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Their [Tibetan macaques’] flat, broad,
bearded faces provide perhaps the most
humanlike countenance I have ever seen in
a monkey. . . . Apart from chimpanzees, I
had never seen primate males so intensely
involved with each other. In chimpanzees,
too, males are at the same time rivals and
friends, and I would argue the same for
human males.
—Frans de Waal, The Ape and the Sushi
Master (2001)



Foreword

Mystery surrounded Tibetan macaques for a long time, even for experts. The species
was not identified until the last third of the nineteenth century, and nothing more than
its geographic distribution and external characters were known for the next hundred
years. It was long referred to as Père David’s macaque, a rather odd name in
reference to the French missionary and naturalist Father Armand David, who first
collected the species. Moreover, the current name, Tibetan macaque, is misleading
since the species is typically found in east-central China and not within the bound-
aries of Tibet. This is due to the fact that Père David initially located the species at a
place close to the Sino-Tibetan border of his time.

We had to wait until the 1980s to see Mount Emei and Mount Huangshan come to
light on the primatology map. This is where Qikun Zhao and Ziyun Deng from the
Kunming Institute of Zoology and Qishan Wang and Jinhua Li from Anhui Univer-
sity began to study the behavior and life history of Tibetan macaques, definitively
adding a new dimension to the macaque landscape. I still have the reprints of their
publications in my bibliography, some written in Chinese. The works of Hideshi
Ogawa, Carol Berman, and a new generation of primatologists soon followed. Now
appears this multi-authored volume entirely devoted to the Tibetan macaque. This
combined effort of two dozen scientists to review 40 years of research and present
new findings about a single species should be viewed as a celebration of the species.
It frees Tibetan macaques from the purgatory of scientific papers scattered across
various journals and collections to join the small club of primate species that are
honored with this attention. Many people would consider that brown monkeys like
Tibetan macaques all look similar. Although they do not have the immediate visual
appeal of more brightly colored primates, brown monkeys have different but equally
attractive assets. With their fiery gaze and prominent beards, Tibetan macaques are
no exception, and their adaptations and behaviors attract a great deal of research
interest.

As scientists we are expected to test hypotheses and theories. Some of the
contributors to this book do so, addressing broad issues such as cooperative strate-
gies, social dynamics, collective decisions, feeding ecology, and pathogen transmis-
sion. They use Tibetan macaques as a model to investigate mainstream research
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questions in the field of behavioral ecology and evolution. Every animal species has
its singularities, however, and deserves to be studied for itself. This is why other
contributors seek to identify what makes Tibetan macaques special, investigating
patterns such as social play, call types, or the fascinating “bridging” interactions in
which infants play a role as buffers to reduce tension between adults. Science
generally values the testing of general theories more than the humble seeking of
what gives a species its own touch. In the end, however, both of these approaches are
necessary. Years ago, I was struggling to rank the different species of macaque
according to their levels of social tolerance. Quantitative measures were available in
a limited number of species and I had to rely on qualitative data for others. I
remember asking Qikun Zhao about the behaviors particular to Tibetan macaques
at a conference held in Japan in 1996. I was trying to guess their social style, i.e.,
their own touch. This resulted in a tentative scaling of macaque species which would
later be amended when quantitative data became available in Tibetan macaques. It
should be emphasized that the story is far from over. As discussed in the book, why
and to what extent the different behavioral traits constituting social styles may
covary during the evolutionary process still remains to be elucidated. I am delighted
to see how the study of the particular meets the general by yielding new perspectives
and hypotheses to be tested.

As the editors point out, this book should not be considered an end, but rather a
beginning. This highlighting of research into Tibetan macaques has the potential to
strengthen Chinese primatology and favor its development at the national and
international level. It may in turn help the Tibetan macaques. Like other species of
non-human primates, their populations are threatened by the loss and fragmentation
of their habitat. Admiring, knowledge, and conservation should go hand in hand to
save the future of this unique species.

University of Strasbourg, Strasbourg
France

Bernard Thierry

The original version of the book frontmatter was revised: For detailed information please see
Correction. The correction to the book frontmatter is available at https://doi.org/10.1007/978-3-
030-27920-2_15
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Preface

This book is mainly based on research papers presented in a spirited international
primatology symposium held in the scenic area of Mt. Huangshan, China, in the
summer of 2017. The chapters were grouped into five logical parts. Part I consists of
a single chapter, which offers a brief introduction to recent developments in Chinese
primatology and a short history of research on the primates of China in general and
the Tibetan macaque in particular.

Part II contains seven chapters (Chaps. 2–8) focusing on social behavior and
social dynamics in Tibetan macaques. In Chap. 2, Jin-Hua Li and Peter M. Kappeler
provide a comprehensive review of three decades of field research in Tibetan
macaques at the Valley of Monkeys, highlighting the significance of this species
as a model for understanding broader questions in primate behavior and evolution.
Lixing Sun, Dong-Po Xia, and Jin-Hua Li follow up in Chap. 3 by introducing a new
way to analyze the dynamics of macaque social hierarchy from a social mobility
perspective with new insights unveiled through comparing Tibetan macaques with
Japanese macaques. In Chap. 4, Dong-Po Xia, Paul A. Garber, Cédric Sueur, and
Jin-Hua Li look into the internal behavioral mechanisms promoting group stability in
Tibetan macaque from a behavioral exchange and biological market point of view. In
Chap. 5, Xi Wang, Claudia Fichtel, Lixing Sun, and Jin-Hua Li investigate how
Tibetan macaques make collective decisions during group movements. In Chap. 6,
Jessica A. Mayhew, Jake A. Funkhouser, and Kaitlin R. Wright explore the signif-
icance of play behavior in the development of social cognition in juvenile Tibetan
macaques. This chapter is followed by Sofia K. Blue’s analysis of vocal communi-
cation in Chap. 7, which generates insights from comparing Tibetan macaques with
other macaque species. In Chap. 8, Krishna N. Balasubramaniam, Hideshi Ogawa,
Jin-Hua Li, Consuel Ionica, and Carol M. Berman offer a comprehensive review of
Tibetan macaque’s social structure, with insights from their previous work on social
styles, comparative studies with other macaque species, and male–male social
tolerance.

Part III contains two highly focused studies about ritualized behavior of Tibetan
macaques with the implication about how culture evolves. In Chap. 9, Grant
J. Clifton, Lori K. Sheeran, R. Steven Wagner, Jake A. Funkhouser, and Jin-Hua
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Li examine how infants are used for the regularly observed behavior of bridging
between adult females. This is further pursued in Chap. 10, where Hideshi Ogawa
compares bridging behavior in two populations of Macaca assamensis, which are
then compared with Tibetan macaques to explore the evolutionary origins of this
highly ritualized behavior.

Part IV is composed of four chapters, focusing on how Tibetan macaques live
with microbes, parasites, and diseases. In Chap. 11, Binghua Sun, Michael
A. Huffman, and Jin-Hua Li take us into the microbial world inside the gut of
Tibetan macaques and show how microbes adapt to the social behavior of the
species. Then, Michael A. Huffman, Binghua Sun, and Jin-Hua Li present data in
Chap. 12 to test the hypothesis that the diet of Tibetan macaques may incorporate
self-medicative aspects to better survive in their environment, a proposition that has
never been examined in this species before. Broadening the scope in Chap. 13,
Krishna N. Balasubramaniam, Cédric Sueur, Michael A. Huffman, and Andrew J. J.
MacIntosh review previous work on infectious agents at human–macaque interfaces
and offer several key future directions for research in this area.

Many recent discoveries in primatology involve technological advancements in
research, which is the content of Part V. In a single chapter (Chap. 14), Yong Zhu
and Paul A. Garber explore the great potential of the high field MRI technology in
the study of primate behavior and cognition. While promising, this new imaging
technology has several obvious limitations at present.

All in all, the contributors of this volume examine a broad range of topics about
the behavioral ecology of the Tibetan macaque. Although data are still far from
adequate and some conclusions are tentative, we hope this volume will help remove
the Tibetan macaque from the list of little known primate species. We expect that the
information presented here can stimulate further comparative study of behavioral,
ecological, and evolutionary questions about macaques and other primates and hope
that this contribution will facilitate the integration of Chinese primatology into the
mainstream field.

Hefei, Anhui, China Jin-Hua Li
Ellensburg, WA, USA Lixing Sun
Göttingen, Germany Peter M. Kappeler

x Preface



Acknowledgments

This volume is based mainly on the research papers presented during the 2017
International Primatological Symposium at Mt. Huangshan, China. The National
Natural Science Foundation of China sponsored the meeting and also provided
funding to support open access publication of this volume, as well as the publishing
fund of Hefei Normal University. Hefei Normal University also provided a fund to
defray the cost of publication including book purchase. We are grateful to all the
contributors for sharing their work, without which the timely publication of this
volume would have been impossible.

All the chapters in the volume were peer reviewed and benefited from the sharp
comments and constructive suggestions by colleagues who generously donated their
time and offered professional help. We are particularly thankful for the following
external reviewers: Filippo Aureli, Louise Barrett, Fred Bercovitch, Marco Gamba,
Andrew King, Daoying Lan, Bonaventura Majolo, Nadine Müller, Charles Nunn,
Paula Pebsworth, Odile Petit, Gabriele Schino, Masaki Shimada, Wencheng Song,
Bernhard Thierry, Kazuo Wada, Qi Wu, and Hongyi Yang. We also thank Rose
Amrhein who offered language help for most of the chapters. We are lucky to have
Srinivasan Manavalan as our in-house editor who oversaw the book project from the
beginning to the end and answered all of our questions and inquiries throughout the
process.

April 2019 Jin-Hua Li
Lixing Sun

Peter M. Kappeler

xi



Contents

Part I Introduction

1 Recent Developments in Primatology and Their Relevance
to the Study of Tibetan Macaques . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Lixing Sun, Jin-Hua Li, Cédric Sueur, Paul A. Garber,
Claudia Fichtel, and Peter M. Kappeler

Part II Social Behavior and Dynamics in Tibetan Macaques

2 Social and Life History Strategies of Tibetan Macaques
at Mt. Huangshan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Jin-Hua Li and Peter M. Kappeler

3 Size Matters in Primate Societies: How Social Mobility Relates
to Social Stability in Tibetan and Japanese Macaques . . . . . . . . . . . 47
Lixing Sun, Dong-Po Xia, and Jin-Hua Li

4 Behavioral Exchange and Interchange as Strategies to Facilitate
Social Relationships in Tibetan Macaques . . . . . . . . . . . . . . . . . . . . 61
Dong-Po Xia, Paul A. Garber, Cédric Sueur, and Jin-Hua Li

5 Social Relationships Impact Collective Decision-Making in Tibetan
Macaques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Xi Wang, Claudia Fichtel, Lixing Sun, and Jin-Hua Li

6 Considering Social Play in Primates: A Case Study in Juvenile
Tibetan Macaques (Macaca thibetana) . . . . . . . . . . . . . . . . . . . . . . . 93
Jessica A. Mayhew, Jake A. Funkhouser, and Kaitlin R. Wright

7 The Vocal Repertoire of Tibetan Macaques (Macaca thibetana)
and Congeneric Comparisons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Sofia K. Blue

xiii



8 Tibetan Macaque Social Style: Covariant and Quasi-independent
Evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Krishna N. Balasubramaniam, Hideshi Ogawa, Jin-Hua Li,
Consuel Ionica, and Carol M. Berman

Part III Evolution of Rituals: Insights from Bridging Behavior

9 Preliminary Observations of Female-Female Bridging Behavior
in Tibetan Macaques (Macaca thibetana) at Mt. Huangshan,
China . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
Grant J. Clifton, Lori K. Sheeran, R. Steven Wagner,
Jake A. Funkhouser, and Jin-Hua Li

10 Bridging Behavior and Male-Infant Interactions in Macaca thibetana
and M. assamensis: Insight into the Evolution of Social Behavior
in the sinica Species-Group of Macaques . . . . . . . . . . . . . . . . . . . . . 189
Hideshi Ogawa

Part IV Living with Microbes, Parasites, and Diseases

11 The Gut Microbiome of Tibetan Macaques: Composition,
Influencing Factors and Function in Feeding Ecology . . . . . . . . . . . 207
Binghua Sun, Michael A. Huffman, and Jin-Hua Li

12 Medicinal Properties in the Diet of Tibetan Macaques
at Mt. Huangshan: A Case for Self-Medication . . . . . . . . . . . . . . . . 223
Michael A. Huffman, Bing-Hua Sun, and Jin-Hua Li

13 Primate Infectious Disease Ecology: Insights and Future
Directions at the Human-Macaque Interface . . . . . . . . . . . . . . . . . . 249
Krishna N. Balasubramaniam, Cédric Sueur, Michael A. Huffman,
and Andrew J. J. MacIntosh

Part V Emerging Technologies in Primatology

14 MRI Technology for Behavioral and Cognitive Studies
in Macaques In Vivo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
Yong Zhu and Paul A. Garber

Correction to: The Behavioral Ecology of the Tibetan Macaque . . . . . . C1
Jin-Hua Li, Lixing Sun, and Peter M. Kappeler

xiv Contents



List of Contributors

Krishna Balasubramaniam Department of Population Health and Reproduction,
School of Veterinary Medicine, University of California at Davis, Davis, CA, USA

Carol M. Berman Department of Anthropology and Graduate Program in Evolu-
tion Ecology and Behavior, State University of New York at Buffalo, Buffalo, NY,
USA

Sofia K. Blue Primate Behavior and Ecology Program, Department of Anthropol-
ogy and Museum Studies, Central Washington University, Ellensburg, WA, USA

Grant J. Clifton Primate Behavior and Ecology Program, Central Washington
University, Ellensburg, WA, USA

Claudia Fichtel Behavioral Ecology and Sociobiology Unit, German Primate
Center, Leibniz Institute for Primate Research, Göttingen, Germany

Jake A. Funkhouser Primate Behavior and Ecology Program, Central Washington
University, Ellensburg, WA, USA
Department of Anthropology, Washington University in St. Louis, St. Louis, MO,
USA

Paul A. Garber Department of Anthropology, Program in Ecology, Evolution, and
Conservation Biology, University of Illinois, Urbana, IL, USA

Michael A. Huffman Primate Research Institute, Kyoto University, Kyoto, Japan

Consuel Ionica Biomedical Department, F. I. Rainer Anthropology Institute,
Romanian Academy, Bucureşti, Romania

Peter M. Kappeler Behavioral Ecology and Sociobiology Unit, German Primate
Center, Leibniz Institute for Primate Research, Göttingen, Germany
Department of Anthropology/Sociobiology, University of Göttingen, Göttingen,
Germany

xv



Jin-Hua Li School of Resources and Environmental Engineering, Anhui Univer-
sity, Hefei, Anhui, China
International Collaborative Research Center for Huangshan Biodiversity and
Tibetan Macaque Behavioral Ecology, Anhui, China
School of Life Sciences, Hefei Normal University, Hefei, Anhui, China

Andrew J. J. MacIntosh Kyoto University Primate Research Institute, Kyoto,
Japan

Jessica A. Mayhew Primate Behavior and Ecology Program, Department of
Anthropology and Museum Studies, Central Washington University, Ellensburg,
WA, USA

Hideshi Ogawa School of International Liberal Studies, Chukyo University,
Toyota, Japan

Lori K. Sheeran Primate Behavior and Ecology Program and Department of
Anthropology and Museum Studies, Central Washington University, Ellensburg,
WA, USA

Cédric Sueur Université de Strasbourg, CNRS, IPHC, UMR 7178, Strasbourg,
France

Binghua Sun School of Resources and Environmental Engineering, Anhui
University, Hefei, China

Lixing Sun Department of Biological Sciences, Primate Behavior and Ecology
Program, Central Washington University, Ellensburg, WA, USA

R. Steven Wagner Department of Biological Sciences, Central Washington
University, Ellensburg, WA, USA

Xi Wang School of Resources and Environmental Engineering, Anhui University,
Hefei, China
International Collaborative Research Center for Huangshan Biodiversity and
Tibetan Macaque Behavioral Ecology, Anhui, China

Kaitlin R. Wright Primate Behavior and Ecology Program, Central Washington
University, Ellensburg, WA, USA

Dong-Po Xia School of Life Sciences, Anhui University, Hefei, China
International Collaborative Research Center for Huangshan Biodiversity and
Tibetan Macaque Behavioral Ecology, Anhui, China

Yong Zhu High Magnetic Field Laboratory, Chinese Academy of Sciences, Hefei,
China
School of Life Sciences, Hefei Normal University, Hefei, Anhui, China

xvi List of Contributors



Part I
Introduction



Chapter 1
Recent Developments in Primatology
and Their Relevance to the Study of Tibetan
Macaques

Lixing Sun, Jin-Hua Li, Cédric Sueur, Paul A. Garber, Claudia Fichtel,
and Peter M. Kappeler

L. Sun (*)
Department of Biological Sciences, Primate Behavior and Ecology Program, Central
Washington University, Ellensburg, WA, USA
e-mail: Lixing@cwu.edu

J.-H. Li
School of Resources and Environmental Engineering, Anhui University, Hefei, Anhui, China

International Collaborative Research Center for Huangshan Biodiversity and Tibetan Macaque
Behavioral Ecology, Anhui, China

School of Life Sciences, Hefei Normal University, Hefei, Anhui, China
e-mail: jhli@ahu.edu.cn

C. Sueur
CNRS, IPHC, UMR, Université de Strasbourg, Strasbourg, France
e-mail: cedric.sueur@iphc.cnrs.fr

P. A. Garber
Department of Anthropology, Program in Ecology, Evolution, and Conservation Biology,
University of Illinois, Urbana, IL, USA
e-mail: p-garber@illinois.edu

C. Fichtel
Behavioral Ecology and Sociobiology Unit, German Primate Center, Leibniz Institute for
Primate Research, Göttingen, Germany
e-mail: Claudia.Fichtel@gwdg.de

P. M. Kappeler
Behavioral Ecology and Sociobiology Unit, German Primate Center, Leibniz Institute for
Primate Research, Göttingen, Germany

Department of Anthropology/Sociobiology, University of Göttingen, Göttingen, Germany
e-mail: pkappel@gwdg.de

© The Author(s) 2020
J.-H. Li et al. (eds.), The Behavioral Ecology of the Tibetan Macaque, Fascinating
Life Sciences, https://doi.org/10.1007/978-3-030-27920-2_1

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27920-2_1&domain=pdf
mailto:Lixing@cwu.edu
mailto:jhli@ahu.edu.cn
mailto:cedric.sueur@iphc.cnrs.fr
mailto:p-garber@illinois.edu
mailto:Claudia.Fichtel@gwdg.de
mailto:pkappel@gwdg.de


1.1 Recent Trends and Developments in Primatology

Given their shared evolutionary history with humans, nonhuman primates play an
exceptional role in the study of animal behavior, ecology, and evolution. This
close phylogenetic relationship has led scholars from a diverse set of disciplines
(e.g., biological and social sciences, notably psychology and anthropology) and
theoretical perspectives (e.g., kinship theory, multilevel selection, social interac-
tions, cultural traditions, competition, cooperation, innovation) to examine a broad
range of research topics and methodologies in primatology. It is hardly an exagger-
ation to say that primatology is an intellectual “melting pot” in the study of animals.

The integration of different disciplines into the science of primatology has led to a
major paradigm shift in the philosophy of science. Traditionally, scientists tended to
assume animals had limited agency and behavioral flexibility or were incapable of
engaging in complex forms of decision-making. They would be accused of commit-
ting a major scientific sin, namely, anthropomorphism, if they empathized with their
research subjects or thought animals share emotions, social strategies, or cognitive
abilities with humans (e.g., Masson and McCarthy 1996). Such a philosophical
standpoint has become increasingly tenuous, as recent evidence in many mammals,
especially nonhuman primates, have identified that they do indeed exhibit emotions,
empathy, behavioral strategies, social bonding, cognitive abilities, and, in some
instances, a moral sense of fairness (e.g., de Waal 1988, 2010; Kappeler and van
Schaik 2006; Kappeler and Silk 2009; van Schaik 2016). In light of these findings,
anthropomorphism and highlighting the behavioral and cognitive continuity
between humans and other mammals may provide a more parsimonious null
hypothesis than the alternative view, namely, that mammals in general and primates
in particular have limited ability to respond to changes in their social and ecological
environments (de Waal et al. 2006).

Primatologists have a keen and profound understanding that the sensations and
emotions of researchers, as well as their subjective experiences as primates, are an
essential variable in pursuing scientific questions. As in the case of quantum
mechanics, where measurements and the behavior of quanta are entwined no matter
what controls researchers place on the experiment, scientific objectivity in prima-
tology is accomplished by including their own sensations and emotions as critical
variables in research. We argue there exists no clear demarcation between being
overtly subjective and being prudently self-reflective, and therefore in the case of
primate research, we attempt to balance anthropomorphism without losing scientific
objectivity.

Accompanying this philosophical shift, broad comparative studies, grounded in
evolutionary, ecological, and behavioral perspectives, have led, in recent years, to
new and exciting discoveries focused on social strategies, problem-solving, and
cognitive abilities of nonhuman primates including complex social networks, coop-
eration between kin and nonkin, collective behavior, biological markets, behavioral
economics, and culture (Byrne and Whiten 1988; van Schaik et al. 1999; Byrne and
Bates 2007; Dufour et al. 2008; Sueur et al. 2010; Balasubramaniam et al.
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2011; Sussman and Garber 2011; Pasquaretta et al. 2014; Garber 2019). Using social
cognition as an example, major developments have been made in understanding
primate intelligence (Machiavelli intelligence), social development, personality,
empathy, theory of mind, trading, intuitive moral sense (particularly, fairness), and
others (Dufour et al. 2008; Devaine et al. 2017). These discoveries would have been
impossible without careful self-examination of our own behaviors, societies, and
cognitive abilities. In fact, the study of our focal species in this volume, the Tibetan
macaque (Macaca thibetana), clearly reflects such introspective, anthropomorphic
thinking across a wide range of topics from social interactions and feeding ecology
to gut microbe communities and self-medication. Despite the many insights anthro-
pomorphic approaches provide, we must refrain from assuming that all similarities in
social behaviors, social organizations, and cognitive abilities are derived from shared
ancestry between humans and nonhuman primates because these similarities could
also have arisen independently through convergent or parallel evolution. As such,
distinguishing between homology and homoplasy will continue to pose a major
challenge to primatologists.

1.2 Why Macaques, Especially Tibetan Macaques?

New developments in primatology in recent years have reinforced the view that
nonhuman primates offer a window for us to look into human behavior, biology, and
sociality from an evolutionary perspective (e.g., Kappeler and van Schaik 2006;
Kappeler and Silk 2009; van Schaik 2016). Primates not only provide an instructive
model to better understand human evolution, they may also provide information and
insights into a range of practical issues in our society from promoting cooperation to
preventing disease transmission (Romano et al. 2016). In fact, it is hard for us to
underestimate how much we can learn from behavioral, ecological, and evolutionary
knowledge gained from nonhuman primates.

Although nonhuman great apes represent our closest living relatives, all primate
radiations can provide important model systems that unveil evolutionary patterns
and processes. Currently there are over 500 species of living primates (Estrada et al.
2017). Many of these species are more abundant and evolutionarily successful
(in numbers, populations, and species) than are great apes. As such they can provide
a broader range of demographic and socioecological scenarios for testing evolution-
ary hypotheses, especially using comparative approaches (e.g., Harvey and Pagel
1991). In this sense, macaques (genusMacaca) may be unmatched as a model group
for evolutionary studies of social behavior, social organization, and social cognition
in primates. With 20–23 species, macaques are among the most successful primate
radiations, with the largest geographical distribution of any taxa (Thierry et al. 2004;
Fleagle 2013). The genus forms a monophyletic clade (Morales and Melnick 1998),
and the evolutionary relationships among species have been mapped out with a
reasonable level of certainty (Purvis 1995; Li and Zhang 2005; Jiang et al. 2016).
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The availability of this critical information has paved the way for pursuing questions
about the evolution of their behaviors using comparative methods.

