-zero Bhattacharyya’s affinities, and thus, could potentially encounter each other
based strictly upon the spatial arrangements of their home ranges. We therefore included all group dyads in the

analyses.
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Figure S3.1. Results from the movement trajectory permutation procedure in which data from days following
nights of sleeping with another group and data from days following nights sleeping as a lone group were
analyzed separately. Comparison of the empirical mean dyadic distances between groups (vertical red lines) to
the 2.5 and 97.5 percentiles (vertical black dotted lines) of the corresponding null distributions (black
distribution lines) reveals that groups showed significantly lower dyadic distances than expected by chance after
they slept at the same site (A; Fisher’s exact test: p < 0.0001), but not after sleeping at separate sites (B; Fisher’s
exact test: p = 0.253). These results suggest that the overall non-random attractions between groups during the
study period (Fig. 3.3, main text) can be directly attributed to deviations from expected behavior after two

groups spent the night at the same sleep site.
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Figure S3.2. Results from the sleep site permutation procedure. Comparison of the empirical probability of two
groups sleeping at the same sleep site (vertical red line) to the 2.5 and 97.5 percentiles (vertical black dotted
lines) of the corresponding null distribution (black distribution line) shows that groups slept at the same sleep
site with a frequency expected by chance (Fisher’s exact test: p = 0.291), indicating that baboon groups did not
avoid or prefer sleep sites that were occupied by neighboring groups when choosing where to settle down for the

night.
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Figure S3.3. Results of the response distance analysis, indicating that baboon groups respond to each other’s
presence at distances of up to 600 meters. At each 100-meter interval, the number of instances in which the

dyadic distance between study groups fell within this distance interval is plotted with a semi-transparent black
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point for each of 1000 permutations of the movement trajectories. The 5" and 95™ percentile of the null
distribution at each distance interval is marked with a blue bar. The empirical number of instances in which the
dyadic distance between study groups fell into each distance interval is marked with red points. Points are
plotted at the upper bound of the distance interval to which they correspond (i.e. points plotted at distance
interval 100 correspond to the distance interval [0, 100)). Because the [600, 700) distance interval is the first
interval (when ascending from zero) in which the empirical value falls within the 51" and 95" percentile of the
corresponding null distribution, we determined that baboon groups detect and respond to neighboring groups at

up to 600 meters, indicated here with a black dashed line.
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Figure S3.4. Histogram of the total number of sleep epochs during the sleep period, with the sleep period
identified using a modification of the algorithm presented in (van Hees et al., 2018). Because of the large skew
in the distribution of this measure, we chose to instead measure total sleep time as the total number of sleep
epochs between the median time that individuals arrived at their sleep site (17:30) and the median time that

individuals departed from their sleep site the following day (08:30).

Model output tables and posterior predictive checks

Ola eep € d e eep e anadaralzead
Predictors Estimates Cl (90%)
Intercept -0.11 -1.06 — 0.87
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Group dyad sleeping at same site |

-0.52

-0.67 —-0.37

Random Effects

o° 0.66
T00 group 0.83
T00 group:tag 0.48
T00 night 0.03
T00 sleep_clus 0.35
ICC 0.72
N sleep_clus 24

N group 4

N tag 6

N night 377
Observations 1611
Marginal R?/ Conditional R? 0.019/0.372

Table S3.4. Model output table of the model of total sleep time between the median sleep site arrival time and

median sleep site departure time. The response variable (total sleep time) is standardized.

Yrep

Figure S3.5. Posterior predictive check of the model of total sleep time between the median sleep site arrival

time and median sleep site departure time. The response variable (total sleep time) is standardized.

00-00ads O eep e e anaaralzed
Predictors Estimates Cl (90%)
Intercept 0.05 -0.75-0.75
Group dyad sleeping at same site -0.20 -0.35 - -0.04
Random Effects
c? 0.77
T00 group 0.44
T00 group:tag 0.34
T00 night 0.03
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T00 sleep_clus

0.06

ICC 0.53

N sleep_clus 24

N group 4

N tag 6

N night 377
Observations 1611
Marginal R?/ Conditional R? 0.003/0.236

Table S3.5. Model output table of the model of the log-odds of the sleep efficiency during the sleep period. The

response variable (log-odds of the sleep efficiency) is standardized.