One major challenge now for macaque behavioral ecologists is to obtain quality
long-term data on behavioral variability and trade-offs between affiliative and
agonistic alliances, social cohesion, and reproductive success. This level of infor-
mation is missing for virtually all species, including the Tibetan macaque. In an
attempt to find a general pattern of social style in macaques, for instance, Thierry
(2004) classified all macaque species into four grades of social structure, from
despotic (Grade 1) to egalitarian societies (Grade 4). These grades were associated
with traits such as degree of social tolerance, symmetrical or asymmetrical conflict, a
linear-like dominance hierarchy, and the strength of kin bonds. Clearly, there are
significant challenges in attempting to quantify these variables. Based on limited
information, Thierry (2004) identified Tibetan macaque as a Grade 3 species. Close
examination, however, revealed that the aggressive behavior and dominance hierar-
chy of this species are more consistent with Grade 2 (Berman et al. 2004, 2006),
which led to the revision of Thierry’s classification scheme (Thierry 2011). This
example illustrates the challenges of attempting to answer evolutionary questions
using limited information from little known species. As such, this volume aspires to
fill some glaring gaps in our knowledge of Tibetan macaques. Furthermore, several
chapters attempt to directly address evolutionary questions from comparative per-
spectives between the Tibetan macaque and its sister species.

The Tibetan macaque is endemic to China and is listed in the IUCN Red List as
near threatened (see Chap. 2). It is one of the most widespread primate species in
China, distributed across 13 provinces. Its estimated population size is 20,000
individuals (Li et al. unpublished data). While rhesus macaques have been inten-
sively studied in the field and laboratory, Tibetan macaques are far less known. As
such, they provide a good comparison for understanding macaque ecology and
behavior across a range of demographic, social, and ecological conditions. Also,
Tibetan macaques have several unique features in the genus Macaca. They are the
largest in body size (adult male body mass ~ 15 kg) and are found at elevations up to
2400 m (see Berman et al. 2006). They live in relatively small groups with a strict
linear dominance hierarchy. Home range size is 1.62–3.62 km2 with a pattern of
habitat utilization (feeding in particular) particularly favorable for long-term obser-
vation and data collection. These features make the species well-suited for a wide
range of studies for testing hypotheses related to behavior, ecology, evolution,
conservation, management, human-animal interaction, and infectious disease trans-
mission (see Chap. 14 Balasubramaniam, Sueur, and MacIntosh). Additionally,
given that some populations are present in national parks or protected areas, such
as those in Mt. Huangshan and Mt. Emei, they are highly accessible for educational
and research purposes. (See the elaboration by Jin-Hua Li and Peter Kappeler in
Chap. 2.)
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1.3 A Short History of Tibetan Macaque Research

Primate research in China was largely absent until the nineteenth century, when
European and American naturalists and missionaries came to China and reported
their discoveries of exotic species. Following these initial descriptions, there
remained no systematic studies of the behavior and ecology of Chinese primates
until the 1970s, when a small number of pioneers of Chinese zoologists began to
study and observe endemic species such as snub-nosed monkeys (Rhinopithecus spp.)
and Tibetan macaques. During this period, the research was often sporadic and was
published principally in Chinese journals.

The Tibetan macaque was first described to the scientific community as
M. thibetanus by A. Milne-Edwards in 1870 based on a specimen collected by
French missionary Abbé Armand David at Baoxing County in Sichuan Province (see
Fooden 1983). However, in 1938, G. M. Allen believed it to be a subspecies of the
stump-tailed macaque (formerly M. speciosa but currently M. arctoides) and named
it M. speciosus thibetanus. It was not until 1983 that the Tibetan macaque regained
its current species status asM. thibetana. This changed consensus was based on Jack
Fooden’s work on the anatomy of the reproductive system of the species. Recent
studies using mtDNA have corroborated and validated this taxonomic distinction
(Liu et al. 2006).

Despite the fact that Tibetan macaques are found in several small and isolated
locations across China (a small population was recently found in eastern India)
today, they were once widely distributed across a broad strip running from the
foothills of southeastern Tibet to the coastal regions of East China including
13 provinces: Zhejiang, Anhui, Fujian, Jiangxi, Hubei, Hunan, Guangdong,
Guangxi, Sichuan, Guizhou, Yunnan, Gansu, and Tibet (Jiang et al. 2015). Cur-
rently, four geographic subspecies are identified based on morphological characters
and mtDNA (Jiang et al. 1996; Liu et al. 2006; Sun et al. 2010). Genomic studies
show that the Tibetan macaque diverged from its congenic species some 0.5 Ma after
a long bottleneck for the genus (Fan et al. 2014).

Field studies on Tibetan macaques have been carried out primarily at two sites,
Mt. Emei in Sichuan Province and Mt. Huangshan in Anhui Province. Research on
the Mt. Emei population has been led by Qikun Zhao and Ziyun Deng based at the
Kunming Institute of Zoology of the Chinese Academy of Sciences. The bulk of the
data from the population at this site was collected between 1987 and 1999. Research
at the Mt. Huangshan site began in 1983 and led by Qishan Wang and Jin-Hua Li
from Anhui University, in long-term collaboration (since 2003) with researchers
from Central Washington University including Lixing Sun, Lori Sheeran, and
colleagues. These research efforts have led to most of our current understanding of
the species’s social behavior, ecology, and population biology.

Research on ecology and population biology of Tibetan macaques has focused on
morphological adaptation to ecological factors in its habitat (Xiong 1984), the
current distribution of the species (Wada et al. 1987; Jiang et al. 1996), home
range (Wang and Xiong 1989), adaptive relationships between body mass and
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elevation (Zhao and Deng 1988a, b; Zhao 1994a), effects of climate, vegetation, and
slope on food resources (Zhao et al. 1989), selection of sleeping sites (Li and Wang
1994), ecological factors linked to group fission and reformation (Li et al. 1996a, b),
diet (Li 1999; Zhao 1999), social organization (Deng and Zhao 1987; Li and Wang
1996), population dynamics (Wang et al. 1994), age structure and life expectancy
and mortality (Li et al. 1995), and population growth in relation to population
density, processes of group fission, and disease (Li et al. 1996a, b).

Several other research projects have focused on social bond formation, grooming
relationships, social networks, and reproductive strategies. This has been made
possible by long-term observation and monitoring of known individuals in several
groups, aided by provisioning. This part of research has compared species differ-
ences in mating tactics between Tibetan and Japanese macaques (Xiong and Wang
1991; Zhao 1994c), birth timing in relation to socioecological factors such as
dominance rank and altitude (Li et al. 1994; Zhao 1994c; Li et al. 2005), birth
seasonality (Zhao and Deng 1988a, b; Li et al. 2005), and descriptions and evalu-
ations of behaviors that are critical measures of social relationships such as bridging
(defined as two individuals ritualistically lifting an infant accompanied by affiliative
behaviors such as teeth chattering, see Zhao 1996) and grooming (Li et al. 1996a, b).
These efforts have led to a complete ethogram of Tibetan macaques consisting of
32 distinct patterns of social behavior (Li 1999; Li et al. 2004). Using this ethogram,
researchers can conduct in-depth analyses of behavior, social structure, and social
dynamics of the species. A series of papers have been published on sociality and
group stability analyzed at various levels from the individual, to dyads, social
networks (cliques), and to the entire group. The topics addressed include collective
decision-making and leadership in group movement (Wang et al. 2015, 2016;
Fratellone et al. 2019), personality (Pritchard et al. 2014), benefit-cost analyses of
grooming exchanges (Xia et al. 2012, 2013), and social networks among group
members (Fratellone et al. 2019).

In recent years, new field and laboratory techniques from other disciplines have
been applied to behavioral, ecological, and evolutionary studies of the species. They
include the development and application of fecal DNA analysis (Zhao and Li 2008),
extraction and analysis of fecal steroid hormones (Xia et al. 2015, 2018), and gut
microbe analysis (Sun et al. 2016). Several of the chapters in this volume reflect
these new and exciting research developments.

1.4 Tibetan Macaques at Mt. Huangshan Research Site

Many advancements in our understanding of primate behavior, biology, and evolu-
tion have been made from field studies. In this respect, long-term field studies are
particularly valuable (Kappeler and Watts 2012) because they allow us to observe
especially rare behaviors and biological events that may be missed based on short-
term observations. For instance, long-term field studies have enabled researchers to
document the cultural transmission of information within a group of Japanese
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macaques on Koshima Island and warfare in chimpanzees (Pan troglodytes). Like-
wise, much of our understanding of the behavior ecology and reproductive strategies
of male and female Tibetan macaques reported in this volume would not be possible
without long-term field studies and the dedication of primatologists working at
Mt. Huangshan.

The Mt. Huangshan research site was first established in 1983, when the late
Qishan Wang, then head of the Biology Department at Anhui University, founded a
primate research program in collaboration with Kazuo Wada from the Primate
Research Institute at Kyoto University in Japan. They jointly led a team to explore
southern Anhui for a field site suitable for long-term research of the species. After
some scouting, they settled on a location, now known as the Valley of Monkeys, at
Yulingken, just a 15-min walk from the village of Fuxi, within the scenic area of
Mt. Huangshan. This was the beginning of the first and in the meantime longest
running primate research site in China, and long-term systematic observations of the
Tibetan macaques have continued for more than 30 years. Today, the site is
recognized as one of the eight long-term primatological study sites in the world
(Kappeler and Watts 2012). Over the course of three decades, more than 150 prima-
tologists from Japan, the United States, Germany, England, and Canada have come
and conducted research in collaboration with Chinese colleagues at Mt. Huangshan.

Kazuo Wada’s insights and contributions were essential, especially in getting this
long-term research project started. One of the major inaugural events took place in
October, 1986, whenWada presented a series of talks during the First Primatological
Research Symposium of China hosted by Anhui University. The meeting was
attended by only 12 participants (including Jin-Hua Li and Lixing Sun, then both
beginning graduate students), representing probably fewer than ten qualified prima-
tological researchers in the nation. At that time, some 27 primate species naturally
occurred in China. In comparison, there were about 500 primatologists in Japan,
working on a single endemic species, the Japanese macaque (M. fuscata). Wada was
a dedicated field primatologist who had published extensively about the biology of
macaques. Though skeptical about sociobiology, he was quite open in sharing his
research ideas and experience, especially under the mild impact of Chinese whiskey.
Among what he brought to Chinese primatology were two simple yet brilliant
Japanese methodological perspectives that changed the face of Chinese primatolog-
ical research: he recommended that primates be recognized individually and helped
establish a naming system that reflected the sex, generation, and lineage information
for all group members. At the time, these practices were still considered an inap-
propriate use of anthropomorphism by many in the West.

Since then, primatological research has thrived in China with increasingly well-
trained primatologists working on virtually all of China’s primate species across a
range of topics from ecology, behavior, and conservation to molecular genetics and
cognitive science with several highly productive and visible research groups. So, a
few trickling streams of effort, initiated just a few decades ago, have grown to be a
torrent of vibrant primatological research in China today, culminating in the formal
launch of the Chinese Primatological Society in 2017. The inauguration conference
of the society was attended by well over 200 researchers from all corners of the
nation.

1 Recent Developments in Primatology and Their Relevance to the Study. . . 9



The chapters presented here partly illustrate the status quo of Chinese primatol-
ogy from the research work conducted mainly in Tibetan macaques at
Mt. Huangshan. They are also a demonstration for the fruitfulness of international
collaboration by sharing research resources, ideas, and methodologies, reflecting the
multidisciplinary nature of primatology. We expect that collaborations among
researchers from a diverse range of academic and cultural backgrounds will continue
to grow and deepen in the future.
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Part II
Social Behavior and Dynamics in Tibetan

Macaques



Chapter 2
Social and Life History Strategies
of Tibetan Macaques at Mt. Huangshan

Jin-Hua Li and Peter M. Kappeler

2.1 Introduction

Among the more than 25 species of Macaca, the Tibetan macaque (Macaca
thibetana) is relatively late to be known in primatology. There are several reasons
for this. First, it had been considered as a subspecies of Macaca speciosa until
Fooden (1983), based on his re-examination of the form and size of the glans penis
and baculum and the structure of the female reproductive tract, elevated it to species
status. Second, Tibetan macaques are endemic to east central China, where most of
them inhabit high mountains with dense forests and cliff ledges, making field studies
very challenging. Third, as argued above (Sun et al. 2019), there were few Chinese
researchers interested in studying primates until the 1980s. As a result, the popula-
tion status, life history, and social organization of M. thibetana have remained
relatively poorly known.

Existing information, though still limited, indicates that the Tibetan macaque may
be special in many ways. Morphologically, it resembles the stump-tailed macaque,
M. arctoides (Delson 1980). Phylogenetically, it is close to the Assamese macaque,
M. assamensis, as indicated by both morphological (Delson 1980) and genetic
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analyses (Hoelzer et al. 1992). Ecologically and behaviorally, it is more similar to the
Barbary macaque, M. sylvanus, because both live in montane habitats near the
subtropical/temperate boundary, have a similar diet, and share intensive infant care
with “bridging behavior,” which involves two adults simultaneously lifting up an
infant (Ogawa 2019). Yet, the four abovementioned species have been placed into
different species groups within the genus Macaca by Fooden (1980) and Delson
(1980), leading Wada et al. (1987) to suggest that the Tibetan macaque is a key
species for understanding the evolution of Asian Macaca. These are the main
reasons why M. thibetana has attracted much interest among primatologists lately.

Tibetan macaques have been listed as a Class II protected species in China since
1988, and they were classified as “Near Threatened” by the IUCN Red List of
Threatened Species in 2017. Four subspecies of Tibetan macaque (M. t. thibetana,
M. t. guizhonensis, M. t. huangshanensis, and M. t. pullus) have been identified
based on morphological comparisons (Jiang et al. 1996) and mtDNA analyses (Sun
et al. 2010). These subspecies represent distinct conservation units (Liu et al. 2006).
Since M. t. huangshanensis is the most genetically distinctive and geographically
isolated taxon (Sun et al. 2010), it deserves particular attention (Li et al. 2008)
(Fig. 2.1).

2.2 Long-term Study of Tibetan Macaques at
Mt. Huangshan

The Mt. Huangshan study site is located in southern Anhui province in East China
(118.3E, 30.2 N, elevation 1841 m), about 1000 km south of Beijing. It covers an
area of 154 km2 with a south-north dimension of 40 km and an east-west extension
of 30 km. This region is primarily made up of granite with many separate, sharp
peaks and cliffs, which prevent people from gaining access to most parts. The
weather in the mountain changes with altitude, from subtropical near the bottom,
to temperate on the slopes, and to cold at the peak. Correspondingly, the vegetation
changes from evergreen broad-leaved forest near the base, to deciduous and ever-
green broad-leaved mixed forest on the slopes, and to montane grassland at the top.
Mean temperature is 7.8 �C with the highest mean temperature in August (25.6 �C)
and the lowest in January (�19.8 �C) (Li 1999). Mt. Huangshan is a well-known
scenic spot and a popular tourist destination in China and is listed as a World
Cultural and Natural Heritage Site, a World Geological Park, and is in the Man
and the Biosphere Programme (MAB) (Fig. 2.2).

Two primate species inhabit these mountains: the Tibetan macaque and the rhesus
macaque (M. mulatta). Tibetan macaques inhabit higher altitudes above 600 m asl
with rocky cliffs, whereas the rhesus macaques live in lower areas with a relatively
continuous distribution (Wada et al. 1987). Both have been strictly protected from
hunting and trapping since the 1940s and have no known large predators.

Nine social groups of Tibetan macaques are currently living in Mt. Huangshan,
where they maintain apparently nonoverlapping home ranges (Wada et al. 1987).
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They occur in two types of forest and mixed forest: the evergreen broad-forest
between 500 and 1000 m asl and deciduous and evergreen mixed broad-forest
between 800 and 1200 m asl. They are heavily reliant on structural plant parts for
food with marked seasonality: bamboo and grass shoots in spring; fruits, nuts,
acorns, and tubers in fall; and bark and mature leaves in winter, supplemented
with invertebrates year-round (Xiong and Wang 1988). Geophagy has been
observed in terms of ingesting yellow clay from well-established spots and licking
rocks that are in contact with soil (Wang et al. 2007). In winter, Tibetan macaques
huddle together and sleep on the terraces of rocky cliffs (Xiong 1984), but in
summer, they spend the night in trees, which are cool and are safe from venomous
snakes (Li and Wang 1994).

Our long-term study group is named Yulingken group (lately Yulingken A or
YA1 following a recent group fission) at the village of Fuxi in the southern part of
the mountain. The group has been monitored continuously since 1986. To facilitate
observation, we have provisioned the group with dried maize to attract them to an
open area by a stream. An amount of 5–6 kg of maize per day, which is about 1/3 of
the daily food intake of the group, has been given by local wardens 3–4 times a day
on a set schedule. When not being fed, the macaques spend most of their time in the
forest near the provisioning area. Provisioning has made it possible for us to study
the group in a steep terrain and has prolonged our observational time, though it may
inevitably affect their natural activities to some extent (Matheson et al. 2006).

We set up a standard study protocol for long-term collection of consistent data
within and among researchers at the beginning of the study in 1986. Since then, we
have recognized individuals from birth on (natal individuals) or first discovery
(immigrated individuals) and given them Chinese names. We have identified each
group member based on individually specific physical characteristics such as body
size, fur color, facial features, and body scars and taken pictures for confirmation and
comparison over time. Furthermore, since Tibetan macaques have broad faces and
long fur, both of which change with age, we can fairly reliably sort them into age-sex
groups: infant (<1 year), juvenile (1–3 years), adolescent (♂3–7 years,♀3–5 years),

Fig. 2.2 Tibetan macaques inhabit high mountains with evergreen broad-leaved forest (left) and
rocky cliffs (right)
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young adult (♂7–10 years, ♀5–10 years), middle-aged adult (10–15 years), and old
adult (>15 years). Our records show that a male can live up to 28 years (Gaoshan)
and a female up to 33 years old (Hua). They both died of old age. Because all females
in the group have been identified after their births, we have been able to trace
matrilineal relationships among all group members since 1983. Recently, we used
microsatellite DNA markers to determine paternity for most group members
(Appendix I). For behavioral data collection, we have followed Altmann’s methods
(Altmann 1974) and recognized and defined 33 distinct social behaviors (Li 1999,
see Appendix II). In order to conduct genetic, physiological, and microbiological
analyses, we have developed noninvasive techniques to collect cell or hormone
samples from the feces and saliva of living monkeys (Zhao et al. 2005; Simons
et al. 2012).

The long-term study of Tibetan macaques at Mt. Huangshan has been ongoing for
over 30 years. It is the longest research project for wild primates in China. More than
150 researchers and students from the United States, Japan, Australia, England, and
Germany as well as China have visited or conducted research at our field site, and
50 theses and 12 dissertations have been completed. This project is now recognized
among the eight sites in the world for the long-term study of free-living monkeys
(Kappeler and Watts 2012). Recently, as an integral part of the International
Research Center for Huangshan Biodiversity and Tibetan Macaque Behavioral
Ecology, the project has been approved by the Anhui provincial government.

2.3 Social Life History Strategies

2.3.1 The Largest Macaca

It is difficult to study Tibetan macaques in the wild because of their elusiveness and
aggression, so catching and weighing them is nearly impossible. An unexpected
opportunity to obtain morphometric data presented itself in July 1988, however,
when 17 individuals of our study group died within 10 days for a reason that is still
unknown. We obtained morphometric data from 14 of the 17 corpses. The average
weight for adult males, adult females, and neonates are 16.4 (n ¼ 4), 11.0 (n ¼ 3),
and 0.60 kg (n ¼ 2), respectively. They were all heavier than members of the same
age-sex classes in other Macaca species (Table 2.1). Apparently, the Tibetan
macaque is the heaviest species in the genus Macaca. This may be the reason why
local people call them “bear monkeys.” This result has been verified by morpho-
metric analysis of 72 linear dental and cranial variables of 11 macaque species,
showing that the two stump-tailed species (M. thibetana and M. arctoides) are the
largest of the macaques (Pan et al. 1998).
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2.3.2 Medium-Sized Group with Even Adult Sex Ratios

We monitored the size and composition of Yulingken group annually and found a
fluctuation of 21–51 individuals with an average of 35.3 individuals (SE ¼ 1.6) over
the 30 years from 1987 to 2017. Whenever group size reached about 50 individuals,
it fissioned into two subgroups and the smaller one of the two subgroups left the
study area. During this period, we recorded four fission events happening in 1993,
1996, 2001, and 2003, respectively (Li et al. 1996; Li 1999; Berman and Li 2002),
and noticed that males and females who were relatives tended to separate on these
occasions (Li et al. 1996). Thus, Tibetan macaques at Mt. Huangshan appear to live
in medium-sized groups, in comparison with the 70–80 and sometimes more than
100 individuals found in groups of other macaque species (Macintosh et al. 2012;
Waters et al. 2015). Group size is an important component of social organization that
determines how many individuals a group member can potentially interact with,
which in turn contributes to social complexity (Kappeler and Watts 2012).

Like other species of Macaca, Tibetan macaques are organized into multi-male,
multi-female groups with female philopatry and male dispersal (Li et al. 1996; Li and
Wang 1996). However, male Tibetan macaques do not leave their natal groups until
adulthood, later than mostMacaca in which male transfers typically occur at puberty
(Zhao 1993; Li et al. 1996). Thus, Tibetan macaque groups tend to include large
proportions of natal adult males and relatively even sex ratios (0.91 � 0.05), with an
average of 8.52 (SE¼ 0.67) adult males to 9.35 (SE¼ 0.51) adult females (Fig. 2.3).

2.3.3 A Rich Repertoire of Affiliative and Ritualized
Behaviors

An important feature of Tibetan macaques is their rich repertoire of affiliative and
ritualized behaviors. Of the 33 social behaviors we have identified, at least

Table 2.1 Body weights
(kg) of some Macaca species

Species Adult male Adult female Neonate

M. thibetana 16.4 11.0 0.60
M. fuscatta 11.7 9.1 0.50
M. sylvanus 11.2 10.0 –

M. nemestrina 10.4 7.8 0.47
M. nigra 10.4 6.6 0.49
M. maura 9.5 5.1 –

M. arctoides 9.2 8.0 0.49
M. silenus 6.8 5.0 –

M. radiata 6.6 3.7 0.40
M. sinica 6.5 3.4 –

M. mulatta 6.2 3.0 0.48
M. fascicularis 5.9 4.1 0.35

Note: the data for species other than M. thibetana are from Smuts
et al. (1987)
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17 (> 50%) include affiliation (Li 1999). Like other macaques, allogrooming (social
grooming) is widespread among all group members and takes up about 20% of daily
time expenditure (Wang et al. 2007). Females and juveniles are more active
groomers than males in peaceful situations. Grooming is more frequent between
sexual partners than between other male–female pairs. Specifically, higher-ranking
males, including alpha males, groom females for a short time after copulation or
during consortship. Grooming between adult males is also frequent (Xia et al. 2013).
When two individuals meet, the lower-ranking individual usually presents to the
high-ranging individual. If the two individuals are both males, they may embrace
each other, sometimes with their hands stretching out to grasp the genitals of their
partners. Additionally, the lower-ranking individual may approach a higher-ranking
one, showing its penis to be sucked by the partner, or the higher-ranking individual
touches a part of the body (head, back, or shoulder) of the lower-ranking individual
or mounts the lower-ranking individual with teeth chattering. If the two individuals
are of the opposite sex, the male may grimace at the female, and the female
approaches the male for genital inspection, before copulation ensues. Also, during
conflicts between two females, a third, higher-ranging female may often approach
and hold the bottom of the attacking female to stop further aggression.

Tibetan macaques show an intense interest in infants. Group members, regardless
of sex or age, often hold infants. Sometimes, an individual picks up an infant and
carries it to another individual to perform the ritualized behavior of bridging. This
behavior can occur between males, between females, and between a male and a
female (Ogawa 1995a; Li 1999). The infants used in bridging are predominantly
younger than 6 months, but occasionally 2–3-year-old juveniles may also be used

Fig. 2.3 Dynamic of group size and operational sex ratio of male to female in Yulingken A1 group
during 1986 and 2017. Down arrow refers group fission events

2 Social and Life History Strategies of Tibetan Macaques at Mt. Huangshan 23



(Zhang et al. 2018). Infants appear to be willing for bridging and mothers appear to
be tolerant of infant handling by all group members (Fig. 2.4).

2.3.4 Despotic Dominance Style

The dominance style concept has proven useful for understanding covariation
patterns in relationship qualities, particularly among macaques (Berman et al.
2004). As a member of the sinica lineage, Tibetan macaques are predicted to have
a relaxed dominance style (Matsumura 1999; Thierry 2000). Previous studies did
indicate relaxed dominance in this species. For example, males frequently engage in
ritualized greetings in which they groom, mount, embrace, or touch each other’s
genitalia (Li 1999). In addition, both sexes engage in frequent bridging, and infants’
mothers appear to be tolerant of infant handling by a wide range of group members
(Ogawa 1995a).

However, a detailed study indicated that Tibetan macaques are more despotic
than previously suspected. Bidirectional aggression, including counter-aggression
(1.9%) and conciliatory tendency (6.4%), was consistently low in frequency across
partner combinations, seasons, and locations (Berman et al. 2006). Females consis-
tently displayed high levels of kin bias in affiliation and tolerance. Compared to
other macaque species with better known dominance styles, data from Tibetan
macaques generally fall within the range characteristic of despotic species and
outside the range of relaxed species (Berman et al. 2004).

Despotic dominance of Tibetan macaques is consistent with our field observa-
tions. First, mating of low-ranking males was inhibited by high-ranking males. If a
low-ranking male surreptitiously mated with a female in the forest but happened to
be seen by a high-ranking male, the high-ranking male would immediately rush to
punish him by scratching and biting. Second, when a series of conflicts happened,

Fig. 2.4 Infant-holding behavior in Tibetan macaques is common. Left: three infants are attracted
to two adult males, apparently waiting to be held or used in bridging. Right: a male Tibetan
macaque living alone in Kowloon in Hong Kong holds an infant long-tailed macaque
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male Tibetan macaques often formed a “power coalition,” in which several high-
ranking males support one another to defeat low-ranking ones (Li 1999). Third,
serious fresh wounds on Tibetan macaques were frequently seen immediately after
intense aggressive interactions (Fig. 2.5).

2.3.5 Reproductive Pattern with Year-Round Mating but
Seasonal Births

It took a long time for us to understand the reproductive pattern of Tibetan macaques.
At first, based on intermittent field observations, they were thought to be
nonseasonal breeders (Wada and Xiong 1996). After intensive year-round observa-
tions, we found that, although mating indeed takes place throughout the year, mating
with high frequency and with ejaculation occurs only between July and December,
with subsequent births mostly occurring between January and April (Li 1999; Li
et al. 2005). Thus, Tibetan macaques are seasonal breeders (Fig. 2.6).

In order to explain this unusual reproductive pattern of Tibetan macaques, we
investigated changes in the female sexual skin and nonreproductive matings in more
detail. We found that adult females had a slight but detectable sexual skin in the
perineal region, but the sexual skin lacked the regular changes characteristic of the
physiological cycle of a female or the reproductive season. Females also had no
typical behaviors to show their sexual motivation during estrus. This led to the

Fig. 2.5 Bidirectionality of aggression (left) and conciliatory tendencies of Tibetan macaques
(right). Both a directional inconsistency index (a) and dyads-up index (percentage of dyads in which
the primary direction of aggression is up the hierarchy of three data points representing three study
periods for Tibetan macaques (circles)) fall within the range of despotic macaques (rhesus, long-
tailed and Japanese macaques) (triangles) and are considerably lower than the one relatively relaxed
species (stump-tailed macaques) (diamonds). Conciliatory tendencies of Tibetan macaque in (1) all
partner combinations and degrees of relatedness combined, and (2) unrelated female–female
partners (circles) are relatively low, even compared to values for despotic macaques (triangles).
Data from Berman et al. (2004)
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conclusion that Tibetan macaques have concealed ovulation (Li et al. 2005). Further
study revealed that males could discriminate between potentially receptive females,
but that they could not recognize the reproductive status of a given female (Li 1999;
Zhang et al. 2010). Concealed ovulation may result in a higher mating frequency
during a female’s receptive period.

Compared with sexual behavior in the mating season, nonreproductive matings
occurred at a lower frequency, with less frequent ejaculation, less harassment,
shorter mount duration, and an absence of pauses with vocalization. It often took
place in a situation in which non-lactating females were involved in social conflict or
approached males for mating. Neither pregnant nor lactating females were observed
to mate in the birth seasons. Copulation during the birth season did not affect a
sexually receptive female’s delivery the next year, nor was it associated with
increased proximity, grooming, or agonistic aid within the mating pair. However,
mating pairs spent more time co-feeding, presumably reflecting increased male
tolerance (Li et al. 2007). Adolescent males, who rarely copulated in the mating
season, engaged in mating activities during birth seasons as well. Therefore, even
though birth season copulations have no reproductive function, they might fulfill
social functions for females, such as post-aggression appeasement by males or
improving access to resources. They may also offer good opportunities for adoles-
cent males and females to develop their sexual skills (Li et al. 2007) (Fig. 2.7).

It is worth noting that an important aspect of the mating pattern of Tibetan
macaques at Mt. Huangshan is a single mount ejaculation (SME), with average
duration and thrust numbers of 23.2 s and 20 times, respectively (Xiong and Wang
1991). High-ranking males copulate more often with more females than do
low-ranking males, and alpha males monopolize over 2/3 of all matings (Xiong

Fig. 2.6 Annual reproductive cycle of Tibetan macaques. Though Tibetan macaques mate year-
round (solid line), mating with ejaculation (dotted line) is confined to a period from July to
December. Therefore, the mating season is from July to December, and the birth season is from
January to April
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and Wang 1991; Li et al. 2005). However, it has been reported that Tibetan
macaques at Mt. Emei exhibit serial or multiple mount ejaculation with a mean
duration and thrust number of mounts with 30.3 s and 43.3 times (MME), respec-
tively (Zhao 1993). Since no data on the number of mounts in a MME have been
provided, we do not know whether the difference is due to a difference in
populations per se or observation methods.

Finally, females at the age of 7–12 years have the highest birth rate. Not only are
birth rates of high-ranking females higher, but those of high-ranking females are also
earlier than those of low-ranking ones in the birth season (Li et al. 1994).

2.4 Potential Contributions to Understanding Behavioral
Mechanisms in Primate Societies

2.4.1 Bridge and Bond Role of Infant

Tibetan macaques exhibit some interesting and unique behavior patterns. Bridging
behavior is one of them. Bridging involves two individuals and an infant and is a
triadic interaction. Bridging behavior is common in Tibetan macaque society, and it
can be performed between males, between females, between a male and a female,
and even between an adult and a juvenile. Infants of both sexes are involved in the
“bridge.” Despite this variation in bridging partners, bridging lasts only a few
seconds. Once bridging has ended, the two bridging individuals often groom each
other or sit together, ignoring the infant. Obviously, the “bridge” between monkeys
is not for infant care, but for social contact or communication. In other words, infants
are a “social tool” used to facilitate older group members’ associations and interac-
tions (Ogawa 1995b). Zhao (1996) even compared infants in bridging behavior to a
cigarette-like social facilitator in human social interactions.

Fig. 2.7 Inconspicuous sexual skin in adult females (left) and large testes in adult males (right) in
Tibetan macaque
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Primatologists have always paid particular attention to the role of infants in
nonhuman primate societies. However, most studies have focused on infant care or
handling (Ogawa 1995a). For example, in capped langurs, Presbytis pileata, new-
born infants of less than one month old spend nearly the same amount of time with
alloparental females as with their own mothers (Stanford 1992). Likewise, young,
female vervet monkeys, Chlorocebus aethiops sabaeus, without infants hold or carry
newborn infants, which has been explained as alloparental investment (Fairbanks
1990). Bridging behavior has also been observed in M. sylvanus (Deag and Crook
1971). Clearly, infants in Tibetan and Barbary macaques play an active part in
enhancing social relationships among group members. This is a relatively new and
important research direction that is worthy of further exploration.

2.4.2 Male-Female Friendships in a Promiscuous Mating
System

During the mating season from July to December, high-ranking Tibetan macaque
males often follow sexually receptive females (usually those without unweaned
infants). They move, feed, and rest together, often accompanied by mating; that is,
they form a temporary consortship. The duration of such a consortship varies from a
few days up to over 2 weeks (Li 1999). During a consortship, the male always keeps
close with the female, and the male’s activities are restricted by the female’s
movements. Sometimes, when a consorting male realizes that his female has
disappeared, he shows signs of anxiety and searches for the female everywhere.

The role of consortship is unclear at present. On the one hand, the duration of
consortship in Tibetan macaque is rather long, lasting as much as 18 continuous days
(Li 1999). This does not only exceed the time needed to impregnate a female, but is
also longer than the duration in other Macaca species (Li 1999). On the other hand,
although a male follows one female at a time, usually he cannot monopolize all of
her matings even though he is the alpha male. So why do high-ranking males use
consortship as a mating tactic?

We already mentioned that female Tibetan macaques tend to conceal their
ovulation by neither showing cyclical fluctuation of sexual skin nor estrus-related
behaviors (Li et al. 2005). Although high-ranking males form consortship with
females, they are able to opportunistically mate with other sexually receptive
females, too. Thus, the co-occurrence of consort behavior and opportunistic mating
may indicate a male mating tactic that is effective when mating is promiscuous and
males cannot accurately detect ovulation in females from morphological and behav-
ioral signs. That is, consortship may be a tactic related to the assurance of paternity.
From an evolutionary perspective, consortship in Tibetan macaques appears to be a
special type of sexual relationship, which has also been reported for some baboons,
where they have been labeled as “friendships” (Smuts 1985).
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2.4.3 Competitive and Cooperative Relationships Among
Males

Male Tibetan macaques exhibit stable, linear dominance hierarchies typical of
despotic species. On the one hand, aggression is frequent and can be accompanied
by serious wounds in all sex/age classes (Berman et al. 2004; Li 1999). Additionally,
the large body, large testes, and short tenures of alpha males (on average about
10 months) indicate intense competition among males (Li and Wang 1996). On the
other hand, Tibetan macaque males frequently engage in friendly behaviors, such as
grooming and sitting together, and engage in ritualized greetings involving mount-
ing, embracing, and sucking penis. Many of these behaviors are rarely seen in other
Macaca males. Tibetan macaque males also quickly reconcile after aggression. The
conciliatory tendency is 19.7% in male–male dyads, compared to 4.2% in female–
female dyads, and most male–male reconciliations occur within 1 min after aggres-
sion (Berman et al. 2004). It is evident that male Tibetan macaques show both
competitive and cooperative relationships. This appears to agree with observations
taken from other primate societies with relatively male-biased adult sex ratios.

2.4.4 Behavioral Mechanism Promoting Genetic Diversity
in a Small Group

Like most nonhuman primates in China, Tibetan macaques live in small, isolated
populations. Theoretically, a small population or group may suffer the detrimental
effects of inbreeding and the loss of genetic diversity (Spielman et al. 2004). Our
study group is a medium-sized one with 20–50 individuals and that ranges in a small
habitat (Li et al. 1996). However, we have not found conspicuous changes in
behavior during the 30-year period, except the sudden death of 17 individuals in
the spring of 1988. Although we have noticed a decline in the frequency of affiliative
interactions among group members and an increase in infant mortality in recent
years, these appear to be a side effect of provisioning, which increases the rate of
aggression among group members (Berman and Li 2002).

Additionally, we found that our study group has a relatively high haplotype
diversity (Hd ¼ 0.341) when compared to other subspecies (M. t. pullus,
Hd ¼ 0.222; M. t. guizhouensis, Hd ¼ 0.478) (Sun et al. 2010). As such, loss of
genetic diversity may not be a major concern in our study group at present. It is likely
that some behavioral mechanisms in this group may play an important role in
preventing or slowing down the loss of genetic diversity that is often observed in
small groups. For instance, we found that the transfer of males into and out of the
group occurs annually (Li et al. 1996). Also, kin recognition may prevent mating
between matrilineal relatives. In fact, one of our studies demonstrates that no
copulation involved mother-son dyads, and only 2.1% (7/329) of copulations were
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between maternal siblings. Females may be more averse to copulating with relatives
than are males (Zhu et al. 2008).

2.5 Conclusions

Long-term studies of primate populations are essential for documenting important
events or phases of individual life histories that are critical for our understanding of
subtle and complex relationships of group members that determine the nature and
dynamic of social organization and, as a result, variation in individual reproductive
success. The medium-sized group of Tibetan macaques we study facilitates censuses
and unambiguous identification of all group members in the field. As the largest
macaque species with a relatively male-biased adult sex ratio and year-round mating
but seasonal birth, this species offers a large spectrum of sociodemographic condi-
tions conducive for testing hypotheses related to dominance style and group fission.
Furthermore, a rich repertoire of affiliative and ritualized behaviors and a complex
interplay of competitive and cooperative relationships, especially among males, can
provide primatologists with a wealth of opportunities to pursue additional behav-
ioral, ecological, and evolutionary research projects focused on Tibetan macaques.
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Appendix I

Pedigree of the YA1 social group of Tibetan macaques in Huangshan (September, 2017). Note: The
pedigree was mapped based on maternal relationships of three matrilines. Males with known
identities were also included. Letters under the blue squares (males) or red circles (females)
represent individual names. Question marks indicate the identity of males are yet to be unknown
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Appendix II

Ethogram of social behaviors in Tibetan macaque

No. Repertoire Definition Picture

1 Stare An individual looks directly at another individual with its
eyes wide open and with its shoulders raised for about 3–5 s.
The staring individual appears as if it is preparing to lunge or
chase the recipient of the stare.

Picture 1

2 Ground slap An individual places one hand on the ground and slaps the
ground, a rock, or some grassy vegetation with the other
while staring at the recipient. The ground slap may be
repeated several times.

Picture 2

3 Chase An individual stares at the recipient and rushes at him/her at
great speed. The recipient typically flees.

4 Seize The performer grabs the body, face, neck, or ear of the
recipient with one hand, shakes it, and then releases
it. Sometimes the performer also comes very close (face to
face) and stares at the recipient.

Picture 3

5 Bite The performer grabs the receiver tightly, preventing him/her
from fleeing, and bites the recipient vigorously.

Picture 4

6 Avoid The performer turns its body away from the attacker as if
preparing to flee while displaying a “horrified” facial
expression toward the attacker.

Picture 5

7 Flee The target of an attack will run in the opposite direction
from the attacker.

8 Scream A vocal reaction to an attacker. The scream is high pitched
and of long duration. This may be accompanied by fleeing.

Picture 6

9 Redirection When A is attacked by B, A responds immediately by
attacking C. C is an individual that is nearby and lower-
ranking than both A and B. In some cases, B will join the
attack against C.

Picture 7

10 Solicit support When an individual is attacked by another individ-
ual, it intermittently scans the attacker and a higher-ranking
individual nearby with screams. The higher-ranking
bystander may respond by interrupting the attack on the
scanner.

Picture 8

11 Hold bottom The performer (usually the alpha female) approaches one of
two other females that are engaged in a fight. She
approaches from behind and holds the bottom of the female.
Both females typically teeth-chatter to one another. This
tends to interrupt the fight.

Picture 9

12 Approach An individual moves directly toward another individual,
coming within 1 m.

13 Leave An individual moves from within 1 m to more than 1 m of
another individual.

Picture 10

14 Proximity Two or more individuals are sitting or lying within 1 m or
between 1 and 5 m (depending on studies).

Picture 11

(continued)
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No. Repertoire Definition Picture

15 Following When one individual begins to travel from one location to
another, another individual nearby immediately goes in the
same direction.

Picture 12

16 Teeth chatter The performer opens his/her mouth, places the tongue close
to the teeth, and moves his/her jaw rapidly, thereby making
clicking noises with his/her teeth. The eyelids are lowered,
the chin is raised, and the tongue is moved rapidly back and
forth across the teeth. This behavior accompanies same-sex
mounting, embracing, and infant carrying. It appears to
function as a friendly invitation to interact.

Picture 13

17 Play Brief sequence of rapid, repetitive, and exaggerated move-
ments, without clear objectives. Interacting play movements
involving two or more individuals include chase, mock
fight, and combinations of previous behavior.

Picture 14

18 Social
grooming/
allogrooming

One individual uses his/her fingers and palms to groom the
fur of another individual. The groomer may pick out small
objects from the recipients fur and eat them.

Picture 15

19 Embrace Two individuals, usually adult males, hold each other while
face to face. Each partner will reach with one hand and
attempt to touch the genitals of the other. Both partners
typically teeth-chatter and vocalize excitedly.

Picture 16

20 Touch A ritualistic behavior between males in which the lower-
ranking individual approaches the higher-ranking individual
in front. The higher-ranking male touches some part of the
body of the lower-ranking individual (head, back, shoulder).
Then the lower-ranking individual leaves. This may be used
in a tense situation and appears to be a means by which the
lower-ranking individual obtains “permission” to proceed
on its pathway or with its apparent goal.

21 Present One individual approaches the front of the other and shows
his bottom to the other. Usually the presenter is the lower-
ranking of the two partners. Females also present to males.

Picture 17

22 Mount One male (usually the lower-ranking) grabs the back hair of
another male and mounts from behind, using the full ankle
clasp posture. Both males teeth-chatter and scream excit-
edly. Then the mounter dismounts. The duration of the
mount is about 3–5 s. This may be a simple friendly gesture
or a post-conflict behavior.

Picture 18

23 Show penis This is a ritualized behavior shown by juvenile males toward
adult males. Usually, the lower-ranking male approaches the
higher-ranking male, raises one leg, and displays his penis.
The higher-ranking male puts his head on the belly of the
lower-ranking male and licks or touches the penis with his
hand. The juvenile may show his penis from a reclining
position.

Picture 19

24 Suck penis A young male approaches an adult male and jumps on his
head. The adult male holds the younger male by the waist in
such a way that his mouth can reach the young male’s penis.
The adult sucks the young male’s penis and then the youn-
ger male leaves.

Picture 20

(continued)
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No. Repertoire Definition Picture

25 Hold infant An adult male holds an infant and may carry it ventrally.
Usually the infant is male. This apparently serves to invite
other adult males to engage in social interaction with the
adult male.

Picture 21

26 Bridge Bridging involves three individuals, an infant or young
juvenile and (a) two adult males, (b) one adult male and one
subadult male, or (c) two adult females. The two older
individuals hold the infant on its back, lower their heads,
and lick the belly and/or genitals of the infant. They will
often teeth-chatter and vocalize excitedly. The infant is
usually male and his penis becomes erect immediately.
Other infants, particularly females, will approach a bridging
triad with excitement as if they wish to participate.

Picture 22

27 Genital
inspection

One individual will touch the genitals—the vagina of a
female or the anus of a male—and sniff it or lick it directly.
When a male inspects a female in estrus, it is called a sexual
inspection.

Picture 23

28 Sexual
inspection

A genital inspection by an adult male of an estrus female. Picture 24

29 Sexual chase An adult male chases a female and attempts to mate with
her. The sexual chase differs from the aggressive chase in
that it is slower and is interrupted by pauses. In addition,
although the female attempts to avoid the male, she is less
likely to scream.

Picture 25

30 Sexual
grimace

An individual directs a grimace toward an adult of the
opposite sex that may be either nearby or far away. The male
sways his body in a manner that makes him more noticeable
to the female. The grimace differs from a fear grimace in that
the corners of the mouth are not drawn back as far. This is a
sexual solicitation.

Picture 26

31 Mating Three types of mating are described: (1) intromission and
thrusting only; (2) intromission, thrusting, and pausing; and
(3) intromission, thrusting, pausing, and calling.

Picture 27

32 Harassment Individuals approach a mating pair excitedly, touch the
heads, lick, or stick their faces in the faces of the mating
partners. They may also grimace or scream. This does not
generally interrupt the copulation of the mating partners.

Picture 28

33 Consortship An adult male and female form a temporary close affiliative
and sexual relationship during the mating season. They will
move, feed, mate, and groom together, but do not neces-
sarily mate exclusively with one another. Their frequencies
of following one another are much higher than during
non-mating periods.

Picture 29
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Picture 1 An individual stares another animal

Picture 2 The right adult male slaps toward his front individual

Picture 3 An adult male (middle) seizes another adult male (right)
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Picture 4 An adult male bites another adult male (two monkeys in right)

Picture 5 An adult male (right) avoids adult male’s (middle) aggression

Picture 6 An adult female (right) screams when she is attacked by adult male (left)
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Picture 7 The middle adult male redirects aggression from right adult male to the left adult male

Picture 8 The middle adult male is getting the left male’s support when he is in conflict with the
right adult male

Picture 9 An adult male holds the button of a juvenile male (left)
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Picture 10 The right adult male is leaving left adult male

Picture 11 An adult male (left) is in proximity with an adult female within 1 m

Picture 12 An adult female (left) is following an adult male
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Picture 13 Teeth chatting

Picture 14 Three juveniles play together

Picture 15 Social grooming between two females
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Picture 16 Embrace

Picture 17 An adult male presents to another male

Picture 18 Male–male mount
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Picture 19 Show the penis

Picture 20 A juvenile (left) is sucking an infant’s penis

Picture 21 An adult male holds an infant
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Picture 22 Male–male bridging

Picture 23 Genital inspection

Picture 24 Sexual inspection
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Picture 25 An adult male (left) chases an adult female (right) for mating

Picture 26 An adult male (right) grimace to an adult female (left)

Picture 27 An adult male (left) is mating with an adult female (right)
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Chapter 3
Size Matters in Primate Societies:
How Social Mobility Relates to Social
Stability in Tibetan and Japanese Macaques

Lixing Sun, Dong-Po Xia, and Jin-Hua Li

3.1 Introduction

Social mobility refers to vertical movement of positional status of members in a
society. In human societies, it refers to a wide range of upward or downward change
in metrics such as income, social stature, education, and others that show some level
of stratification (Lipset and Bendix 1992). As a focal issue in equality, social justice,
economic development, and social stability in human societies (e.g., Wilkinson and
Pickett 2009; Breen 2010; Cox 2012; Matthys 2012; Corak 2013; Clark 2014;
Piketty 2014), social mobility has drawn a broad and sustained interest from social
thinkers, social activists, and concerned citizens and is among the most important
current research topics in social science disciplines including economics, sociology,
and political science. Recently, interest in social mobility has also been on the rise in
biological, psychological, and medical sciences. This is largely due to the discover-
ies that, along with other effects, social status can affect hormones (especially those
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related to stress such as glucocorticoids), immunity, and health in humans and
nonhuman primates (e.g., Marmot et al. 1991; Sapolsky 2005; Seabrook and Avison
2012; Snyder-Mackler et al. 2016). As such, social mobility is among the key factors
determining the well-being of primates and other social animals.

The level of social mobility is critically important for a society, especially from
the long-term perspective. Both low and high social mobility are believed to weaken
and disrupt social stability. A persistently low mobility will necessarily deprive
low-ranking members of opportunities for social advancement, which in turn may
increase the probability of revolts and revolutions. An extremely high mobility, on
the other hand, will make a society constantly in flux. Therefore, a stable society is a
dynamic one with the level of mobility bounded within a certain range, beyond
which society may become chaotic or even collapse. Such a system dynamics view
thereorized for human societies has gained some popularity recently (Acemoglu
et al. 2018). New conception aside, empirical tests are hard to carry out for the
obvious reason that human societies are usually too complex in structure and too
diverse in culture to pursue such studies. In this respect, testing mobility-related
hypotheses is more feasible in nonhuman primates because their societies are usually
smaller in size and simpler in structure than human societies, including most hunter-
gatherer societies (Price and Brown 1985; Hamilton et al. 2007). Furthermore,
understanding how social mobility influences primate societies is interesting and
important in its own right because it can give us a new tool to investigate the
dynamics and evolution of primate societies.

(Note that social primates can live in groups of varying complexity in social
structure, ranging from simple linear hierarchy in some macaque species (Macaca
spp.), multilevel societies such as those in geladas (Theropithecus gelada) and snub-
nosed monkeys (Rhinopithecus spp.), to highly organized human communities
governed by formal or informal norms and laws. Because social mobility is a feature
of an operationally definable social unit or organization regardless of the level of its
organizational complexity, we here use the word “society” synonymously with
“social group” for both human and nonhuman primates for the purpose of finding
general and comparable patterns in social mobility.)

There are two types of social mobilities: intragenerational and intergenerational.
Intragenerational mobility refers to upward and downward movement of social
stature for members in a society within their lifetimes. For instance, in a Tibetan
macaque society, each member has a 3-to-1 ratio of upward versus downward
mobility in a year (Sun et al. 2017). Because status change tends to accumulate
over time, intragenerational mobility is often measured per time unit, such as a
month, a year, or a decade, to be comparable across studies. For this, it is more
accurately known as the rate of social mobility (Clark 2014). Intergenerational
mobility, on the other hand, refers to the status change between two consecutive
generations. In American society, for instance, income mobility declined from 92%
for people born in 1940 to 50% for people born in 1985 (Chetty et al. 2017). In this
chapter, we will focus on intragenerational mobility.