Yeep

Figure S3.6. Posterior predictive check of the model of the log-odds of the sleep efficiency during the sleep

period. The response variable (log-odds of the sleep efficiency) is standardized.

eep a( e allo alnaarailzed
Predictors Estimates Cl (90%)
Intercept 0.06 -0.73-0.83
Group dyad sleeping at same site 0.20 0.05-0.35
Random Effects
c? 0.77
T00 group 0.55
T00 group:tag 0.22
T00 night 0.01
T00 sleep_clus 0.13
ICC 0.54
N sleep_clus 24
N group 4
N tag 6
N night 377
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Observations 1611
Marginal R?/ Conditional R? 0.003/0.236
Table S3.6. Model output table of the model of the sleep fragmentation during the sleep period. The response

variable (sleep fragmentation) is standardized.

Yrep

Figure S3.7. Posterior predictive check of the model of the sleep fragmentation during the sleep period. The

response variable (sleep fragmentation) is standardized.

empora eep coorainatio ore (Standardadizead
Predictors Estimates Cl (90%)
Intercept 0.02 -0.45-0.49
Group dyad sleeping at same site 0.18 0.00 - 0.37
Random Effects
c? 0.90
T00 dyad_name 0.01
T00 tag_a 0.20
T00 tag b 0.13
ICC 0.27
N tag_a 5
N tag_b 5
N dyad_name 13
Observations 2621
Marginal R?/ Conditional R? 0.001/0.098

Table S3.7. Model output table of the model of the temporal sleep coordination score between the median sleep
site arrival time and median sleep site departure time. The response variable (temporal sleep coordination score)

is standardized.
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Yrep

Figure S3.8. Posterior predictive check of the model of the temporal sleep coordination score between the

median sleep site arrival time and median sleep site departure time. The response variable (temporal sleep

coordination score) is standardized.

Predictors Log-Odds Cl (90%)
Intercept -2.64 -5.44 - 0.48
Group dyad coslept night before 2.84 2.25 - 3.47
Random Effects

o° 3.29

T00 dy name 6.08

T00 groupl 4.15

T00 group2 2.38

ICC 0.79

N groupl 3

N group2 3

N dy_name 6

Observations 1456

Marginal R?/ Conditional R? 0.080/0.252

Table S3.8. Model output table of the model of the occurrence of an intergroup interaction during the day.
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1.00

Figure S3.9. Posterior predictive check of the model of the occurrence of an intergroup interaction during the

day.

Occurrence of cohesive movement during intergroup

encounter (binary)

Predictors Log-Odds ClI (90%)
Intercept -1.74 -4.19-0.39
Group dyad coslept night 1.60 0.82-241
before

Random Effects

o’ 3.29

T00 dy name 1.10

T00 groupl 1.99

T00 group2 1.72

ICC 0.59

N groupl 3

N group2 3

N dy_name 5

Observations 115

Marginal R?/ Conditional R? | 0.077 / 0.164

Table S3.9. Model output table of the model of the occurrence of extended cohesive movements, given that an

encountered occurred.
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Figure S3.10. Posterior predictive check of the model of the occurrence of extended cohesive movements, given

that an encountered occurred.
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Conclusion

By investigating sleep in the environment in which it evolved, my dissertation research
demonstrates that, despite the critical functions of sleep in maintaining health and survival, sacrificing
sleep when in risky environments or when presented with opportunities to develop and maintain
social bonds—not only with group-mates but also with individuals from neighboring social groups—
may represent an essential adaptation for wild animals. These sleep sacrifices may have important
consequences not only for the fitness of an individual, but also for the collective dynamics of a social
group and even the social organization of an entire population.