Social mobility can be absolute or relative. In social sciences, absolute mobility
refers to the total number of individuals, whereas relative mobility refers to the
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probability of an individual (or percentage of all individuals) moving from one social
stratum to another. A society can be high in absolute mobility but low in relative
mobility or vice versa. The key behind this paradox lies in the size of a society. For
example, in terms of absolute mobility, two members moving up one step in rank in a
group of 30 are twice as mobile as one member for the same rank change in a group
of 15 during the same period of time, but the two groups are equally mobile in
relative mobility, both 6.67% for this period of time. As this hypothetical example
illustrates, absolute mobility does not consider the size of a society. Thus, relative
mobility can better reflect the overall condition for a society and is most commonly
used in characterizing upward or downward mobility (Heckman and Mosso 2014;
Simandan 2018). Accordingly, social mobility, unless specified, refers to relative
mobility hereafter.

The difference between absolute and relative mobility indicates that society size
can play an important role in social mobility. Unfortunately, few attempts have been
made to address this issue due to the reason that most mobility research has been
conducted on large human societies in industrial nations. As such, society size is
usually not of great interest because it has no perceivable effect on social mobility. In
nonhuman primate societies, however, group size can be magnitudes smaller,
typically a few dozen (up to a few hundred in some species such as baboons and
snub-nosed monkeys). A group of a few dozen, such as in Tibetan macaques,
M. thibetana (Li 1999), can be vastly different in social organization from a group
of a few hundred, such as in Sichuan snub-nosed monkeys, R. roxellana (Zhang et al.
2006) or Japanese macaques,M. fuscata (Mori et al. 1989). Therefore, to understand
how group size affects mobility, we compared two macaque species, the Tibetan
macaque and the Japanese macaque, in this study.

Before we present our results, we briefly review some key issues related to the
study of social mobility.

3.2 Social Mobility and Opportunity

In the study of animal social behavior, proximate benefits and costs for a set of
alternative behaviors (such as mating versus feeding or fighting) are often estimated
in terms of time and energy. However, although researchers are keenly aware of the
benefit and cost in terms of opportunity intrinsic to every behavioral decision (e.g.,
when an animal hides in a den, it loses the opportunity to feed or mate), quantitative
measurement has not been attempted due to practical difficulties in empirical studies.
Measuring social mobility may provide just such a way to gauge gain or loss in
opportunity for social advancement for social animals such as primates. Because
mobility is an aggregate measure for a society, it can provide a baseline (the average
or the expected) for opportunity in social advancement for all members in a social
group (Sun et al. 2017). With this baseline as a benchmark, the opportunity
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consequences of many behaviors, biological identities, and social relationships of
individuals (such as dispersal, conflict, cooperation, kinship, age, and sex) can be
quantitatively assessed in terms of gains or losses in social opportunity relative to
this benchmark. In other words, these behaviors, identities, or relationships can alter
an individual’s expected upward and downward mobility; that is, the benchmark.
For instance, a monkey deciding to transfer from Group A to Group B must accept a
complete loss in opportunity for social advancement in Group A, in exchange for a
gain in opportunity in Group B. Whether this dispersal event is adaptive depends on
the difference between the two opportunity measurements.

3.3 Social Mobility and Social Stability

In his classic, Democracy in America, the French political scientist Alexis de
Tocqueville first noticed that mobility has a profound effect on the stability of
human societies (de Tocqueville 1835/2002). Social scientists have since developed
several explanations for why mobility is essential for stability (e.g., Lipset and
Bendix 1992; Erikson and Goldthorpe 1994; Chetty et al. 2017). Studies in devel-
oped nations show that high mobility is closely related to equality and stability, and
low mobility engenders inequality, which may cause a spectrum of social problems
detrimental to society in general and democracy in particular (e.g., Wilkinson and
Pickett 2009). It is a consensus now that a certain level of mobility is essential for the
persistence of a society in the long run. Such a broadly held belief, however, hinges
on the veracity of the hypothesis that mobility leads to stability. Unfortunately, this
hypothesis, though logically compelling, is still short of empirical evidence (Bai and
Jia 2016).

In reality, the relationship between mobility and stability is profound. On the one
hand, an absolutely stable society without mobility can deprive its low-ranking
members of opportunities to advance their social status, resulting ultimately in a
loss in their fitness relative to that of high-ranking members (Sun 2013; Sun et al.
2017). As such, low-ranking members in a stagnant society will have a strong
incentive to resort to revolt against the existing order so as to gain critical resources
(such as food and mates) that are otherwise inaccessible for them. Therefore, an
extremely unequal society with little mobility is evolutionarily unstable (Sun 2013).
It tends to periodically experience major disruptions in the form of rebellion and
revolution in humans (Bai and Jia 2016). It is in this sense that a certain level of
mobility is essential for long-term social stability (Sun et al. 2017). On the other
hand, mobility is the opposite of stability. That is, a higher level of mobility will
necessarily decrease stability. This implies that too much mobility may also desta-
bilize a society, which, beyond a certain point, may cascade into social upheaval
(e.g., Clark 2014). However, this hypothesis, despite a broad theoretical interest,
remains untested as well.
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3.4 Measuring Social Mobility in Primate Societies

As mentioned earlier (Sect. 3.1), intragenerational mobility is normally calculated as
the rate of status change in society within a specified time period (e.g., Lammam
et al. 2012; Clark 2014). Technically, it can be measured either as the mean value in
the rate of rank change or using a linear regression analysis between the ranks of all
individuals in two consecutive time periods, t and t + 1. For the latter method, the
rate of social mobility is thus 1-b, where b is the slope of the regression line ranging
from 0 to 1 (Clark 2014; Sun et al. 2017). If b is 0, there is no mobility and, in our
case, no rank change between two consecutive years for all adults involved. If b is
1, there is no stability. In primates, social mobility has been measured only in
Tibetan macaques, where the rate of rank mobility was calculated for all adults on
a yearly basis (Sun et al. 2017).

(Note that this linear regression method belongs to a statistical analysis known as
time series analysis. Although time series analysis is relatively unfamiliar to
researchers in biological sciences, it is commonly used in economic and business
analysis such as GDP growth from year to year and stock performance from quarter
to quarter. By emphasizing changes over time, the influence of policies or the
efficacy of management regimes behind these changes can be statistically analyzed.
As we can see, one distinct strength of time series analysis in addressing behavioral,
ecological, and evolutionary issues lies in that it allows researchers to statistically
track changes over time, which in turn may lead to the unveiling of the underlying
factors that have significant influences on the changes. As such, time series regres-
sion is a standard method in the study of social mobility in social sciences.)

To complicate the issue, however, dominance rank can be measured as absolute
rank or relative rank. Absolute rank refers to the raw rank data regardless of group
size. Relative rank, however, is standardized according to group size. (Note: absolute
and relative rank is a way of measuring dominance rank for all members in a group.
They have no relationship to, and should not be mistaken as, absolute and relative
mobility introduced in Sect. 3.1.) As we have already discussed, the distinction is not
meaningful (or even feasible to measure) when a society is very large and the
hierarchy is highly nonlinear, such as an industrial society, which tends to show
complex forms of strata. However, the distinction becomes important when a society
is made of only a few dozen individuals typical of many macaques species. For
example, we can see a huge difference between the fifth ranked individual in a group
of ten versus the 25th ranked individual in a group of 50 when measured in absolute
rank. However, when measured in relative rank, these two individuals are ranked the
same, both in the middle of the hierarchies. Clearly, measurement of social mobility
will be affected by whether we use absolute or relative rank. Yet, little is known as to
how using relative or absolute rank will affect mobility measurements.

In this study, we probed into the critical issue of how group size affects
intragenerational mobility by using both absolute and relative rank in Tibetan and
Japanese macaques. For Tibetan macaques, data about the hierarchical relationships
among all adult females come from our 29-year consecutive observation on one
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group (YA1) at Mt. Huangshan, Anhui, China. Details about the dataset and how the
data were collected are available in Sun et al. (2017). For the Japanese macaque, we
obtained data from a published paper, where 11 years of hierarchical relationships
among adult females were documented in a group on Koshima Island from 1957 to
1986 (Mori et al. 1989).

Age is well known to affect dominant status in primates (e.g., de Vries 1998;
Packer et al. 2000; Alberts et al. 2003; Bayly et al. 2006; Balasubramaniam et al.
2013). Thus, comparing individuals of the same age class is critically important.
However, because male and female Tibetan macaques sexually mature at different
ages (seven for males and five for females, see Li 1999), we only included adult
females that were 7 years or older in our analysis for two reasons. First, it allowed us
to compare male and female adults of the same age class in our discussion here and
in other places (Sun et al. 2017). Second, the ranks of immature females from the
same mother are inversed. That is, the later born are higher in dominance rank than
their elder sisters (Li 1999). Therefore, the inclusion of the 5- and 6-year-old females
may introduce an unnecessary confounding factor, which may in turn reduce the
accuracy in measuring social mobility for adults. The data about rank and rank
change in Japanese macaques were collected from adult females of 5 years or older
(Mori et al. 1989). Although the research in the Japanese macaque spanned 29 con-
secutive years, only 11 years of rank data were published.

For the study groups of both species, we used the original rank data for all adult
females as their absolute ranks. We then calculated the relative ranks by scaling all
absolute rank data into values between 0 (alpha female) and 1 (omega female) using
a simple conversion formula:

RR ¼ AR� 1ð Þ= n� 1ð Þ

where RR and AR refer to relative and absolute rank, respectively, and n is the size of
the group. We then measured mobility using the same time series regression method
as that detailed in Sun et al. (2017); that is, by using linear regression between rank R
(t) in year t and rank R(t + 1) in year t + 1 to measure the annual rate of mobility for
all adult group members (see Clark 2014) for both Tibetan and Japanese macaques.
(Note that sample sizes about yearly rank changes were calculated as individual-
years, rather than individuals in most statistics used in behavioral studies. In other
words, each independent data point or sampling unit here is individual-year. This is a
standard practice in time series analysis.) In our study, none of the datasets used for
measuring mobility violated the normality assumption required for linear regression
based on Kolmogorov-Smirnov test. As we have discussed in an earlier section,
social mobility can be used to quantify the availability of social opportunities (e.g.,
Breen 2010; Clark 2014; Sun et al. 2017), which then can be used to quantify the
benefit and cost of a behavior in terms of gain or loss in opportunity for social
advancement. Here, we calculated net social mobility (subtracting the downward
mobility from the upward mobility) and then used it to compare the difference
between adult females of the two species. For the ease of reading, the statistical
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methods used are provided as they occur in the next section. As usual, all tests were
two-tailed with 0.05 as the a priori level of significance for any statistical difference.

3.5 Results: Social Mobility in Tibetan and Japanese
Macaques

From the adult female perspective (which may also be true if all individuals are
included, if the number of adults, subadults, and infants is scaled in roughly similar
proportions), the group size of Japanese macaques (33.09� 7.968SD; range, 21–49;
n ¼ 11) was more than three times larger than that of Tibetan macaques
(7.62 � 2.624 SD; range, 3–12; n ¼ 29; Mann-Whitney U-test, U ¼ 385;
n1 ¼ 11; n2 ¼ 29; p ¼ 0.000; see Fig. 3.1).

Using absolute rank, we found that group members experienced a larger rate of
rank change in Japanese macaques than in Tibetan macaques. This was adequately
reflected in both the mean (U ¼ 40,821, n1 ¼ 192, n2 ¼ 204, p ¼ 0.013) and
variation (Levene test, L ¼ 65.07, df1 ¼ 1, df2 ¼ 394, p ¼ 0.000, Fig. 3.2) of annual
rank change for Japanese macaques. Also, Japanese macaques had a higher rate in
both upward (Chi-square test with Yates’ correction, χ2¼ 13.187, df¼ 1, p< 0.001)
and downward movement (χ2 ¼ 18.705, df ¼ 1, p¼ 0.000) in hierarchy and a lower
probability of staying in the same rank (χ2¼ 37.436, df¼ 1, p¼ 0.000) than Tibetan
macaques (Fig. 3.3). However, when we compared mobility between the two species
using the regression method (rate of mobility, 0.115 for Japanese macaques and
0.144 for Tibetan macaques), the difference was not statistically significant (t-test for
the slope, t ¼ 0.658, df ¼ 392, p ¼ 0.510, Fig. 3.4).

For Tibetan macaques, mobility was higher using relative rank than using abso-
lute rank, although the difference was marginally insignificant (t ¼ 1.706, df ¼ 380,
p ¼ 0.089). For Japanese macaques, the situation was the opposite. That is, mobility

0 10 20 30 40 50

Japanese

Tibetan

Group size

Fig. 3.1 Comparison of the mean group size (only adult females) in Tibetan and Japanese
macaques. Error bars are standard deviations
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was significantly lower when relative rank was used than when absolute rank was
used (t¼ 2.291, df¼ 404, p¼ 0.037). Between-species comparison shows that there
was no significant difference in absolute rank mobility, but a highly significant
difference in relative rank mobility (t ¼ 3.901, df ¼ 392, p ¼ 0.0001; see Fig. 3.5).

3.6 Discussion

This chapter presents a case study of two macaque species to illustrate how social
mobility can be used as a new approach to the study of social dynamics as well as an
in-depth analysis to explore the effect of group size. Our results show that social

0 1 2 3 4 5 6

Japanese

Tibetan

Rank change

Fig. 3.2 Mean annual rate of absolute rank change in Tibetan and Japanese macaques. Error bars
are standard deviations
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Fig. 3.3 Comparison of the frequency (%) of annual rank change (upward, downward, and no
change) between Tibetan and Japanese macaques
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mobility can unveil new and unexpected insights into the social structure of primate
societies. Our analyses show that, although Japanese macaques appeared to be more
dynamic in rank changes, as shown by the higher mean and larger variation than
Tibetan macaques, social mobility as measured in absolute rank was virtually the
same for the two species. This result was surprising considering that Tibetan
macaques and Japanese macaques are two different species with marked difference
in so many aspects of their behavior and social organization (see Thierry 2011),
despite some shared sociological traits such as matrilineality in social organization
and strong despotism (see below).

One factor we particularly examined was group size, which was much larger in
Japanese macaques than in Tibetan macaques. (Note that this difference may be
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Fig. 3.4 Social mobility as measured by absolute (“absolute”) and relative (“relative”) rank in
Tibetan and Japanese macaques using time series regression analysis. The X-axis indicates rank in
year t, and the Y-axis indicates rank in the next year, year t + 1, for all adult individuals used in the
analysis. Note that fewer data points than sample size shown in Panel (a) is due to data overlap
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slightly less prominent had only females of 7 years or older been included in the
analysis for Japanese macaques.) This apparent discrepancy between the results from
measuring the rate of rank change and from time series regression analysis might be
due to two reasons. One is that, although the Japanese macaque troop studied had a
larger rate of rank change, much of the significance was offset by a higher level of
variation (Fig. 3.2). Also, using a nonparametric test for a non-normal dataset
(Mann-Whitney U test here) might also lead to a slightly different statistical result
from a parametric linear regression analysis.

Comparing the two species, we found that Tibetan macaque society appeared
much more stable than that of the Japanese macaque in absolute rank change, despite
no difference in mobility between the two species. Indeed, Tibetan macaques live in
a small, simple, matrilineally structured group of strictly linear hierarchy (Li 1999;
Berman et al. 2008) and their dominance hierarchy usually remains stable for a
prolonged period of time, at least several months (Li 1999). (These behavioral
conditions are particularly favorable for observing and determining social status
for every adult in the hierarchy with little ambiguity. That is why Tibetan macaques
are a highly desirable model species in the evolutionary study of behavior, a point
compellingly addressed in the previous two chapters). Even so, social mobility in
Tibetan macaques turned out to be similar to that in Japanese macaque. It appears
that a larger group (society) may require a higher level of rank change to maintain the
same level of mobility as a smaller group (society). Conversely, with the same level
of mobility, a larger group would be more dynamic in terms of rank change. From
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Fig. 3.5 Within- and between-species comparisons of social mobility using absolute (“AR”) and
relative (“RR”) rank for the Tibetan and Japanese macaque. “n.s.” stands for not significant,
“asterisk” indicates p < 0.05, and “double asterisk” represents p < 0.001
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the dynamic stability point of view, therefore, a larger society may require more rank
change than a smaller society to maintain its stability in the long run, if the amount of
mobility for long-term social stability is assumed to be approximately the same for
all societies.

Another major reason for why the two species had similar levels of mobility may
lie in the fact that they both form highly despotic societies; Grade 1 (highly despotic)
for the Japanese macaque and Grade 2 (despotic) for the Tibetan macaque (Thierry
2000, 2011; Berman et al. 2004, 2006). Apparently, the two species we analyzed
here may not be different enough in dominance style to show marked difference in
social mobility. In other words, social mobility is likely to be related to dominance
style. One logical hypothesis is that despotism may suppress social mobility. If true,
this hypothesis would predict that a more relaxed or egalitarian primate society
should have a higher level of mobility. This, however, requires a broader comparison
with a larger diversity in dominance style, ideally in the genus Macaca, which has
been well studied for the topic (Thierry 2011).

The most surprising finding in our study was that social mobility could vary a
great deal depending on whether absolute or relative rank was used. In Tibetan
macaques, the group size of adult females could be so small that rank data, once
standardized to be within the range between 0 and 1, appear erratic (see in Fig 3.4c).
Since relative rank can change with group size, even though there is no change in
absolute rank, small changes can become prominent, which may in turn lead to
increment in mobility. Obviously, the smaller the group is, the higher the mobility
will become when relative rank is used. In Japanese macaques, on the contrary,
larger rank changes (with the extreme records of 9 ranks upward and 27 ranks
downward in a year in Japanese macaques compared with up 8 and down 7 in
Tibetan macaques) became smaller after these changes were scaled to be within the
range between 0 and 1. Clearly, this effect increases with group size. As a result,
mobility decreases with increasing group size. These changes led to the counterin-
tuitive result that, despite Japanese macaques appearing to be more dynamic in terms
of absolute rank change, their society actually had a lower level of mobility than
Tibetan macaques when relative rank was used.

This part of our results leads to an unexpected insight into social evolution. That
is, group size may have a major impact on group dynamics. In both macaque species
we examined, the net mobility was positive for social advancement. This may be true
for most primate societies, in which social rank is more or less related to seniority
and/or tenure. Consequently, as higher-ranking individuals become senile or die,
younger, lower-ranking individuals can move up over time. So, even without major
disruptive events, net mobility tends to be positive (upward). Overall, if everything
else is equal, individuals in general should prefer smaller groups to larger groups, not
only because absolute ranks go up (as the length of hierarchy becomes shorter) for
most members but also because mobility goes up as well in terms of relative rank.
Therefore, individuals in a larger society may have more incentive to break off to
form smaller societies. This interesting and intriguing difference in mobility when
measured in absolute versus relative rank may provide a novel explanation for why
group fission is so common whereas group fusion is so rare in primates. It also sheds
new light on the balkanization of human societies, happening in so many nations
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under the name of regional autonomy and sovereignty rather than the other way
around. Although it is too early to claim that such events in human and nonhuman
primate societies share biological roots, their uncanny similarities should warrant a
close and serious examination on such possibilities from the evolutionary
perspective.
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Chapter 4
Behavioral Exchange and Interchange
as Strategies to Facilitate Social
Relationships in Tibetan Macaques

Dong-Po Xia, Paul A. Garber, Cédric Sueur, and Jin-Hua Li

4.1 Introduction

Since the 1970s, sociobiologists have focused on two issues when studying social
animals. One is the evolutionary processes that have favored group living, and the
other is how ecological factors influence the internal structure of groups and the
nature of social relationships and how changes in behavior influence the costs and
benefits of group living to individuals of different age, sex, and dominance status
(Wilson 1975; Barash 1977; Morse 1980; Wrangham 1980; Krebs and Davies 1984;
van Schaik 1989). Studies on social animals have argued that the benefits of group
living (such as social learning, cooperative hunting, collective resource and mate
defense, cooperative infant caregiving, increased foraging efficiency, a reduction in
stress associated with social support and reconciliatory behavior, alliance formation,
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and partner reliability) serve to counteract the costs and offer fitness benefits to
individuals living in a well-functioning and stable social unit (e.g., multilevel
selection, Krause and Ruxton 2002; Sussman and Garber 2011).

According to Hinde (1976), social structures are group characteristics based
on the patterns of social relationships such as affiliative, cooperative, sexual, and
agonistic interactions that characterize a species or members of an established social
unit. In order to maintain group cohesion, individuals are required to coordinate their
daily activities, including collective movement to feeding and resting sites. Under-
standing how this is accomplished, whether individuals of a particular age, sex, or
rank class consistently lead or direct group movement, and how “leaders” build a
consensus in deciding when to leave a feeding or resting site and which location to
travel to next, offers critical insights into the dynamics of animal social systems (see
also Chap. 5).

A recent paper by Schino and Aureli (2017) describes two alternative processes
associated with social relationships. Partner control highlights dyadic interactions
between dyads in which the behavior of each subject is dependent exclusively on the
previous behavior of a partner (Noë 2006). This assumes that one member of a dyad
can control the behavior of its partner with no opportunity of partner switching.
Partner control has been used to describe social interactions between individuals
living in a social unit. Partner choice assumes that individuals can freely select and
change partner preferences based on the assessed benefit each potential partner is
expected to provide. For example, in studies of Sapajus nigritus (formerly Cebus
apella) and Macaca fuscata (Schino and Aureli 2009, 2017; Schino et al. 2007,
2009), partner choice was found to influence social relationships and group stability.

Biological market theory proposes that social behaviors can be considered as
valuable commodities and explains how commodities are exchanged or interchanged
among group members (Noë and Hammerstein 1994, 1995; Noë 2006). This theory
considers social behaviors as exchangeable commodities to obtain behavioral ser-
vices as benefits (Noë 2001; Barrett and Henzi 2006; Noë & Voelkl 2013). Individ-
uals compete over access to partners, by offering more valuable services rather than
engaging in aggressive or coercive behavior. Therefore, individuals are chosen as
partners depending on the services they offer, and the choice is made by comparing
the offers of all potential partners depending on the services needed. As such,
biological market theory provides an alternative framework to study social relation-
ships and partner preferences and facilitates the understanding of behavioral adap-
tations for group stability and social cohesiveness in group-living animals.

In most nonhuman primates, behavioral exchange and interchange have been well
documented (reviewed in Sánchez-Amaro and Amici 2015). For example, Seyfarth
(1977) proposed that lower-ranking females compete to groom higher-ranking
females who can offer them more effective aid (agonistic support) in competitive
interactions with other group members. In some species such as chacma baboons,
Papio cynocephalus (Barrett et al. 1999); red-fronted lemurs, Eulemur fulvus rufus
(Port et al. 2009); and chimpanzees, Pan troglodytes (Newton-Fisher and Lee 2013;
Kaburu and Newton-Fisher 2015a), grooming is reported to be exchanged for
grooming (reciprocal exchange). Within a dyad consisting of individuals A and B,
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the amount of grooming given by A to B depends on the amount of grooming given
by B to A. In some other species, studies show that behavioral services can also be
interchanged for different behaviors. For example, grooming can be interchanged for
food sharing to maintain social bonds and agonistic support in chimpanzees
(de Waal 1997; Kaburu and Newton-Fisher 2015a). In sooty mangabeys
(Cercocebus atys) and vervet monkeys (Chlorocebus aethiops), infant handling
can influence dyadic relationships. In this species, grooming is interchanged for
opportunities to handle infants in order to establish social relationships (Fruteau et al.
2011). In long-tailed macaques (M. fascicularis), grooming is interchanged for
tolerance to increase spatial proximity and to reduce aggression from higher-ranking
individuals (Gumert and Ho 2008). Additionally, grooming can be interchanged for
copulations (Kaburu and Newton-Fisher 2015b). Mating opportunities increase for
females who groom a higher-ranking male compared to females who groom a lower-
ranking male (Gumert 2007a). Similarly, Gomes and Boesch (2009) found that over
a 22-month period, female chimpanzees copulated more with males who shared
meat with them compared to males who did not engage in food sharing. In this
species, food sharing by adult males provides more mating opportunities.

In this chapter, our goal is to review the evidence for multiple behavioral
exchanges and interchanges in Tibetan macaque (see Chap. 2 for more information
about Tibetan macaques) groups at Mt. Huangshan, China (Fig. 4.1), and to analyze
these dyadic behavioral interactions within the context of behavioral exchange or
interchange. We define exchange as the reciprocation of the same behaviors (e.g.,
grooming for grooming) and interchange as the reciprocation between different

Fig. 4.1 A social group (known as YA1) of Tibetan macaques at Mt. Huangshan, China
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behaviors of the same category (e.g., grooming for tolerance, which are different
behaviors but both belong to the same category of affiliative relationships) or
behaviors of different categories (e.g., agonistic support for copulation). We focus
on grooming exchanges, the interchange of grooming for tolerance among female or
male intrasexual dyads, the interchange of grooming for infant-handling opportuni-
ties among females, and the interchange of male-to-female agonistic support for
mating opportunities among intersexual dyads.

4.2 Exchange Between the Same Behaviors

4.2.1 Grooming for Itself

Grooming has been reported to be exchanged for grooming (reciprocal exchange) in
primates (such as chacma baboons, Barrett et al. 1999). In Tibetan macaques,
similarly, approximately 20% of their daily activity budget is devoted to grooming,
regardless of sex, social rank, age, and other factors (see Xia et al. 2012,
2013) (Fig. 4.2 shows grooming in Tibetan macaques). Xia et al. (2012, 2013)
examined female and male intrasexual grooming relationships in free-ranging
Tibetan macaques and hypothesized that among a broad set of fitness-maximizing
strategies, grooming can be used by individuals to enhance social relationships
through reciprocity and/or through the interchange of grooming for a different but
equivalent service. Overall, they found that social rank played an important role in
defining female and/or male social interaction and partner choice in Tibetan
macaques. Among female or male intrasexual dyads, the authors found that there

Fig. 4.2 Female-to-female social grooming in Tibetan macaques
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were positive correlations between the average frequency of grooming bouts
received (A groom B) and reciprocated (B groom A). These patterns were consistent
during the mating and non-mating seasons. Similarly, grooming effort or the time the
initiator invested in grooming the recipient was positively correlated with grooming
received among female and male intrasexual dyads. Furthermore, the longer the
initiator groomed her partner (A groom B), the longer her partner was likely to
groom her in return (B groom A). This pattern also was consistent during mating and
non-mating periods.

In addition, as indicated in Fig. 4.3, in intrasexual dyads composed of individuals
of equal ranks, grooming was reciprocally exchanged (equal rates and equal dura-
tion) during both the mating and non-mating seasons. This suggests that, within each
sex, dyads composed of animals of equal ranks use reciprocal exchange grooming as
a social tool to maintain long-term alliances and partner preferences. Grooming
frequency and grooming duration were equal within female–female and male–male
dyads consisting of high- and high-ranking individuals, middle- and middle-ranking
individuals, and low- and low-ranking individuals during both mating and
non-mating periods.

The findings that closely ranked females, regardless of their position in the
hierarchy, acted as reciprocal traders are similar to the pattern reported in chacma
baboons (P. c. ursinus, Barrett et al. 1999), Japanese macaques (M. fuscata, Ventura
et al. 2006), and hamadryas baboons (P. hamadryas hamadryas, Leinfelder et al.
2001). Furthermore, the authors also documented a pattern in which the initiator
(A) of a bout invested less and received greater benefit than the recipient. Thus, it
appears that among female and/or male Tibetan macaques, the act of initiating a
grooming bout was a behavioral investment or strategy to obtain a grooming reward
or other social dividend. This effect was strongest when the initiator was higher in
rank than the receiver.

4.3 Exchange Between Different Behaviors

4.3.1 Grooming for Tolerance

Grooming represents one of the most common commodities traded among primates
and has long been considered a reliable indicator of both long-term and short-term
social tolerance (Dunbar 2010; Schino and Aureli 2010). Seyfarth (1977) has
proposed that there exists a balance between a group member’s preference for
particular grooming partners and competition among females for access to the
most valuable grooming partners. According to Seyfarth’s model, lower-ranked
individuals should compete to groom higher-ranked individuals, who can offer
them more effective aid in competitive interactions with other group members.
This is expected to result in higher-ranked individuals receiving more grooming
than lower-ranked individuals and grooming partners tending to be of similar or
adjacent ranks (Henzi et al. 2003). However, Henzi and colleagues (2003) found no
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support for Seyfarth’s model in their study of chacma baboons. Rather, they argued
that in these primates “grooming is unimpeded by restrictions on access to partners”
and proposed that baboon females exchanged grooming for increased social
tolerance.

In Tibetan macaque society, Xia et al. (2012, 2013) also found that in intrasexual
dyads composed of individuals of different social ranks (e.g., high- and middle-
ranking females/males, high- and low-ranking females/males, and middle- and
low-ranking females/males), initiators received grooming more frequently and for
a longer duration than they gave during both mating and non-mating periods.
Conversely, in dyads consisting of middle- and high-ranking females, low- and
high-ranking females, and low- and middle-ranking females, initiators received
grooming less frequently and for a shorter duration than they gave during both
mating and non-mating periods. The same results were found among male
intrasexual dyads consisting of middle- and high-rankings, low- and higher-
rankings, and middle- and high-rankings (see Fig. 4.3).

Xia et al. (2012, 2013) also found that the effect of grooming reciprocity among
female and/or male intrasexual dyads was stronger in the non-mating season. This
suggests that during periods of reduced social tension (such as the non-mating
period), adult female and/or male Tibetan macaques used grooming to maintain
and enhance affiliative social relationships. In contrast, during periods when the rate
and the threat of male intrasexual aggression increased (such as the mating season),
there was a tendency to promote social affiliation by increasing the duration of
grooming. The authors found negative relationships between grooming given and
aggression received both among male intrasexual dyads (e.g., as showed in Fig. 4.4)
and among female intrasexual dyads. This provided supportive evidence that both
female and male Tibetan macaques vary their grooming strategies based on the
current rates of within-group intrasexual aggression. The results indicated that high-
ranking females and/or males who received more grooming from lower-ranking
males were less aggressive toward their grooming partners. In other words, lower-
ranking females and/or males who devoted more time to grooming higher-ranking
individuals received less aggression than did similarly ranked individuals who
groomed higher-ranking females and/or males less frequently. Thus, there is evi-
dence that, for female and/or male intrasexual dyads, Tibetan macaques
interchanged grooming for social tolerance and possibly competed for access to
partners of higher social rank.

Taken together, Xia et al. (2012, 2013) suggest that Tibetan macaques employed
an alternative set of social strategies depending on rank relationships. This result
highlights the importance of both grooming reciprocal exchange and interchange for
tolerance as behavioral mechanisms that regulate female and/or male primate social
relationships.
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4.3.2 Grooming for Infant Handling

Infants are important components in a primate social group, and alloparental care is
widespread among primates to facilitate the survival of newborn infants and increase
benefits to caregivers (Maestripieri 1994). While females’ attraction to infants
represents a common feature of primate species, maternal response to infant han-
dling shows a certain degree of variability (Nicolson 1987; Maestripieri 1994). In
some species, such as langurs (Presbytis pileata) and vervet monkeys (C. aethiops
sabaeus), mothers allow other group members to frequently hold and carry their
newborn infants for long durations (Stanford 1992; Fairbanks 1990). In other
species, such as baboons and macaques, although mothers are more restrictive of
their infants (Nicolson 1987; Altmann 2002), group members still have opportunities
to contact newborn infants (see Maestripieri 1994). It has been well documented
that infants can be social tools to buffer agonistic behavior from higher-ranked
individuals and facilitate dyadic social bonds (Silk and Samuels 1984 in bonnet
macaques, M. radiata; Ogawa 1995 in Tibetan macaques). Grooming for females is
an effective way to increase the opportunity for accessing Sapajus nigritus infants.
For example, in tufted capuchin monkeys (Sapajus apella nigritus), Tiddi et al.
(2010) proposed that potential handlers have strongly attracted to infants and
grooming their mothers. Similar results have also been found in baboons,
P. anubis (Frank and Silk 2009), long-tailed macaques (Gumert 2007b), and golden
snub-nosed monkeys, Rhinopithecus roxellana (Wei et al. 2013). These studies
imply that grooming might be interchanged for infant handling or vice versa to
facilitate dyadic social bonds among females.

In Tibetan macaques, Jiang et al. (2019) found that there were bidirectional
relationships between grooming and infant handling among females. Jiang and her
colleagues found that there were five patterns of infant handling, including hand
touching, mouth licking with teeth chattering, holding, grooming, and bridging.
Female Tibetan macaques received more grooming time after giving birth than
before parturition, and lactating females invested less grooming time than females
without infants. For example, the duration of mothers grooming non-mothers before
birth was significantly longer than after birth, whereas the duration of non-mothers
grooming mothers after birth was significantly longer than that before birth. Appar-
ently, females with infants are more attractive as grooming partners than females
without infants. In a Tibetan macaque social group, adult females with infants
received more grooming when this adult female allowed their newborn infants to
be handled. For example, the duration of non-mother to mother post-handling-
grooming was higher than the baseline values of daily grooming (see left side
of Fig. 4.4) and the grooming duration when these two females were in proximity
(see left side of Fig. 4.5). Moreover, with the increase in the number of infants, the
amount of grooming received from females without infants decreased.

Additionally, in Tibetan macaques, the frequency of non-mother post-grooming-
infant handling was higher than the baseline values of daily infant handling (see right
side of Fig. 4.4) and the infant handling when these two females are in proximity (see
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right side of Fig. 4.5). These results suggested that females obtained more opportu-
nities for infant handling when she groomed more females with infants; thus,
grooming was an effective way to gain access to an infant.

4.3.3 Agonistic Support for Copulation

In multi-male–multi-female primates, mating is associated with individual’s social
rank, with a higher frequency for higher-ranked individuals and lower frequency for
lower-ranked individuals (reviewed in Li 1999). Mating is also associated with
dyadic affiliative relationships (such as grooming). For example, in a study of
Barbary macaques (M. sylvanus), Sonnweber et al. (2015) demonstrated that males
initiated grooming after copulations with ejaculation in order to keep females from
mating with other males. Agonistic support is predicted to increase mating oppor-
tunity. Agonistic support has been defined as instances in which an individual joins
an ongoing agonistic interaction and supports one animal by directing aggression
against its opponent (Seyfarth and Cheney 1984; Hemelrijk 1994), including
intrasexual and intersexual agonistic support.

Wang et al. (2013) used a 15-min focal sampling method to collect data on
copulations and agonistic support as a random variable in two groups (YA1 and
YA2) of Tibetan macaques in Huangshan, China. A total of 216 male-to-female
agonistic support events were collected (YA1 32 and YA2 64 in the non-mating
season; YA1 43 and YA2 77 in the mating season). Correlation tests showed that
male-to-female agonistic support was correlated with the frequency with which the
male copulated with that female in both the mating season and the non-mating
season. This indicated that male-to-female agonistic support could increase the
male mating opportunities with the female he supported in agonistic events.
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In addition, Wang et al. (2013) used a 15-min post-agonistic support focal
sampling method to collect copulation data to compare with random values (the
average value of copulation from the focal sampling methods). The results showed
that, in the YA1 group, copulations in the post-agonistic support observation period
(PO) were more frequent, but not significantly so, than random observations (RO) in
the non-mating season, and post-agonistic support copulations were significantly
more frequent than random observations in the mating season (see Fig. 4.6a). For the
YA2 group, copulations in the post-agonistic support period were more frequent
than in random observations in both mating and non-mating seasons (see Fig. 4.6b).
Taken together, these results indicate that, in Tibetan macaques, male-to-female
agonistic support could be interchanged for mating opportunities with females who
are participating in an ongoing aggressive event.

Wang et al.’s (2013) study characterized not only the pattern of behavioral
exchange in Tibetan macaque social groups but also offers new evidence for how
certain mating strategies can increase mating opportunities in males. Male Tibetan
macaques copulate under three different circumstances: opportunistic mating, which
involves frequent copulation with many different females in the group setting
(Li et al. 2015); possessive mating, which involves a single male’s attempts to
monopolize copulations in spite of the presence of other males (Li et al. 2015);
and consortships, in which mating takes place between one male and one female,
who travel apart from the rest of the group for several hours or days (Li 1999). Xia
et al. (in preparation) found that males preferentially mate with their female
grooming partners based on dyadic relationships. This indicates that, similar to the
findings in studies in Barbary macaques (Sonnweber et al. 2015) and rhesus
macaques, M. mulatta (Manson 1992), dyadic social relationships play a vital role
in obtaining mating opportunities. Agonistic support is one of the effective interac-
tions for males to form and maintain social relationships with females and to obtain
and improve copulatory success. In Tibetan macaques, the relationships between
agonistic support and copulatory behavior provide insight into understanding male–
male competition and female mate choice in social primates.

Fig. 4.6 Post-agonistic copulations and post-copulation agonistic supports among female Tibetan
macaques. (a) from YA1 group. (b) from YA2 group. �P< 0.05. ��P < 0.01. Figures are modified
from Wang et al. (2013)
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4.4 Conclusions

In a Tibetan macaque social group, there are diverse exchange networks consisting
of different kinds of behavioral exchanges (see Fig. 4.7). Tibetan macaques provide
behavioral services for the same behavioral services in return, such as grooming in
exchange for grooming. Among intra-sexual dyads (female–female and male–male
dyads), grooming investment is exchanged for itself with equal value, in terms of
frequency and/or duration. Secondly, Tibetan macaques can also provide behavioral
services that are exchanged for different behavioral services of the same category,
such as grooming for tolerance. Here, grooming and tolerance are different behav-
iors; however, both are friendly interactions for facilitating social relationships. Both
male and female Tibetan macaques groom group members of the same sex in
exchange for tolerance by decreasing aggressive interactions from higher-ranking
individuals. In addition, Tibetan macaques provide behavioral services by
interchanging different behavioral services with different categories, such as ago-
nistic support for copulations.

In addition, group members can choose their partners for exchanging different
types of behavioral services based on their own social status within a group. For
example, grooming is regularly traded reciprocally (for grooming) among female
and male intrasexual social dyads consisting of similar social ranks. Grooming can
be interchanged for rank-related benefits from higher-ranking individuals, such as
for tolerance from. Grooming can also be interchanged for opportunities to access
newborn infants to facilitate social relationships with the infants’ mothers.

Grooming

Grooming

Tolerance

Infant handling

Copulation

Agonistic 

support

Fig. 4.7 Exchange networks in Tibetan macaque society
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Finally, behavioral exchanges facilitate the establishment and maintenance of
social relationships and group stability in multiple ways, by obtaining multiple
behavioral services in return. For example, grooming exchanges enhance male–
male and female–female social bonds. Grooming with higher-ranking group mem-
bers allows lower-ranking animals to coexist peacefully with more dominant ani-
mals. Non-mothers that groom females with infants could increase their opportunity
for accessing infants, and accessing newborn infants could facilitate social relation-
ships between the females who join in infant handling. Among intersexual dyads,
male Tibetan macaques support certain females against attacks by other animals and
subsequently mate more frequently with that female. This implies that males can
interchange copulatory behavior by supporting females to improve mating
opportunity.

Although we have several case studies of behavior networks in Tibetan macaque
society, we need more evidence to draw a clearer picture about behavioral exchange
and interchange in this primate species. Apparently, both males and females may
establish diverse forms of behavioral exchange or interchange networks with mul-
tiple group members. However, we know little about strategies for partner control or
partner choice based on more complex measures of individual and social status (such
as personality and dominance) to strengthen social bonds, obtain behavioral ser-
vices, and maximize fitness. Future studies will need to pay closer attention to the
variation of behavioral strategies in connection with group dynamics to better
understand how behavioral exchange and interchange are related to the maintenance
and stability of social bonds and group networks.
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Chapter 5
Social Relationships Impact Collective
Decision-Making in Tibetan Macaques

Xi Wang, Claudia Fichtel, Lixing Sun, and Jin-Hua Li

5.1 Introduction

Group-living offers many benefits related to survival and reproduction for animals
(Bertram 1978; van Schaik 1983; Zemel and Lubin 1995; Krause and Ruxton 2002).
Nevertheless, it also involves some unavoidable costs, such as mate competition or
interindividual conflict (Kappeler et al. 2015). Therefore, animals need to coordinate
their actions and maintain group cohesion to gain the benefits of group-living
(Conradt and Roper 2003; Fichtel et al. 2011). Group coordination is often difficult
to achieve because individuals may differ in their needs and interests. When these
differences cannot be reconciled, cohesiveness can be at risk (Rands et al. 2003,
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2008). How consensus is achieved and implemented at the behavioral level is often
studied during natural group movements to and from specific resources and/or
locations (e.g., sleeping and foraging sites). Such studies can provide an ecologically
relevant context to probe into fundamental mechanisms of social coordination of
collective actions (Boinski and Garber 2000; Fichtel et al. 2011).

Social interactions could affect the process of group movements. For example, in
large anonymous groups, such as fish schools and bird flocks, in which members do
not know each other individually, direction and action during movements are
regulated by self-coordination by individuals following the simple rule of keeping
a certain distance to the nearest neighbor (Parrish and Edelstein-Keshet 1999;
Couzin et al. 2002; Hemelrijk 2002). In contrast, in primate groups, where members
know each other individually, certain dominant or affiliated individuals may play
specific roles in the context of collective behavior, such as initiating or terminating a
group movement (Boinski and Garber 2000; King and Cowlishaw 2009; King and
Sueur 2011).

In primate species, initiation of a group movements can be accompanied by
notifying behaviors (Kummer 1968) or preliminary behaviors (Sueur and Petit
2008a) that are exhibited in the pre-departure period, directly preceeding the group
movement. This recruitment process often includes visual and acoustic communi-
cation, and which can influence the recruitment success of an initiation, i.e., whether
the initiator is followed and, if so, by how many group members and how quickly
(Sueur and Petit 2010; Seltmann et al. 2016; Sperber et al. 2017).

A successful collective movement can be driven by an unshared decision-making
mechanism, i.e., one individual leading all group movements and other members
following it all the time (Conradt and Roper 2005). In this decision-making process,
the highest-ranking male usually plays a major role in leadership in several species
of Old World monkey (Sueur and Petit 2008a). Alternatively, shared or partially
shared decision-making mechanism can also result in a collective movement. That
is, all group members or a subgroup can lead the movement of the entire group on
different occasions (Pyritz et al. 2011). In this case, individuals with better social
connections enjoy higher rates of initiating group movements (Sueur and Petit
2008b; Strandburg-Peshkin et al. 2015; Fratellone et al. 2018).

A major focus in the study of collective decisions in primates is the joining
process, which occurs once an individual has initiated a collective movement. Often,
primates do not decide independently on activity changes, but, rather, base their
choices on the actions of their group mates. This form of joining rule, when one
individual taking an action makes it more likely for another to do so as well, has been
termed mimetism (Deneubourg and Goss 1989). Mimetism can be further catego-
rized as anonymous mimetism and selective mimetism. Anonymous mimetism
refers to individuals being more likely to take the actions of other individuals
irrespective of their identity, and thus group movements can simply depend on the
number of individuals who have already left or performed a certain behavior (Petit
et al. 2009). Selective mimetism refers to joining decisions based on some other
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factors, such as distance, with individuals being more likely to join a movement
when in close proximity (Ramseyer et al. 2009; Ward et al. 2013), and affiliation,
with individuals being more likely to follow those group members with whom they
have strong social bonds (King et al. 2011; Sueur et al. 2009, 2011; Seltmann et al.
2013; Strandburg-Peshkin et al. 2015; Farine et al. 2016).

Individuals may also engage another joining process based on a quorum rule.
This rule states that once a minimum number of group members joins a movement,
group movement will occur all the time (Conradt and Roper 2003; Wang et al. 2015;
Rowe et al. 2018). A response to a quorum is observed when the probability of
members exhibiting a vote by joining a movement depends on the number of
individuals already performing the voting behavior (Pratt et al. 2002; Seeley and
Visscher 2004; Sumpter 2006; Ward et al. 2008).

Interestingly in macaques, social style appears to influence the organization of
group movements (Sueur and Petit 2008a). Social styles of the species of Macaca
have been divided into four grades (Thierry 2000), ranging from grade 1 (the most
intolerant) to grade 4 (the most tolerant). These styles appear to influence the
initiation and joining process of group movements (Sueur and Petit 2008a). In
species with a more despotic dominance style, decision-making is more likely to
be unshared and social rank determines leadership (Sueur and Petit 2008a, b). In
contrast, in species exhibiting a more egalitarian style, decision-making is more
likely to be shared and social relationships determine leadership (Sueur and Petit
2008a). For instance, in rhesus (Macaca mulatta) and Japanese macaques
(M. fuscata), both of which have a despotic social style, movements are mainly
initiated by dominant individuals, and joining processes are also determined by
dominance order (Sueur et al. 2009; Jacobs et al. 2011). In contrast, in macaques
with a more egalitarian social style, such as Tonkean (M. tonkeana) and Barbary
macaques (M. sylvanus), decision-making is equally or partially shared, and joining
processes are determined by affiliation (Sueur et al. 2009; Jacobs et al. 2011;
Seltmann et al. 2013).

Currently, the relationship between social style and leadership and other impor-
tant aspects of collective decision-making has been investigated only in a limited
number of macaque species. Therefore, detailed studies of collective movement in
relatively less known species, such as the Tibetan macaque (M. thibetana), are of
special interest for a better understanding of the link between social relationships and
collective decision-making. We therefore take this opportunity to review and syn-
thesize information based largely on our studies of Tibetan macaques. We hope that
some of the findings and insights (including those that have not been fully developed
in our publications) will enrich our understanding of decision-making processes in
collective movement in primates in general and macaques in particular.
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5.2 Collective Decision-Making in Tibetan Macaques

5.2.1 A Macaque Species for Studying Decision-Making

BecauseMacaca species vary in dominance style (Thierry et al. 2004), they serve as
an interesting taxon to study how social relationship influences the process of group
movements (Jacobs et al. 2011). Tibetan macaques are highly gregarious and live in
cohesive groups (Li 1999). Similar to other macaques, Tibetan macaques show
female philopatry, male dispersal, and linear dominance hierarchies (Berman et al.
2004).

The wild group of macaques we studied (YA1, see Chap. 2 for detailed informa-
tion about the history, demography, and habitat of the study group) engaged in social
activities in nearby forest during most of the day without any restriction on their
home range. For the convenience of viewing by tourists, they were supplied with
3–4 kg of corn daily (Berman and Li 2002; Berman et al. 2008; Xia et al. 2012).
After corn feeding, they regularly switched locations from the feeding site to the
nearby forest. Collective movements often occurred at the time of the switch. We
therefore investigated decision-making processes during group movements in this
group from August to December of 2012.

5.2.2 Decision-Making During the Initiation Process
of Group Movements

It is still debated whether Tibetan macaques exhibit a despotic or a tolerant domi-
nance style (Thierry 2000; Berman et al. 2004). In accordance with a despotic
dominance style (Berman et al. 2004), Tibetan macaques should be expected to
show an unshared decision-making process when initiating group movements, i.e., a
single, highest-ranking individual leads most movements. In reality, however,
Tibetan macaques demonstrate a shared decision-making process with affiliative
individuals more often initiating group movements than less sociable group mem-
bers (Wang et al. 2016). Considering the above contradiction about dominance style
in Tibetan macaques, we assume that there may be a potential connection between
social rank/affiliative relationship and the initiation of group movement.

We observed initiation processes when Tibetan macaques returned from the
feeding site to the nearby forest. Thus, an initiator was defined as the first individual
that moved more than 10 m in less than 30 s from the provisioning area to the forest.
Any individual walking more than 5 m and within 45� of the direction taken by the
initiator was considered as a follower (Sueur and Petit 2008a). We used the criterion
of 5 min for each successive follower who joined the movement after the first mover
or previous follower (Wang et al. 2016). In our study, only those movements
including at least two-thirds of group members were counted as successful group
movements. To quantify leadership in group movements, we standardized initiation
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data on the number of initiations of each individual by the number of times in which
this individual was identified at the provisioning area (Wang et al. 2016).

During the 5 months of our observation period, we recorded more than 200 ini-
tiation attempts, all of them by adult members. Two-thirds of these initiations were
considered as successful group movements. We found that all adults could initiate
group movements, but that they differed significantly in the standardized number of
successful initiations. This result clearly showed that decision-making during the
initiation process of group movement was shared among adults.

To explore which factors might affect collective decision-making, we analyzed
the relationship between several key biological/social attributes and the initiation of
group movement. Interestingly, there was no significant difference in the standard-
ized number of successful initiations between adult males and females. Second, there
was neither a correlation between social rank and the standardized number of
successful initiations nor with the success ratio of initiations. Also, age of adults
was not correlated with the successful initiation of group movement (Fig. 5.1).

To evaluate the relationship between social affiliation of an adult and its leader-
ship in group movements, we related the number and ratio of successful initiations of
every subject in the provisioning area to its eigenvector centrality coefficient based
on proximity relations among group members when they were in the forest
(in comparison with the situations when they were in the feeding site). We used
focal animal sampling method to collect proximity data for assessing affiliative
relationships among group members (Altmann 1974; Li 1999; Berman et al.
2008). We found a positive correlation between the eigenvector centrality coefficient
(based on proximity relations) and the standardized number of successful initiations

Fig. 5.1 Age of adults and their successful initiations of group movements in Tibetan macaques.
There was no correlation between the two variables
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across adults. Eigenvector centrality was also correlated positively with the success
ratio of initiations.