My research reveals the trade-offs that animals face across levels of biological organization
when fulfilling their physiological sleep requirement in the wild, and sheds light on the strategies with
which they navigate these trade-offs. At the individual level, animals sacrifice investment in sleep
when in less familiar—and thus, potentially riskier—Ilocations, regardless of their recent history of
sleep and physical exertion (Chapter 1). Within a group, the sleep patterns of individuals both
influence and are influenced by the sleep patterns of their group-mates—particularly, socially
affiliated group-mates—which causes social disruptions of sleep that decrease sleep quality (Chapters
1 and 2). While socially central individuals disproportionately bear the consequences of these
collective dynamics, their loss of sleep may actually reflect a prioritization of investing in the social
bonds that are crucial to their fitness (Chapter 2). At the population level, interactions between the
members of distinct social groups that occur while sharing a sleep site catalyze tolerant relationships
between neighboring groups, but do so at the cost of sleep quality within the shared refuge (Chapter
3). Thus, my dissertation research exposes fundamental interdependencies between an animal’s
behavioral ecology and its sleep physiology that persist across scales of biological organization.

By demonstrating that complex and dynamic pressures inherent to ecologically and socially
relevant contexts play a central role in shaping sleep behavior, my dissertation highlights the
importance of studying sleep in the wild. Studies of sleep in the laboratory have emphasized the
importance of fulfilling a physiological sleep imperative to reap the benefits that sleep provides

(Kitamura et al., 2016). However, the chapters of this dissertation suggest that “sleep need” may be a
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flexible concept: the risks and opportunity costs associated with sleep in the wild may be just as
important as its benefits in driving variation in sleep patterns.

Further investigation of sleep in ecologically and socially relevant contexts will dramatically
improve our understanding of one of the most universal animal behaviors. My dissertation research
reveals the trade-offs that wild animals face when investing in sleep. However, understanding the
fitness consequences of the strategies with which animals navigate these trade-offs is essential to
understanding the role of such trade-offs in shaping the evolutionary trajectory of sleep, as well as its
manifestation and variation in the natural world today. How does increased vigilance during the night
actually influence the probability of succumbing to predation in unfamiliar habitats? To what extent
do animals interact with group-mates during periods of collective wakefulness, and what is the
marginal influence of these social interactions on their survival, reproductive output, and the survival
of their offspring? How do animals benefit from interacting with individuals in other groups or from
tolerant relationships with these groups? What are the physiological costs of sleep sacrifices and how
do they affect fitness? When can sleep not be sacrificed? The data to explore these crucial next steps
may already exist in the multitudes of accelerometry datasets that have been amassed in recent years
(Watanabe & Rutz, 2022). Leveraging the tools that | have developed as part of my dissertation
research to realize the untapped potential of these existing datasets—as well as those yet to come—
could answer these pressing questions, and in doing so, unravel one of biology’s greatest mysteries:
the evolutionary origin of sleep.

I introduced this dissertation with an account of our own sleep, highlighting that one in three
Americans are sleep deprived, and that this deprivation largely arises from the intentional sacrifice of
sleep in favor of commitments that require our waking attention (Murphy & Delanty, 2007; Sheehan
et al., 2019). My findings reveal that the competing demands on our time that lead to sleep
deprivation are not unique to modern, industrialized societies. On the contrary, we have likely
grappled with these trade-offs throughout our evolutionary history. As our earliest hominin ancestors
moved into their new niche in the expanding savannahs, they likely faced many of the same pressures
as those faced by modern baboons (Brain, 1970, 1983; Cerling et al., 2011; Isbell et al., 2018). Thus,
they too may have sacrificed sleep to remain vigilant against the diverse and abundant carnivore
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megafauna that dominated the early savannahs (Treves & Palmqvist, 2007; Werdelin & Lewis, 2005).
They also may have interacted with conspecifics when congregating at shared sleep refuges (Aureli et
al., 2008; Willems & van Schaik, 2017), and done so at the cost of sleep. These ecological and social
environments of sleep may have further transformed over time, as hominins gained control of fire and
began sleeping on the ground (Coolidge & Wynn, 2006; Nunn et al., 2016; Samson & Nunn, 2015).
With the transformation of the sleep environment, the pressures within it may have increasingly
presented opportunity costs of sleep, tipping the balance between the costs and benefits of investing in
sleep. Accordingly, natural selection may have favored the particularly short and intense sleep that
modern humans exhibit today (Nunn et al., 2016; Nunn & Samson, 2018; Samson & Nunn, 2015).
Thus, understanding how we sleep today and how our sleep will continue to evolve into the future—
as we face new demands on our time and new sleep trade-offs—may involve looking to the
environment in which sleep evolved, where its adaptive value reflects the complex trade-offs that

have shaped its evolution.
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