Moreover, to further analyze the relationship between affiliated behavior and
leadership of group movement, we correlated the initiation of group movement with
social grooming among adults. Results showed that the standardized number of
successful initiations was positively correlated with the duration of social grooming,
including grooming given and grooming received (Fig. 5.2).

5.2.3 Decision-Making During the Joining Process of Group
Movements

Joining processes were also observed when Tibetan macaques returned from the
feeding site, where they were regularly provisioned, to the nearby forest. We tested
whether joining occurs according to a quorum decision or mimetism as shown in a
simple schematic to illustrate how the two responses would differ (Fig. 5.3).

During our preliminary observation of group YA1 (August 1–14, 2012), 5 min
were used as the minimum duration of initiating a successful group movement.
Therefore, an early joiner was defined as an individual that moved in the first 5 min
after the initiator departed (Wang et al. 2015). According to this definition, an

Fig. 5.2 Correlation between successful initiations of group movements and social grooming in
Tibetan macaques. Proportion of time spent in social grooming indicates the duration of grooming
of every subject divided by its total focal observation time. The two lines respectively represent
positive correlations between grooming given/grooming received and successful initiations of
group movements

84 X. Wang et al.



initiator in our study was also considered as an early joiner because he/she left in the
first 5 min.

We assessed the relationship between the number of adult early joiners and the
probability of successful group movement. The results revealed that group move-
ments were not successful unless three or more early joiners participated in the
movement. When three to six early joiners participated, successful group movements
occurred without a consistent pattern, showing some fluctuations in the probability
of successful group movement. Nonetheless, once more than half of the early joiners
participated in the movement, other group members followed the collective actions
all the time.

To further study the role of early joiners in group movements, we performed a
correlation analysis between the mean joining order and eigenvector centrality
coefficient for adults in group movements (Wang et al. 2015). Results showed that
the earlier an individual joined the movement, the higher its centrality was (Fig. 5.4).
We then explored key attributes of early joiners in the social network of those in
group movements. Our results showed that early joiners differed significantly in
eigenvector centrality coefficient based on the half-weight index (HWI:
co-occurrence index in group movements, Wang et al. 2015), but there was no
difference between adult males and females. Also, age and eigenvector centrality

Fig. 5.3 A schematic depiction of mimetism and quorum. Nos. 1, 2, and 3 in red circles represent
individuals who have joined the movement. Nos. 4, 5, and 6 are individuals waiting to join the
movement. Dotted line of upper figure indicates selective mimetism: Nos. 4, 5, and 6 would join the
movement based on the choice of specific members (e.g., No. 1 is the highest-ranking male). Solid
line of upper figure indicates anonymous mimetism: Nos. 4, 5, and 6 would join the movement
based on the number of joiners by linearly. Threshold of lower figure indicates quorum: for
example, once half of the members (i.e., three individuals) have joined the movement, other
individuals would follow the collective action all the time
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coefficients were not correlated. However, social rank was positively correlated with
eigenvector centrality coefficients in both adult males and females.

Finally, we compared two eigenvector centrality coefficients of individuals in
group movements and in proximity relations (Wang et al. 2015). We found a positive
correlation between the two coefficients (Fig. 5.5). This result indicates a close
relation between affiliative behavior and the joining process of group movements.

Fig. 5.4 Relationship between individuals’ joining order of group movements and eigenvector
centrality coefficient. HWI: co-occurrence index in group movements. The bigger the value of mean
joining order was, the earlier an individual joined the movement

Fig. 5.5 Eigenvector centrality coefficients of individuals based on HWI and DAI. HWI:
co-occurrence index in group movements. DAI: dyadic association index in proximity relations
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5.3 Social Relationship and Collective Decision-Making

Our collection of studies revealed that all adult Tibetan macaques had opportunities
to successfully initiate group movements. This result is consistent with studies in
Barbary macaques (Seltmann et al. 2013) and Tonkean macaques (Sueur and Petit
2008a), both of which have a tolerant social style. However, different adults had
varying times of success in initiating group movements across the study period.
Eigenvector centrality coefficients were positively correlated with the number of
successful initiation of group movements.

Our data demonstrate that more affiliative individuals were more likely to assume
leadership roles. The importance of social relationship is consistent with the results
of several other studies (e.g., Tonkean macaques: Sueur and Petit 2008a, b; Sueur
et al. 2009). King et al. (2011) suggested that chacma baboons (Papio ursinus) with
higher eigenvector centrality coefficients in their social network were more likely to
attract partners to follow their initiations. We assume that individuals preferentially
followed “friends” because following friends may be associated with benefits. For
instance, female baboons (P. cynocephalus) that had closer bonds with others lived
longer and their offspring also had a higher probability to survive (Silk et al. 2010),
but in Tibetan macaques neither these friendships nor their potential consequences
have been studied yet.

We found a positive correlation between the number of successful initiations and
the amount of time spent grooming given/received, suggesting that the motivation to
move may lay in staying away from the provisioning area and moving to the
relatively calm forest, where animals could engage in social grooming. We carried
out our study at a tourist site (Wang et al. 2016), and adult Tibetan macaques at our
study site had indeed higher rates of aggression in the provisioning area than in the
forest (Berman et al. 2007). Moreover, as no large predators were present at the study
site in recent decades (Li 1999), the forest was supposed to be a safer and less
stressful location for monkeys to engage in affiliative behaviors such as grooming.
We see the location change from the provisioning area to forest as an adaptive
response to the socioecological conditions experienced by our study group.

Our work on the joining process of group movements has provided several
important insights into which rules might be used by Tibetan macaques in
decision-making during collective movement. First, we found that the more central
a group member was in the social network, the earlier it participated in a movement,
as shown by the positive correlation between the mean joining order of every joiner
and its eigenvector centrality coefficient (Wang et al. 2015). This result is compa-
rable with situations in black howler monkeys (Alouatta pigra), where females at the
front of a group movement have the highest centrality eigenvectors among the adult
group members (Belle et al. 2013). Our results demonstrate the importance of early
joiners in the decision-making process and indicate that the initiator was not always
the only decision-maker. Other joiners in the first 5 min might also play a key role in
decision-making.
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Second, we found that higher-ranking early joiners tended to have higher eigen-
vector centrality coefficients. Because the eigenvector centrality coefficient can
quantify the attraction of early joiners to other members during the joining process
(Newman 2004), our data (Wang et al. 2015) showed the role of social rank in early
joiners. That is, higher-ranking joiners could have more companions in group
movements. A similar influence of social rank on decision-making has also been
reported in other species. For instance, alpha males have been reported to be the
consistent decision-makers in group movements in mountain gorillas, Gorilla
gorilla (Watts 2000).

Third, we found that early joiners who had higher centrality coefficients in
proximity activities also had higher centrality coefficients during collective move-
ments. This means that early joiners with frequent social interactions could also
attract more members during the joining process. This result is comparable to
findings in chacma baboons and red-fronted lemurs, Eulemur rufifrons (Stueckle
and Zinner 2008; King et al. 2011; Sperber et al. 2019).

Our data also showed that when the number of early joiners in a group was below
seven, group members preferred to follow higher-ranking or affiliative early joiners
during the joining process of group movements. By this time, selective mimetism
had most likely been used as the joining rule. Apart from our study, selective
mimetism has also been suggested in several other studies (Detrain et al. 1999;
Camazine et al. 2001; Couzin and Krause 2003; Sumpter 2006; Gautrais et al. 2007;
Sperber et al. 2019). In Tonkean macaques, for instance, how an individual decides
to join a collective movement depends on whether it is strongly affiliated to
departing individuals (Sueur et al. 2009).

We can explain selective mimetism in Tibetan macaques with respect to their
social style. For example, Tonkean macaques exhibit an egalitarian social structure
(Sueur and Petit 2008b). In this species, individuals decide when to move via a
quorum. The lack of centrality for dominant or old Tonkean macaques suggests that
all individuals may have equal weight in the voting process and interactions are not
constrained by individual status (Sueur and Petit 2008b). However, rhesus
macaques, with a despotic style, prefer to join high-ranking or related individuals
during collective movements, showing selective mimetism (Sueur and Petit 2008a,
b; Sueur et al. 2010). In Tibetan macaques, higher-ranking early joiners were
socially connected to more individuals than lower-ranking group members, both in
collective movements and during proximity activities. As our results showed that
high-ranking individuals had high centrality coefficients based on the co-occurrence
index in group movements, they were more attractive to other members than
low-ranking individuals during the joining process.

Our data also showed that when the number of early joiners had accumulated to
more than half of the adults in our study group, all group members would participate
in group movement all the time. Clearly, this threshold of “>50% adult members”
indicates the existence of another joining rule, the quorum rule, during collective
movements in Tibetan macaques. The voting process in the group of Tibetan
macaques we studied may be explained by the reduction in the risk of being left
behind from the group (Wang et al. 2015). A similar joining rule has also been found
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in white-faced capuchins (Cebus capucinus), rhesus macaques, and Tonkean
macaques, all of which use the threshold of four in collective movements (Petit
et al. 2009; Sueur and Petit 2010).

5.4 Conclusions

In this chapter, we reviewed and synthesized studies of collective movement and
decision-making in Tibetan macaques. We suggest that leadership of group move-
ments in Tibetan macaques was distributed among adults rather than exclusively
taken by a single, high-ranking individual. Different members led the group on
different occasions, and social relationships were more related to leadership than
social rank, age, or sex. Performing group movement presumably produced oppor-
tunities to switch locations for adults to participate in other social activities, includ-
ing social grooming. Moreover, social relationship also mattered for the joining
process. Tibetan macaques used selective mimetism and a quorum process in
collective decision-making, and early joiners with closer affiliation played a critical
role as to which rule was used. Thus, our study provided further evidence for the link
between social relationships and collective decision-making in a little known
macaque species. Future studies can examine whether social relationships affect
the decision-making process in Tibetan macaques at the same level when group size
varies. This will lead us to a better understanding as to whether a general pattern
exists for group coordination and social cohesion through collective decision-
making.
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Chapter 6
Considering Social Play in Primates: A Case
Study in Juvenile Tibetan Macaques
(Macaca thibetana)

Jessica A. Mayhew, Jake A. Funkhouser, and Kaitlin R. Wright

6.1 Introduction

The evolutionary origins and adaptive value of animal play behavior have long been
contemplated. Social play in gregarious animals is a multidimensional topic that has
long been debated, insufficiently investigated, and a source of enigmatic questions
regarding its development, relationship to cognition, and adaptive value. Play has
been characterized as the most sophisticated manifestation of communication
(Bekoff 1972; Bekoff and Allen 1997; Burghardt 2005; Fagen 1981; Pellis and
Pellis 2009), which is partially why it is challenging to study. Beyond its incorpo-
ration into species’ activity budgets, researchers have encountered multiple logistical
and theoretical stumbling blocks, including difficulty in operationalizing definitions,
identifying multiple juveniles and their varied social relationships, keeping pace
with changes in interaction tempo and player composition, quantifying the behaviors
observed and their short- and long-term costs and benefits, and determining an
individual’s motivation and intention to engage with others in this specific manner.
Nevertheless, social play warrants attention because of its inherent complexity,
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perceived contributions to an individual’s fitness, communicative content, and
interspecies variability.

In this chapter, we provide a brief overview of play behavior, with special
attention to macaques, and propose some considerations to others interested in
studying play. To emphasize some of these points, we provide an example where
we consider the multiple factors characterizing the social play behavior of the 2017
Yulingkeng A1 infant and juvenile Tibetan macaques (Macaca thibetana) at
Mt. Huangshan, China. Additionally, we map their positions in a social play network
and use this foundation to generate hypotheses regarding their future network
positions. We encourage future studies to address how the construction of these
juvenile relationships contributes to an individual’s overall group position and the
formation of adult relationships and the potential adaptive advantage play provides.

6.2 Play Behavior: An Overview

The diversity in the form and content of play has generated discussion about the
proximate and ultimate costs/benefits and whether generalizations about this behav-
ior can be made across taxa. There are multiple definitions of play emphasizing
either structure or function (e.g., Bekoff and Allen 1997; Fagen 1981; Martin and
Caro 1985), but the development of five descriptive criteria by Burghardt (2005) has
provided researchers the parameters to identify play as distinct from other common
behaviors in a repertoire. For a behavior to be labeled “playful,” Burghardt (2005)
proposes it should (1) have a limited immediate function, (2) be endogenous,
(3) have structural or temporal properties that are different from “serious” behaviors,
(4) be flexibly exercised and not stereotypical, and (5) be performed in a relaxed field
(i.e., free of stress or social/physical pressures). Guided by these criteria, researchers
now have a foundation to tackle more complex questions of how and why
animals play.

Play is often broadly categorized as solitary, object, and social (Bekoff and Byers
1981; Fagen 1981), but these categories are not mutually exclusive. Solitary play
typically includes intense or sustained locomotor movements performed alone, e.g.,
the running and gamboling of young ungulates. Object play can be solitary or social
and includes the manipulation of an object for no immediate benefit. Object play is
commonly observed in carnivores, in which predatory movements, such as grabbing
and shaking, are performed on a non-prey item (Burghardt 2005). Primates also
engage in object play from stick carrying in chimpanzees (Pan troglodytes)
(Kahlenberg and Wrangham 2010), stone handling in Japanese macaques
(M. fuscata, Nahallage et al. 2016; Shimada 2006, 2010), to the manipulation of
one’s environment in functional object substitution, sparking discussion about
pretense, imagination, and theory of mind (Gómez and Martín-Andrade 2002).
Social play is identified as being interactive and occurs between two or more
conspecifics who may influence one another’s actions (Thompson 1996). Social
play often includes aggressive behaviors, such as biting and wrestling (Burghardt
2005), but tends to be reciprocal between partners (Fagen 1981).
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The type and exhibition of play depends on the species observed. Typically, the
occurrence of play increases throughout juvenilehood but then tapers off at sexual
maturity where activity budgets and individual priorities shift toward competition
and reproductive resources. In birds, orders with more altricial species tend to
engage in more play than orders with mostly precocial species (Ortega and Bekoff
1986). Raptors (e.g., eagles and hawks) engage in object play (Ortega and Bekoff
1986), young herring gulls (Larus argentatus) have been observed performing
“drop-catch” behavior with clams and nonfood objects over hard substrates (Gamble
and Cristol 2002), and ravens (Corvus corax) slide down snowy inclines and hang
upside down from tree branches (Heinrich and Smolker 1998). Members of the
family Canidae, including wolves, coyotes, foxes, and jackals, engage in solitary,
object, and social play. Of this group, domestic dogs (Canis familiaris) are the most
familiar play partners to humans and even use play signals that can be readily
understood and responded to (e.g., the play bow) (Bekoff 1974). Cetacean play
also takes on multiple forms, including the creation of play objects in the form of
bubbles (Hill et al. 2017; Jones and Kuczaj 2014). For elephants (Loxodonta
africana), play occurs throughout the life course on land and in water, and object
play can be observed by individuals of all ages (Lee and Moss 2014). Guided by
Burghardt’s criteria, play can also be identified in animals that are not commonly
regarded as being playful, including cichlid fish (Tropheus duboisi, Burghardt et al.
2014), Nile softshell turtles (Trionyx triunguis, Burghardt et al. 1996), octopus
(Octopus dofleini, Mather and Anderson 1999), and even spiders (Pruitt et al. 2012).

Social play intrinsically involves partner cooperation, complex communication,
and learning, and these are critical variables to investigate if we are to understand the
cognitive and social development in young individuals (Bekoff and Allen 1997;
Palagi et al. 2007). The functional significance of this suite of “nonserious” social
behaviors remains elusive yet intriguing to ethologists; nevertheless, play has been
noted to nourish the physical, social, and cognitive aspects of an individual (see
Palagi 2018 for review). Namely, play functions to increase and maintain physical
fitness or motor performance (Byers and Walker 1995; Fontaine 1994; Martin and
Caro 1985), refines social skills and increases behavioral flexibility (Baldwin and
Baldwin 1974; Brown 1988; Fagen 1984), and may be an important context that
enhances cognitive skills in which an individual learns to identify and respond to the
intentions of others through social cues (Bekoff 1972; Bekoff and Allen 1997; Palagi
et al. 2007). These types of interactions serve as an opportunity to accrue and refine
adult social skills and enhance behavioral flexibility (Baldwin and Baldwin 1974;
Brown 1988; Fagen 1984). The unpredictable nature of this intimate social exchange
challenges the participants to literally “think on their feet” as the interaction occurs,
which imposes some inherent risk, but sharpens social tactics and reactions. In
general, play is expected to occur more frequently with a partner that is evenly
matched in skills and ability (M. fuscata, Kulik et al. 2015) as well as with
individuals that are likely to be frequently encountered in adulthood (e.g.,
Maestripieri and Ross 2004). Pellis and Pellis (1996) hypothesize that rough-and-
tumble play influences the developmental of dominance relationships in postpubertal
juveniles (i.e., subadult), especially in male-male play bouts, through testing a play
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partner’s strength. Intense or more aggressive behaviors, such as bite or chase, could
be used to create or maintain a competitive edge in a play bout (e.g., Gorilla gorilla,
van Leeuwen et al. 2011) that serves as practice for future, more aggressive
interactions requiring the defense or acquisition of resources. Therefore, playing at
increased rates and with a diversity of partners is likely an adaptive strategy during
juvenile development to enhance one’s success in “serious” behaviors later in life.
However, with variable social systems (between or within species), it can be
expected that juvenile play rates, relationships, and partner diversity depend on the
life stage (i.e., the priorities of an individual at different ages) and group composition
(i.e., social partner diversity and range restrict group demography).

In addition to potentially preparing a juvenile for future social experiences
(Burghardt 2005; Fagen 1981), researchers can study play in attempt to predict the
context, quantity, and dyadic relationship quality of future social relationships
between group members (e.g., Pellis et al. 2019). Play partner choice tends to reflect
the adult social partners of cooperative, competitive, and reproductive relationships
experienced in adulthood (e.g., Maestripieri and Ross 2004). At its core, play builds
upon reciprocity and turn-taking between players; without reciprocity and clear
communication it is difficult to maintain the interaction and playful context. Partner
selection is thus important, as regularly playing against larger, stronger individuals
may mean being disadvantaged more frequently. Similarly, selecting a smaller, less
skilled, or younger opponent might mean you possess a more frequent advantage but
may require more self-handicapping (e.g., Cebus apella, Lutz and Judge 2017;
Macaca mulatta, Yanagi and Berman 2014b). Interactions with larger age disparities
may require increased communication, i.e., play signaling, to maintain a playful
context. For example, self-handicapping behaviors (e.g., adopting a supine position)
are positively associated with play signaling in domestic dogs (Canis lupus
familiaris, Ward et al. 2008), and gorillas often pair an open-mouth face with
more intense play behaviors, such as chasing, potentially to maintain an equitable
level of cooperation between play partners (van Leeuwen et al. 2011).

In the order Primates, there is marked interspecific variation in play, and even
within a species, the frequency in which an individual engages in play is not
uniform. Teasing apart the contributing individual- and group-level variables for
these differences is no small task, and these intrinsic and external factors can be
multidimensional. For example, young infants may be physically handicapped when
engaged in play with larger juveniles due to their small size, limited motor coordi-
nation, and unrefined social skills. However, young infants may also be physically
restricted or actively discouraged by their mothers from participating in play (e.g.,
the mother has a restrictive rearing style or is low-ranking in the group). Other
variables, including group social organization, structure, style, and status (Ciani et al.
2012; Fagen 1981; Maestripieri 2004; Thierry 2007), an individual’s opportunity
(Panksepp and Beatty 1980), prior experience (Cloutier et al. 2013), personality
(Lampe et al. 2017; Pellis and McKenna 1992), and brain chemistry (Siviy et al.
2011) may also influence an individual’s participation in and style of play. Although
it has been acknowledged that play typically declines in frequency with age, some
primates continue to engage in play beyond sexual maturity, maintaining playful
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relationships with juveniles and even playing with other adults (Pellis and Iwaniuk
2000; e.g., Lemur catta, Palagi 2009; Macaca tonkeana, Ciani et al. 2012; Pan
paniscus, Palagi 2006; Pan troglodytes, Yamanashi et al. 2018; Theropithecus
gelada, Mancini and Palagi 2009). The motivation to continue playing into adult-
hood likely differs depending on a variety of factors, including the degree of social
tolerance in the species (e.g., despotic vs. egalitarian society), species-specific
affiliative patterns of behavior, and the evolved communicative mechanisms to
maintain a playful context.

6.3 Macaque Play

Macaca spp. vary widely in their geographical distribution, but the genus shares
certain foundational similarities in social organization; for example, they can be
found living in female philopatric, multi-male, multi-female groups with overlapping
home ranges. However, the differing geographic distribution and phylogeny of the
genus has resulted in interspecific variation in patterns of affiliation, reconciliation,
dominance, aggression, nepotism, and temperament (Thierry 1985, 1990; Thierry
et al. 2000). From this variation, the social organization of macaques is typically
regarded as a continuous, four-grade scale of dominance style: species occupying the
first grade are considered hierarchical and nepotistic and those occupying the fourth
grade are considered more tolerant or egalitarian (Thierry et al. 2000). Dominance
style can be defined as the dominance relationships, categorized by agonistic interac-
tions, within dyads in a social group (Thierry et al. 2000). A difference in dominance
style between primate taxa can be the result of environmental variables, such as contest
over food resources (Matsumura 1999), but may also be context-dependent
(Funkhouser et al. 2018b). Grade one despotic species are generally marked by
dominant individuals that show intense and highly asymmetrical patterns of aggres-
sion, little tolerance around resources, and infrequent reconciliation (e.g.,M. mulatta,
M. fuscata, and M. cyclopis). Species with a grade four dominance style show the
opposite tendencies, with low or moderate levels of kin bias in affiliation, tolerant and
supportive interactions with group members, strong group cohesion, and maternal
tolerance for infant handling, for example, M. maura, M. nigra, M. ochreata, and
M. tonkeana, all endemic to Sulawesi (Thierry et al. 2000). Although the above
species fit easily onto this graded scale, other macaques are more difficult to categorize
based on inconsistent or a lack of behavioral data. The classification of species as a
grade two or three can often rely on relative comparisons: grade two macaques possess
behavioral traits that are more similar to grade one species, and grade three macaques
are more similar to grade four species.

Regardless of their place on this graded scale, the variation in social tolerance
observed across the 23 extant macaque species provides an opportunity to directly
compare different facets of behavior, including play structure and content, across
multiple, differing social structures. Currently, much of the play research in
macaques derives from species occupying opposite ends of the dominance scale,
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and the differences in observed play style, rate of play, and play signaling have been
suggested to reflect this social dominance style (Petit et al. 2008; Reinhart et al.
2010; Yanagi and Berman 2014b). The social play of despotic species, such as
rhesus (M. mulatta) or Japanese macaques (M. fuscata), can be characterized as
competitive, whereas more tolerant species, such as Tonkean (M. tonkeana) or
Sulawesi crested macaques (M. nigra), engage in a more cooperative play style
(Petit et al. 2008; Reinhart et al. 2010). These differences are reflected in the targets
attacked during play fighting as well as the type and frequency of play signals
utilized throughout a play bout (Reinhart et al. 2010; Scopa and Palagi 2016; Yanagi
and Berman 2014b). A more competitive or risky play style, one in which sensitive
targets like the face are attacked, may generate miscommunication between partners
and risk ending the play contact. Therefore, using play signals to indicate imminent
play (Yanagi and Berman 2014a) or to reinforce playful intent (Wright et al. 2018)
could be used to mitigate potential aggression and prolong the interaction (Scopa and
Palagi 2016). These signals may be more specific and less interchangeable in more
aggressive or competitive species to minimize the risk of misinterpretation (Scopa
and Palagi 2016; Thierry et al. 2000; Yanagi and Berman 2014b) whereas in more
tolerant species, these signals may be used redundantly and interchangeably to
initiate/terminate play (Pellis et al. 2011; Scopa and Palagi 2016). Thus, investigat-
ing grade two and grade three macaque species, such as Tibetan macaques
(M. thibetana), can help to determine the degree of overlap in species play patterns
and play signaling.

6.4 Tibetan Macaques

Tibetan macaques are female philopatric and live in multi-male, multi-female social
groups of 15–50 individuals (Berman et al. 2004; Thierry 2011; Thierry et al. 2000).
This species has a strong kin bias with linear male and female dominance hierar-
chies, in which males generally occupy the top ranks of the hierarchy although
females can outrank them (Berman et al. 2004). Despite being originally designated
as having a grade three dominance style (Thierry et al. 2000), Tibetan macaques
have been re-established as grade two, showing some despotism and low concilia-
tory tendencies, especially for female-female interactions (Berman et al. 2004).
However, some female behavior is also inconsistent with a more despotic style,
including that female individuals display a markedly high preference for female kin
in proximity relationships and maternal tolerance for infant handling (Berman et al.
2004).

Female M. thibetana rank is based on matrilines with a daughter occupying the
rank directly below her mother and above her older siblings (Berman et al. 2004;
Thierry 2011; Zhao 1997). This hierarchy influences intergroup competition among
females and generates preferential bonds between kin (Thierry 2011). Tibetan
macaques groom at symmetric rates (exchange grooming for grooming received)
and prefer female kin grooming partners, and females prefer to groom higher-
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ranking females (even if unrelated) (Xia et al. 2012). These investigations illuminate
the generally despotic nature of Tibetan macaque social organization (Berman et al.
2004; Thierry et al. 2000), bias for female kin across a number of social contexts
(viz., coalitionary support, grooming, and infant handling; e.g., Berman et al. 2004),
and the overall value of grooming in this species (e.g., Xia et al. 2012, 2013). Tibetan
macaques and other species with intermediate, graded behavioral variability may
demonstrate behavioral nuances that are more likely a difference in degree rather
than kind; therefore, it is important to determine the extent of these differences and
how they manifest and compare across species.

Similar to other macaque species, Tibetan macaque juveniles engage in dyadic
and polyadic play (Wright et al. 2018) that is fast-paced and rough and tumble. Few
studies have examined social play in juvenile Tibetan macaques, primarily because
few studies have been conducted on this species compared to other species of
macaques. The play studies that have been performed have occurred at Valley of
the Wild Monkeys in Anhui Province, Huangshan, China, specifically with the
Yulingkeng A1 (YA1) group. Juveniles in this group have been noted as preferring
similarly aged partners for both social play bouts and affiliation (Batts 2012). The
type of play engaged in, whether solitary or social, also appears to depend on the age
of the individual: infants tend to engage in more solitary play and juvenile males
engage in the most social play (Batts 2012). The majority of juveniles in this group
participate in play, but participation frequency, duration, and the rate of play
signaling is variable (Wright et al. 2018). Nine candidate play signals, such as
crouch and stare, have been observed, six of which overlap with the play signal
repertoire of rhesus macaques (Yanagi and Berman 2014a). In this group, the play
face is an important signal used throughout bouts but is not a reliable indicator that
play will be initiated (see Wright et al. 2018 for a more detailed discussion). Having
other individuals in proximity to the play bout (an audience) also seems to impact the
play signaling of individuals involved, i.e., the data represent a negative parabolic
trend. Play signaling in these juveniles increased as the number of audience members
increased from zero to two but decreased with additional individuals beyond this
threshold suggesting that the communication value of the play signal may degrade as
the complexity and size of the play group increases (Wright et al. 2018). However,
additional comparative research on this topic is necessary.

In the following example, we build upon previous social play studies of the YA1
juvenile Tibetan macaques of Mt. Huangshan, China, using social network analyses
to supplement our current understanding of the social dynamics of this group.
Although the majority of research performed on these macaques highlights the
relationships between the adults, such analyses can help construct a more complete
picture of group social dynamics. Additionally, this information can be used to
generate future hypothesis-driven research about potential adult relationships and
social position within the group as the juveniles age and become integrated into the
adult social network.
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6.5 Study Subjects and Data Collection

The YA1 group of Tibetan macaques resides at Valley of the Wild Monkeys in the
Huangshan Scenic District, Anhui Province, China. This group has been habituated
to human presence since 1986 (see Berman and Li 2002; Berman et al. 2004) and is
free-ranging but regularly provisioned with corn multiple times per day in supple-
ment to their natural diet. All group members are individually recognized, and
records of the group structure, including name, sex, birth date, and matriline, are
maintained by Anhui University researchers. Additional adult female grooming data,
collected July 7–August 28, 2016, between 06:30 and 17:30, was used to supple-
ment some of the following analyses. To generate maternal dominance rank,
all-occurrence sampling (Altmann 1974) was used to collect agonistic data from
July 14 to August 27, 2016, from 7:00 to 12:00 and 14:00 to 17:00 daily (data
contributed by Lori K. Sheeran). All research herein was approved by the Central
Washington University Institutional Animal Care and Use Committee (protocols:
#A051602, #M061603, #A051702), and all protocols adhered to the legal require-
ments of the People’s Republic of China and the American Society of Primatolo-
gists’ Principles for the Ethical Treatment of Primates.

6.5.1 Maternal Allogrooming and Dominance Rank

In summer 2016, the YA1 group was composed of 47 individuals (19 males,
28 females): eight adult males, 13 adult females, and 26 infants and juveniles
(between the ages of approximately 30 days and 6 years old) (see Table 6.1). All
adult females were randomly sampled, and 10-min focal follows were conducted to
collect all instances of auto- and allogrooming. This generated approximately
400 min of observation time per focal individual. Data were collected on actor/
recipient identities, rank, sex, matriline, and duration. An allogrooming bout was
initiated with physical touch between partners, and the bout ended when all
grooming partners ceased to groom for >10 s. If a grooming bout was polyadic
(more than two individuals), the identity and durations of all partners were recorded,
and the interactions were treated as dyadic.

To determine maternal rank, agonistic data were collected. Agonism consisted of
fear grin, scream, flee, displace, threat, lunge, chase, grab, slap, and bite (as defined
by Berman et al. 2004). We coded unambiguously directed agonistic interactions
(or “competitions”) in a 1:0 dichotomous fashion, where 1 indicated the “actor” who
“won” the interaction and 0 indicated the “recipient” who “lost” the interaction. For
these reasons, submissive behaviors (lack of agonism) were reverse-coded, where
the actor was said to have lost (0) to the winning (1) recipient. We then derived Elo
scores for each individual using methods similar to Neumann et al. (2011) in R.
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6.5.2 Juvenile Play Behavior

In summer 2017, the YA1 group was composed of 46 individuals (17 males,
29 females): 10 adult males, 15 adult females, and 21 infants and juveniles (between
the ages of approximately 30 days and 5 years old). Data were collected from July
6 to August 5, 2017, between 06:30 and 17:30. A complete list of player demo-
graphics, including age, sex, and matriline, are shown in Table 6.1.

Table 6.1 Yulingkeng A1 player demographics in 2017

Name Age (days) Age (years) Sex Mother

TouQiuGuo (TQG) 30 <1 F TouXiaHua

YeXiaYun (YXYun) 49 <1 F YeHong

YeXiaDuo (YXD) 65 <1 F YeChunYu

YeXiaMing (YXM) 102 <1 M YeChunLan

HuaXiaYun (HXYun) 126 <1 F HuaHong

TouHuaLi (THL) 399 1 F TouRongYu

TouFuHua (TFH) 451 1 F TouHuaYu

TouQiuYing (TQY) 474 1 F TouXiaXue

YeXiaYue (YXYue) 794 2 F YeHong

TouQiuSong (TQS) 802 2 M TouXiaHua

TouHuaNan (THN) 823 2 M TouRui

HuaXiaYue (HXYue) 852 2 F HuaHong

YeChunHua (YCH) 1461 4 F Unknown

YeRongLan (YRL) 1514 4 F YeZhen

TouRongXi (TRX) 1537 4 F TouTai

TouQiuLan (TQL) 1549 4 F TouXiaXue

HuaXiaWei (HXW) 1579 4 F HuaHong

YeXiaKun (YXK) 1588 4 M YeHong

HuangYu (HY) 1643 5 M Unknown

YeChunLan (YCL)a 1740 5 F YeMai

TouXiaLong (TXL) 1817 5 M TouHong

TouHuaXue (THX)a,b 1889 5 F TouRui

TouRongYu (TRY2) 1969 5 M TouTai

YeChunLong (YCLong)a,b 2557 7 M YeMai

YeRongQiang (YRQ)a 2586 7 M YeZhen

TouRongGong (TRG)a 2635 7 M TouTai

HuaXiaMing (HXM)a 2675 7 M HuaHong

Age was calculated from the recorded birth date to 6-21-2017, which was when Anhui University
researchers prepared the demographic information for the field season. In instances where the birth
date and matriline were unknown (e.g., YeChunHua and HuangYu), age was estimated based on the
individual’s size and sex characteristics
aThe six individuals classified as adults during 2017, including two 5-year-old females and four
7-year-old males
bThe two adult individuals of the six who participated in play with younger individuals (THX and
YCLong)
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Video footage of social play behavior was collected using all-occurrence sam-
pling and a Sony Handycam camcorder. Regular scans of infant and juvenile
interactions occurred until social play was initiated. If a second play bout occurred
while recording the first, the video frame was widened to include both bouts. If this
was not possible, the first bout was recorded to completion, and then the second bout
was recorded. The juveniles were followed until play concluded and the players
ceased to engage in play for >10 s. All play videos were coded using VLC media
player (version 3.0.3, Vetinari) and Microsoft Excel (version 16.14) for player
identity, demographic information (e.g., age, sex, and matriline), duration of the
play bout, and the total number of players involved. All ages were recorded in days,
and all durations were recorded in seconds.

A coding distinction was made between the longer encompassing play bout and
the smaller component units designated here as play periods (see Mayhew 2013 for a
discussion of play structure, including play periods and vigilance periods). Here,
only play periods were examined. Guided by Burghardt (2005) and Fagen (1981),
the start of a play bout was marked by the exchange of playful behavior between two
or more juveniles. A play bout was considered to have concluded when (1) a player
engaged in non-playful behavior (e.g., aggression), (2) a non-player directed
non-playful behavior toward the players (e.g., the bout was interrupted by an adult
initiating a grooming session), or (3) player(s) withdrew from the interaction, thus
dissolving the play group. Because play dynamics change quickly, it was noted each
time a player withdrew from or was added to the interaction even if play continued
following this change in player composition. Each partner interchange marked the
transition to a new play period; for example, players A and B are playing, and player
C approaches and joins; therefore the play period between A and B terminates and a
new period containing players A, B, and C begins (see example in Fig. 6.1).

6.5.3 Statistical Analyses

As indicated by its frequent appearance in recent animal behavior studies, social
network analysis (SNA) has become a valuable tool for understanding the role and

Fig. 6.1 An example of a play bout divided into its smaller components: play periods and vigilance
periods (VP). A change in player composition (addition or withdrawal) is marked and indicates a
transition into a new play period (adapted from Mayhew 2013)
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positioning of individuals within a larger social group. SNA uses matrix-based data
to analyze individual social interactions, where individuals can be depicted as nodes
and network-based descriptive and statistical analyses are generated to describe the
relationship between nodes (Sueur et al. 2011a; Whitehead 2008). A comprehensive
overview of the utility of SNA, its terminology, methods, and analyses can be found
elsewhere in comprehensive texts (see Borgatti et al. 2013 or Whitehead 2008).

SNA has been used to characterize these relationships in primate social groups, as
well as identify clusters of individuals, subgroups, isolated group members, and,
overall, diagram of the group’s social network (e.g., Clark 2011; Farine and White-
head 2015; Funkhouser et al. 2018a; Sueur et al. 2011a). For example, using SNA,
researchers have examined the correlation between juvenile play network positions,
ontogenetic social development, and later-life social connectedness (P. troglodytes,
Shimada and Sueur 2014;M. fuscata, Shimada and Sueur 2017;Macaca spp., Sueur
et al. 2011b). Animals that are strongly connected to one another (i.e., having strong
bonds) tend to have relationships on multiple independent measures of relation; thus,
it can be expected that playing preferentially with certain partners will correlate with
other measures, such as grooming, copulation, and proximity (Whitehead 2008).

In this study, all statistical analyses were performed using IBM SPSS Statistics
(Version 23) software (α ¼ 0.05). UCINET (Borgatti et al. 2002) was used to
calculate network statistics, and NetDraw was used to construct sociograms. Elo
scores (calculating position in the dominance hierarchy) were derived using R. To
investigate correlations between independent social networks (e.g., durations of play
and difference in age) we used QAP correlation analyses in UCINET; this test
analyzes whole matrices against one another. The following node-by-node statistics
were calculated: (1) degree (the sum of each node’s ties with all other nodes, also
known as strength), (2) eigenvector centrality (how well an individual is associated
with others and how well the associates are associated), (3) closeness (how close
nodes are within a network, often discussed in terms of the time it takes for
information to spread from one individual to others), and (4) betweenness (a value
used to assess a node’s ability to control flow through a network). We also
constructed a principal coordinate sociogram to illustrate the observed social play
relationships between individuals. This sociogram plots individuals with strong
associations near one another. To define the minimum edge value in this diagram,
we used the mean of all directional dyadic indexes plus one standard deviation
(mean + SD). Detailed information about these node-by-node statistics can be found
in Borgatti et al. (2013) and Whitehead (2008).

6.6 Results

In total, 256 play bouts (12,458 s total) were observed containing 965 play periods.
Twenty-three macaques (eight males, 15 females) participated in play, ranging in
age from approximately 30 days (TQG) to 7 years old (YCLong) (Table 6.1). Play
bouts ranged in duration from one to 895 s (nearly 15 min), but the mean was
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considerably shorter (48.99 � 80.33 s). Play periods ranged in duration from 1 to
227 s with a mean of 12.91 � 16.70 s.

6.6.1 Player Age

Play was observed more frequently between players of the same birth cohort (i.e.,
individuals born in the same year) (QAP, r¼ 0.289, p¼ 0.001) and age class (QAP,
r ¼ 0.219, p < 0.001). The mean age of a player was 867.66 � 496.55 days old
(approximately 2.4 years old), and the mean age of male players
(977.75 � 488.22 days) was slightly older than female players
(736.84 � 476.56 days). A Pearson correlation was used to determine whether the
age of the player (in days) correlated with the total amount of time spent playing with
any other player(s) during the study period. Player age was significantly correlated
with play duration (r ¼ �0.246, p � 0.001), and this negative relationship suggests
that as age increased, the time spent involved in play decreased. Notably, when only
dyadic play periods were examined, the ages of the players were positively corre-
lated (r ¼ 0.467, p � 0.001), indicating that as the age of Player 1 increased, the age
of Player 2 also increased (Fig. 6.2).
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Fig. 6.2 A scatterplot of player ages in dyadic play bouts (two individuals) indicating that as the
age of one partner increased, the age of the second partner also tended to increase (r ¼ 0.467)
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6.6.2 Number of Players

Consistent with Wright et al. (2018), polyadic play periods were observed in this
group of macaques (four players, n ¼ 66; five players, n ¼ 10) but occurred less
frequently than dyadic (n ¼ 628) or triadic (n ¼ 261) interactions; the mean number
of players in a play period was 2.44 � 0.67. Similarly, the total number of players in
a play period was significantly correlated with the duration of a period (r ¼ �0.138,
p � 0.001), indicating that playing with more individuals decreased the duration of
play. Additionally, the total number of players in a play period was significantly
correlated with player age, indicating that as player age increased, the number of
players involved decreased (r ¼ �0.152, p � 0.001).

6.6.3 Player Composition

An analysis of player composition indicated that mixed sex play (n ¼ 533 periods,
55.2%) represented more than half of all play periods (all-male play, n ¼ 273,
28.3%; all-female play, n ¼ 159, 16.5%), and this was significantly different from
the expected values (χ2(2)¼ 228.47, p� 0.001). Therefore, juvenile males remained
active participants despite the presence of more juvenile females in the group.

6.6.4 Matrilineal Relatedness and Rank

YA1 matrilines are known and documented annually by Anhui University
researchers; therefore it was possible to determine and rank the degree of maternal
relatedness between juveniles. There was no significant relationship between mater-
nal difference in Elo score (dominance) and the duration of play in offspring (QAP,
r ¼ 0.00, p ¼ 0.025). Similarly, there was no significant relationship between
maternal dominance status (dominant or subordinate) and the duration of play in
offspring (QAP, r ¼ �0.025, p ¼ 0.411).

6.6.5 Maternal Social Relationships

Adult female grooming duration data from 2016 was factored in as a proxy for
maternal social dyadic relationships, but there was no significant relationship
between maternal grooming (total seconds) and the duration of play in offspring
(QAP, r ¼ 0.018, p ¼ 0.274).
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6.6.6 Individual Playfulness

In addition to the above demographic variables, individualistic patterns emerged for
the juveniles in this group. Predictably, some juveniles played more frequently and
longer than others (see Figs. 6.3 and 6.4), and overall, TouQiuSong (TQS),
TouHuaNan (THN), and YeXiaYue (YXYue) were the three most active partici-
pants (appearing in 56.58, 40.70, and 32.40% of play periods observed, respec-
tively). All three of these players were born within 29 days of one another and
belonged to the 2015 birth cohort. Interestingly, the oldest individual in this cohort,
HuaXiaYue (HXYue), was born 29 days before THN, but did not participate in play
nearly as much as her three peers.

Network statistics for each player were calculated, including degree, eigenvector
centrality, closeness, and betweenness (Table 6.2). To better visualize these play
relationships, a sociogram was constructed (minimum edge weights of mean � SD)
for all dyadic interactions (Fig. 6.5). Examining the network statistics and socio-
gram, TQS, THN, and YXYue appear to unite three clusters of players.

Based on a cursory examination of the play frequency and duration data as well as
from personal observation, it is unsurprising that TQS, THN, and YXYue were the
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Fig. 6.3 The total individual counts of play participation for all group members�7 years old in the
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top three ranking individuals for all four calculated network measures. Overall, TQS
has the highest strength (6896) and betweenness (47.905) values, indicating that he
is highly gregarious and links discrete clusters of juvenile players. His high eigen-
vector centrality of 1.0 indicates that he is well connected to others that are
themselves well connected within the network. He also has the lowest closeness
value (24), which suggests that social information that originates at a random node in
the network would reach him quickly and with high fidelity, again emphasizing his
central position in the network. The results are very similar for THN and YXYue,
and these three juveniles are found clustered in the center of the sociogram.

The individuals in the three clusters evident in Fig. 6.5 are notably comprised of
individuals with similar demographic characteristics. Cluster A contains the group’s
older and larger males (ages four to seven), including YeChunLong (YCLong),
TouRongYu (TRY2), HuangYu (HY), and YeXiaKun (YXK). Cluster B contains
nearly all remaining juveniles (ages two to four), who are predominantly female,
including TouRongXi (TRX), TouQiuLan (TQL), TouQiuYing (TQY), TouHuaLi
(THL), and TouFuHua (TFH). Cluster C contains HXYue (age three) and the
majority of the group’s infants: YeXiaYun (YXY), YeXiaDuo (YXD), and
YeXiaMing (YXM). Clusters A and C appear to be connected via cluster B,
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Fig. 6.4 The total individual durations of play (in seconds) for all male and female individuals
�7 years old. Males are depicted as circles, females as squares, infants as gray, and juveniles as
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oldest). The dotted line represents the mean play duration for each age class, including all
individuals of that age class even if they were not observed playing (e.g., YCL, YRQ, TRG, and
HXM)

6 Considering Social Play in Primates: A Case Study in Juvenile Tibetan. . . 107



suggesting that certain individuals or individuals of intermediate age more generally
act as scaffolding for infants into the juvenile social network. One juvenile was a
notable social isolate with the lowest degree, eigenvector, and betweenness values
and highest closeness value: YeRongLan (YRL), who only participated in one play
bout for four seconds. Similarly, other individuals had few or weak social network
connections, reflected by their low degree, eigenvector, and betweenness values and
high closeness scores: YeChunHua (YCH), TouQiuGuo (TQG), TouXiaLong
(TXL), and HuaXiaWei (HXW). These isolated individuals were both males and
females and ranged from infancy to nearly 5 years old.

6.7 Discussion

The adult macaques in the YA1 group are well known and studied, but juvenile
interactions have not been well documented. The results outlined in this chapter
provide a window into the social lives of these juveniles, and the results presented
here build upon previous Tibetan macaque social play research performed at this site
(viz., Wright et al. 2018). Importantly, the findings in this work aim to establish these

Table 6.2 2017 Yulingkeng A1 player network measures sorted by degree

Player Degree Eigenvector centrality Closeness Betweenness

TQS 6896 1 24 47.905
THN 4448 0.74 26 28.6
YXYue 4108 0.791 25 28.807
THL 3393 0.579 30 6.211

YXMing 1351 0.062 30 13.186

TRX 1266 0.153 34 1.5

TQL 1237 0.145 35 0.25

YXK 1215 0.216 37 1.715

TRY2 1201 0.15 36 1.394

TQY 1187 0.155 32 1.313

YXDuo 1027 0.016 46 0.2

YXYun 1023 0.054 35 3.781

TFH 1005 0.124 32 1.153

HXYue 879 0.144 32 1.416

HXYun 722 0.07 32 7.197

YCLong 719 0.056 39 0.966

HY 539 0.088 36 2.276

HXW 291 0.045 34 0.862

TXL 188 0.014 43 0.2

TQG 161 0.006 40 1.069

YCH 36 0.008 40 0

YRL 4 0.001 44 0

Bold indicates the top three individuals with the highest network measures
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juveniles as important entities within the group that have their own identities and the
potential to drive the direction of group social dynamics as they age and continue to
interact.

The frequency of social play in these juvenile macaques followed a similar
trajectory to other primate species: play increased as age increased, peaked at
approximately 2.5 years old, and then declined. Adult macaques in this group rarely
participated in play, which supports previous literature indicating a general lack of
adult primate play in more despotic species. Additionally, the number of players
involved in a play period was fewer when the participating players were older. The
QAP results indicated that juveniles had a preference for certain social partners and
played more frequently with peers of their birth cohort. In dyadic play bouts, partner
ages were positively correlated, which is a further indication of a preference for
similarly aged partners. Taken together, partner preferences may not only be indic-
ative of the strong social bonds that result from growing up together in the same age
cohort but also reflect a preference for equity in social competition (Kulik et al. 2015;
van Leeuwen et al. 2011). As juveniles age, especially males, physical strength and
prowess build and are increasingly put to the test in competition with other individ-
uals. This partner equity may be particularly important for more despotic macaque
species in attempt to ensure that play occurs with an appropriately matched opponent
in skills, abilities, and size in attempt to reduce the risk of play devolving into
aggression by interacting with a mismatched partner. Tibetan macaques also engage
in polyadic play, which can quickly become complicated for the participants as well
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Fig. 6.5 Sociogram for the 2017 juvenile and infant play network based on duration data
(mean � SD ¼ 242). This network highlights those juveniles who participated more frequently
in social play. Males are depicted as circles, females as squares, juveniles as black, and infants (<1
years old) as gray. YCLong is included in this network as a juvenile but was categorized as an adult
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as the researchers observing the interaction. Typically, the duration of these polyadic
play events is shorter than when play occurs between dyads. This is reasonable
considering that when more players become involved in an interaction, it becomes
increasingly difficult for each player to monitor their own behavior as well as track
the behaviors of all the other partners simultaneously. This inability to effectively
monitor multiple partners may contribute to the brevity of polyadic play. Such events
also open the door for future research analyzing the structure and composition of
these bouts in comparison to dyadic events.

Although there may be some general conclusions to be made about play in
macaques depending on their degree of social despotism or tolerance, the influence
of individual identity and personality on play participation warrants further explo-
ration. Some individuals, simply based on personality traits (e.g., boldness, tendency
to explore, or sociability), may be more inclined to participate in play regardless of
their partner’s age, sex, or relationship. Although personality data were not collected
for these juvenile macaques, and the dataset here only represents a snapshot of the
relationships of this group, predictions could be made about which juveniles likely
possess which traits and to what degree. This is undoubtedly a large undertaking;
however, such data could generate some understanding of how personality contrib-
utes to social play participation and can aid in generating predictions about how
certain individuals will behave in other realms of social behavior.

6.7.1 Does Social Position Matter?

The introduction of SNA into social play analyses is useful in that it not only literally
illustrates the complex relationships shared by juveniles but also provides a method
to track individual relationships and compare them across years, events, and other
social networks (e.g., Shimada and Sueur 2017). Specifically, SNA allows
researchers to follow an individual across time and various social networks to
investigate the effects of an individual’s characteristics during play as a juvenile
(e.g., frequency, partner choice and diversity, and play style) on their position in
adult social networks. Such a longitudinal, multilayer social network framework
would provide a pointed investigation of the adaptive mechanisms present during the
juvenile play period that may impact reproductive fitness later in life (e.g., domi-
nance status, reproductive success, infant survival). The incorporation of such
information into future social play studies may be of interest to researchers
performing long-term studies, where data-driven predictions about the role or tenure
of future juveniles within the social group is invaluable. For the YA1 group, this type
of information may be helpful to future researchers interested in the development
and maintenance of Tibetan macaque relationships.

In 2017, it appears that TQS, THN, and YXYue provided the foundation for this
social play network in 2017, acting as social glue and connecting juveniles across
multiple birth cohorts and matrilines. Interestingly, the grandmothers of THN and
TQS were central in the 2016 female allogrooming network (TouTai and TouHong,
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respectively, unpublished data), so it is possible that well-connected maternal rela-
tives influence the social freedom or social position of kin across years. Whether the
central positioning of this trio is an artifact of their particular age (nearly 3 years old),
their early cohort experience (close dates of birth), or previous sibling or kin
scaffolding into the social network is currently unknown, but additional SNA data
from 2015 and 2016 can help to clarify this picture.

The central nature of TQS, THN, and YXYue can also be used to make pre-
dictions about the transition of future dominance status and mating opportunities in
this group. The YA1 group has a history of some resident males remaining in the
group longer than expected and rising through the ranks to alpha position (e.g.,
YeRongBing, HuaXiaMing, and TouGui). This longer group tenure might also be
expected of THN and TQS, and they may not be immediately pressured by group
males to disperse. As a female, YXYue is expected to remain in YA1, and once she
reaches sexual maturity, she will likely fall into place at the top of the hierarchy with
the rest of her Ye female relatives, achieving this high rank namely because her
mother, YeHong, is the alpha female.

Social predictions can also be made about individuals that occupy more periph-
eral positions in the juvenile network. For some, such as the infants of the group, this
position will most likely change with age and increased social exposure to their peers
or may be mediated by the infant’s matriline. For others, this window of social
opportunity may have closed, and this peripheral social position may persist into
adulthood. One important advantage of reliably identifying unique infants and
juveniles is that it allows for young individuals to be tracked across development
to test for changes in the status of their social lives. Further, reliably identifying
young individuals ensures control for bias in data collection, whereby ensuring that
nongregarious or cryptic individuals (that might be easily overlooked because they
play less) can be accurately represented in a dataset.

Although the infants in this group all had low eigenvector values (less central),
they comprised their own cluster and the majority were not social isolates (periph-
eral). The isolation of TouQiuGuo (TQG) from the juvenile network can be
explained by her very young age (a newborn). The clustering of the remaining
newborn peer group may have occurred because of limited social access and ability.
For infants, having access to social partners beyond their mother can be restricted
because macaque mothers often carefully control their offspring’s experience during
their first vulnerable months. For Tibetan macaques, this can be a physical restric-
tion, where the mother will not release the infant from her grasp, or a social
restriction, where the mother actively monitors and interferes in the social interac-
tions between her offspring and other group members for at least the initial weeks of
life. Indeed, Tibetan macaque mothers often affiliate or associate with one another,
thereby providing limited opportunities for their infants to socially engage while still
being heavily monitored. Regardless, this mothering behavior limits the infant’s
ability to socially engage relative to the rate of older (juvenile) conspecifics. Aside
from the influence of maternal rearing behavior, the infant itself has limited physical
abilities that prohibit it from keeping up with older players. Growth and development
bring physical, mental, and emotional strength, flexibility, endurance, and
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knowledge of the natural environment, but this is inherently a slow, prolonged
process, one that requires time as well as practice and repeated experience. A
newborn infant is also a novel object in the environment that others must familiarize
themselves with; therefore, it is not simply that the infant must gain physical and
social competence to enter into this new social world; they must also gain acceptance
from members of the social group and be treated accordingly by older play partners.

A handful of juveniles were social isolates. Both YCH and YRL were rarely seen
interacting with any members of the YA1 group, juvenile or otherwise. YCH is
thought to be a juvenile immigrant (rare), and therefore she lacks kin relations on
which to base her social behaviors; this could explain her peripheral social position.
YRL’s mother, YeZhen, occupied the lowest position in the social hierarchy during
2017, and this low rank could have impacted YRL’s social position within the
juvenile network by limiting her opportunities for social engagement. It was sur-
prising to uncover the weak connection of TouXiaLong (TXL) to the juvenile play
network because his mother, TouHong, occupied a central, well-connected position
within the group’s 2016 grooming network (unpublished data). Further, TXL’s
maternal cousin is TQS, a highly playful and central individual (see above).
Although the position of TXL was wholly different from TQS, a possible explana-
tion for his position revolves around his age: TXL was roughly 5 years old and
possibly in a liminal developmental stage where he was transitioning out of the
juvenile period and therefore more concerned with establishing connections to the
adult social network.

6.7.2 Future Considerations

One major challenge to studying social play in primates is that there are typically a
large number of participants to track. When studying a large group, especially one
containing many young individuals who look quite similar, it is considerably easier
to use broad age categories to ease any comparisons (e.g., infant, juvenile, subadult,
and adult). However, this generalization of individuals into broad age classes can
generate statistical and conceptual issues because the boundaries between age
categories differ widely between sexes, species, and studies. In primates, the major-
ity of individuals involved in play are juveniles, which often means they are between
the ages of weaning and sexual maturity. This, however, is a large and variable span
of developmental time, and the acquisition of physical, social, and cognitive skills
may occur at different stages and paces. Not only might there be marked differences
in the physical and social abilities among the age classes, there are considerable
differences in abilities within age classes, for example, between a 2-year-old juvenile
who is 731 days old and a 2-year-old juvenile who is 1094 days old. Therefore, it is
our recommendation to use age in days to achieve a fine-grain perspective and to
emphasize the individual nature and developmental trajectory of play in any group
examined.
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Much like any study on social play, more questions emerge and remain open for
future exploration than are typically answered. In particular, the idea of social
scaffolding—acting as a bridge and supporting or facilitating a connection between
groups of individuals—is of particular interest. Who are the individuals that fall into
this particular role? Are they kin? Do older siblings help assimilate younger siblings
into the network? What is the influence of having a small familial network to begin
with? These kinds of questions require longitudinal comparisons, that not only
incorporate social play data but also multiple independent measures of association
(Shimada and Sueur 2017), such as proximity and grooming.

Furthermore, questions of evolutionary importance surface in the study of social
play. Particularly, because play is often regarded as a context for learning and
practice for later serious adult interactions (Lutz et al. 2019), juvenile play is rich
in opportunities to study the contributions of juvenile behavior to adult reproductive
success. Do individuals who play at high frequencies when young go on to be more
successful in dominance and mating interactions (relative to juveniles who rarely
play)? What about those that demonstrate high play partner diversity? What is the
effect of maternal or paternal social network connectedness on the juvenile’s fre-
quency or diversity of play? Do observed rates of play in different contexts (e.g.,
social or object) predict an individual’s success in corresponding contexts later in life
(e.g., mating or extractive foraging)? Researchers could test such predictions using
unidimensional social network analyses (as we illustrate here) or expand on
multidimensional social networks. Multiplex social network analyses are particu-
larly useful in studying complex social systems where individuals participate in
various social contexts (Smith-Aguilar et al. 2018). With multiplex statistics,
researchers could ask questions of variation across multiple behaviorally defined
layers (e.g., play, grooming, agonism, and mating), temporal sequences (e.g., years
or developmental periods), or biologically relevant connections (e.g., kinship) to test
predictions of inclusive fitness and reproductive success.

Studying play could also help to place the four grades of macaque species into
clearer context: the differences between these species, especially those considered to
be grades two and three, most likely reflect a nuanced degree rather than overt
differences. Tibetan macaques are considered a grade two species, meaning that
observers should see some evidence of despotism, hierarchical behavior, and matri-
lineal preference, even in juvenile play. However, researchers should expect to
observe some behavioral inconsistencies when compared with grade one macaques
(e.g., M. mulatta or M. fuscata). For example, contrary to the expectation for more
despotic species, social play in this group is not often interrupted by an adult;
instead, juveniles are fairly self-sufficient at self-regulating play bouts and choose
when to participate rather than being controlled by the adults of the group (Wright
et al. 2018). Additionally, neither kinship nor maternal rank appears to have a
significant impact on the duration of play or partner choice (this study). These are
unexpected results that warrant further inquiry and require researchers to ask them-
selves: just how much variation is reasonable to expect for grade two or three
species?
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Chapter 7
The Vocal Repertoire of Tibetan Macaques
(Macaca thibetana) and Congeneric
Comparisons

Sofia K. Blue

7.1 Introduction

The vocal repertoires of mammals usually consist of a fixed number of calls, some of
which are closely linked to particular contexts. Though not to the same extent as
humans, other mammals have been documented to emit highly modifiable calls with
a cognitively rich set of meanings (Seyfarth and Cheney 2010). Fixed vocal pro-
duction coupled with modifiable context emission and comprehension may have
been homologous traits present in our prelinguistic ancestor, since they appear to be
present in a wide array of taxonomic groups. Seyfarth and Cheney (2012) suggest
that the common ancestor of Old World monkeys, apes, and humans had limited
vocal production and open-ended comprehension, and by making comparisons with
our closest living relatives, we can further illustrate the implications of theories
concerning language evolution.

Our limitless repertoire of sound combinations and capacity for vocal learning is
unmatched in the animal kingdom. To date, songbirds have been the focus of vocal
learning studies in non-human animals, and evidence in mammals has been
restricted to species of cetaceans, pinnipeds, elephants, and bats (Lattenkamp and
Vernes 2018). Surprisingly, our closest living relatives, the non-human primates, are
deficient in their ability to learn new vocalizations. This inability may be a result of a
lack of neuronal potential required for vocal learning although the vocal tract is
speech-ready (Fitch et al. 2016). Vocal production is, for the most part, highly
constrained in non-human animals, and mammalian repertoires usually consist of a
variety of grunts, threatening vocalizations, alarm calls, and screams (Seyfarth and
Cheney 2012). Comparing the diverse array of vocal repertoires and communication
across taxa is one way to identify the selective pressures behind vocal complexity
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and the biological underpinnings of language-specific traits. Finding an appropriate
measure of vocal complexity, however, is challenging when there are no standard
methods for quantifying, classifying, or describing vocal repertoires.

7.2 Measuring Vocal Complexity

7.2.1 Vocal Repertoire Size

Although communication is undoubtedly multimodal in nature, across the modalities
the number of distinct signals or signaling units can be used as a representative of
communicative complexity (Peckre et al. 2019). For studies investigating the modal-
ity of acoustic communication, one possible metric of vocal complexity is repertoire
size. Repertoire size is defined by the number of call types produced by a species or
population (Peckre et al. 2019). Therefore, repertoire size is a strictly numeric
measure unable to provide any information concerning the function or usage of
the calls that constitute them. Variable data collection methods among studies
constrain the ability to make exact comparisons across species and genera, further
limiting the informative value of repertoire size alone. In addition, comparing
repertoire size leaves out the identification of species-specific calls that may have
evolved.

Hohmann (1991) carried out a comparative analysis of the vocal repertoires of
four species of Old World monkey (Macaca radiata, Macaca silenus, Presbytis
johnii, Presbytis entellus). For the species under Hohmann’s (1991) investigation,
previous reports of their vocalizations were very fragmented. To bypass this chal-
lenge and make accurate comparisons, Hohmann (1991) recorded calls from these
four species and used the same methods to analyze the call recordings. Even though
this study involved an intensive classification of the vocal repertoire of four different
species, emphasis was placed on comparisons of the frequencies of call type
emission and vocal activity among sex/age classes, rather than identifying species-
specific calls or call usage. Therefore, the extent to which vocal complexity among
the four species was investigated is limited.

7.2.2 Identifying Homologous and Derived Calls

Gustison et al. (2012) proposed that the identification of homologous (acoustically
similar calls shared between species) and derived vocalizations (acoustically unique
to a species) among closely related species can be used as a measure of vocal
complexity. By focusing on the identification of acoustically homologous calls
(Hohmann 1991; Gustison et al. 2012) and identifying species-specific derived
calls, researchers are not constrained by the variable methods used across studies
to classify vocal repertoires. Furthermore, comparing homologous and derived
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vocalizations among closely related species is essential in the identification of
phylogenetic, social, and ecological factors influencing varying degrees of vocal
complexity.

To date, few studies in non-human primates have approached investigations on
vocal complexity through the identification of derived calls. Kudo (1987) compared
the vocal behavior of mandrills (Mandrillus sphinx) to savannah baboons (Papio
spp.) and geladas (Theropithecus gelada) and found that differences among the three
species’ vocal behavior were due to the ecological pressures associated with the
attenuation of sound in forest versus savannah habitats. More recently, Gustison
et al. (2012) identified the homologous and derived vocalizations in two closely
related species, geladas and chacma baboons (Papio ursinus). In this comparison,
derived vocalizations were uttered in social and reproductive contexts unique to a
species, suggesting that differences in sociality and reproductive ecology were the
driving factors in the evolution of these species-specific vocalizations.

7.3 Understanding the Evolution of Vocal Complexity

To understand the evolution of vocal complexity, it is necessary to make compar-
isons across closely related species. Although broader interspecies comparisons do
exist and reveal some interesting patterns (McComb and Semple 2005), in-depth
investigations among closely related species allow researchers to tease apart which
factors have driven the evolution of communication (Bouchet et al. 2013). Macaques
may be an ideal genus for investigations of vocal complexity because of several
characteristics. Vocalizations in the Macaca genus have garnered a considerable
amount of attention over the years, and the literature is rich enough to make detailed
comparisons across many species. In addition, the genus is the most geographically
widespread and behaviorally diverse genus of non-human primate because
macaques display a high range of interspecific variation and inhabit the greatest
range of habitats (Thierry et al. 2000). By documenting the diversity across the
macaques through a comparative perspective and the identification of derived calls, I
can investigate how potential selective pressures, like phylogeny, sociality, and
ecology, shape which calls are conserved or vary in the vocal repertoires of the
genus.

The effects of phylogeny, sociality, and ecology are essential in the explorations
on the evolution of vocal complexity (Freeberg et al. 2012). Phylogeny may act as a
starting point for mapping the evolutionary convergence of vocal characters. For
example, complex oropendola bird songs are conserved and relatively invariant
among the three genera (Price and Lanyon 2002), and primate vocalizations appear
to be largely genetically predetermined (Newman and Symes 1982). It is widely
accepted in the literature that sociality may be an essential driving factor in species
with high degrees of vocal complexity (Blumstein and Armitage 1997; Wilkinson
2003; Freeberg 2006; Furrer and Manser 2009). In their investigation on Tonkean
macaques (Macaca tonkeana), Masataka and Thierry (1993) concluded that sociality
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determines the vocal repertoire of a species as strongly as phylogenetic constraints.
Lastly, since macaques inhabit a wide range of habitats, interspecific variation in
vocal repertoires may be the result of these ecological differences (Masataka and
Thierry 1993). It is likely, however, that any one of these factors is insufficient to
explain vocal diversity and that a complex interplay of phylogenetic, social, and
ecological factors influences degrees of vocal complexity.

In this contribution, I explore vocal homologs and derived calls in the Macaca
genus through the:

1. Identification of the main categories of call production
2. Selection of call types from each category of call production to compare across

the genus
3. Identification of homologs based on acoustic characteristics
4. Identification of species-specific derived calls and main differences across the

genus
5. Comparisons with the Tibetan macaque vocal repertoire
6. Exploration of phylogenetic, social, and ecological factors that may influence

homologous and derived calls

7.4 Methods

7.4.1 Categories of Call Production

Two previous studies designated categories for comparison across different species
of Old World monkeys (M. radiata, M. silenus, P. johnii, P. entellus: Hohmann
1991; Papio ursinus, T. gelada, Gustison et al. 2012). I followed Gustison et al.
(2012) and identified calls in macaques within three main categories and included
the subcategories differentiated for each: allospecific (alarm and food calls), social
(long-distance and close-range calls (competitive, distress, and contact)), and other
(see Fig. 7.1). Allospecific calls are elicited by external stimuli and include alarm
and food calls. The majority of vocalizations in mammals are emitted during social
interactions with conspecifics (Gustison et al. 2012). Such social calls are further
categorized into two subclasses: long-distance and close-range calls. For close-range
calls, a further subdivision is necessary; so I classified close-range calls into three
additional subcategories to cover the many different contexts in which these calls are
emitted: contact, competition, and distress. The last category, other, includes calls
that are not strictly emitted in a particular context or the context is unknown.
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7.4.2 Exploring Vocal Homologs and Derived Calls
in the Genus Macaca

The homologous call types investigated come from a review of the macaque
literature and the identification of calls that were similar in acoustic structure
alone, even if they were designated different names in the literature or were emitted
in different contexts. Derived calls are defined as acoustically unique to a species and
were also identified via visual inspection of spectrograms. Similar to my previous
study (Bernstein et al. 2016), I followed Rowell and Hinde (1962) and first identified
calls as either clear or harsh. Clear calls are tonal with energy concentrated in
harmonic frequency bands, while harsh calls are atonal and acoustically unstructured
with underlying harmonic frequency bands obscured by broadband noise and a
distribution of energy across a wide frequency spectrum (Palombit 1992; Rowell
and Hinde 1962). Once calls were classified as either clear or harsh, I then focused on
temporal and frequency characteristics to identify homologous calls. These charac-
teristics included the presence or absence of harmonic frequency bands, the modu-
lation of frequency bands, spectral shifts (e.g., abrupt changes like the presence of a
fast-rise transient from high pitch to low pitch), the concentration of spectral energy,
whether or not calls were attached to or superimposed onto a noisy portion, and the
duration of the call.

In order to make comparisons in the macaque genus, I used reports from which
the entire repertoire was systematically investigated and excluded investigations that
described only particular call types. This method is similar to the one adopted by
McComb and Semple (2005) in their investigation of the coevolution of vocal

Allospecific Calls

Alarm Calls

Food Calls

Long Distance

Close Range Calls

Other Calls

Contact Calls

Competitive Calls

Distress Calls

Tonal Scream

Non-tonal Scream 

Threat Rattle/Growl, Bark

Coo, Girney, 

Loud Calls

Long Distance Calls

Non-tonal Harsh (Barks and Roars)

Tonal Segmented

Copulation Call,

Social Calls

+

Fig. 7.1 Call categories and call types investigated in the genus Macaca. The main categories and
subcategories are in bold, and calls in italics indicate the call types chosen for homologous and
derived comparisons. (*) Non-tonal screams are not strictly distress calls since they are also emitted
in feeding contexts
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communication and repertoire size as a measure of vocal complexity. To date there
are repertoire studies from 11 different macaque species, including my study on
Tibetan macaques (Tibetan macaques, Macaca thibetana, Bernstein et al. 2016;
Formosan macaques, M. cyclopis, Hsu et al. 2005; Barbary macaques,
M. sylvanus, Hammerschmidt and Fischer 1998; Tonkean macaques, M. tonkeana,
Masataka and Thierry 1993; long-tailed macaques, M. fascicularis, Palombit 1992;
bonnet macaques, M. radiata, Hohmann 1989; lion-tailed macaques, M. silenus,
Hohmann and Herzog 1985; Sugiyama 1968; stump-tailed macaques, M. arctoides,
Lillehei and Snowdon 1978; Japanese macaques, M. fuscata, Green 1975; Itani
1963; rhesus macaques, M. mulatta, Rowell 1962; Rowell and Hinde 1962). Com-
parison of call emission frequency and in which contexts calls were uttered was
analyzed when the results were available across the published repertoires in the
genus.

7.4.3 Comparisons with Tibetan Macaques and Phylogenetic,
Social, and Ecological Factors

I included a wider array of species for comparisons with the Tibetan macaque vocal
repertoire based on phylogenetic closeness, even if their repertoires have not been
systematically analyzed and reported. I made this attempt to incorporate studies on
specific calls for a more robust comparison with particular Tibetan macaque calls
that were not included in the genus comparison. I chose interspecific call types based
on their acoustic similarity and not context (for context comparisons, see Table 7.2).

After I identified the homologous and derived calls in the genus, I explored
potential phylogenetic, social, and ecological factors. Depending on the source and
the type of genetic study, the phylogenetic classification of macaques can vary. One
of the most recent studies by Li et al. (2009) investigated the phylogeny of the
macaques based on Alu elements. I used their classification for the comparisons
investigated here (for each species’ designation in the phylogeny, see Table 7.1). For
the social component, I compared the contexts of emission and, if available, the rate
at which the call types are emitted in a species’ repertoire. In addition, I used reviews
of theMacaca genus (Thierry et al. 1996, 2000; van Schaik et al. 1999; Maestripieri
and Roney 2005; Pradhan et al. 2006) and the life history traits provided by Singh
and Sinha (2004) to explore social and ecological factors.
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7.5 Results

7.5.1 Homologous and Derived Calls in the Genus

I selected call types from the three main categories (allospecific, social, and other) of
call production across the genus. I identified the following as the shared calls in the
11 macaque species investigated: coo, threat rattle/growl, non-tonal scream, girney/
greeting call, tonal scream, squeak, food call, alarm call (non-tonal harsh and tonal
segmented types), female and male copulation call, bark, and loud call (Table 7.1).
The main category allospecific calls includes the tonal segmented and non-tonal
harsh alarm calls and the food call. Threat rattle/growl, bark, non-tonal scream,
coo, girney, female and male copulation call, long distance, and loud call are in the
social category, and the tonal screams are in the other category since they are emitted
in feeding and distress contexts (for subcategories, see Fig. 7.1).

For the 11 species investigated, I identified 9 derived calls based solely on
acoustic structure: the krahoo (M. fascicularis); food yell, atonal greeting, and
tonal girney (M. cyclopis); warble, harmonic arch, chirp, and male copulation
scream (M. mulatta); male copulation grunt (M. arctoides); tonal estrus call
(M. fuscata); and female copulation call (M. thibetana).

The main differences found in the homologous calls concerned the frequency of
emission and the range of call types within a specific context. For example,
M. arctoides have a limited use of coo calls with considerably more harsh, noisy
calls in a purely graded signal system (Bruce and Estep 1992).Macaca tonkeana and
M. cyclopis macaques have a wider range of agonistic and girney/greeting calls,
respectively, that is unparalleled in the rest of the genus (Masataka and Thierry 1993;
Hsu et al. 2005).

7.5.2 Comparisons with the Vocal Repertoire of Tibetan
Macaques

The Tibetan macaque vocal repertoire consists of five clear calls (coo, squawk, leap
coo, weeping, modulated tonal scream) and seven harsh calls (squeal, noisy scream,
growl, bark, compound squeak, pant, female copulation call) (for a quantitative
analysis of the vocal repertoire, see Bernstein et al. (2016); see Fig. 7.2). In order to
make congeneric comparisons with the Tibetan macaque vocal repertoire, I included
a wider array of species based on phylogenetic closeness, even if their repertoires
have not been systematically analyzed and reported. I made this attempt to incorpo-
rate studies on specific calls for a more robust comparison with particular Tibetan
macaque calls that were not included in the genus comparison above (i.e., squawk,
squeal, leap coo, weeping, and pant). I chose interspecific call types based on their
acoustic similarity and not context (for context comparisons see Table 7.2).
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Overall, the acoustic structure and context of emission was similar among the
species investigated. A few main differences in context were a result of the group
composition and various species-specific behaviors present in the congeneric spe-
cies, but not in Tibetan macaques. For example, all of the infants died during my
study on the vocal repertoire of Tibetan macaques, and therefore information about
the calls associated with mother-infant interactions are limited (Bernstein et al.
2016). Also, an absence of calls from infants leaves out one vital age class that is
necessary for a more complete comparison across species. Additionally, Tibetan
macaques are one of two macaque species that show bridging behavior where two
adults simultaneously lift an infant (Ogawa 1995, this volume). Bridging may be
another context associated with infants where individuals emit calls that I was unable
to observe.

Also, within the context of mating, female Tibetan macaques do not show any
behaviors indicative of estrus (Li et al. 2005) and do not emit an estrous call. My
study took place in the Valley of the Wild Monkeys, China, a site where the
provisioned macaque groups that inhabit the mountainous sparsely covered terrain
have been protected from hunting and trapping since the 1940s (Wada et al. 1987).
During my observations, the Tibetan macaques did not emit an alarm or food call.
Although Tibetan macaques were observed to emit loud calls that propagated over a
large distance, these calls were clustered in the noisy scream category.

The female Tibetan macaque copulation call was the only call in my previous
study that was a derived vocalization distinct from what has been reported in the rest
of the genus (Bernstein et al. 2016). Usually, female macaques emit soft grunts
during copulations. The Tibetan macaque females also emit quiet calls, but their
acoustic structure does not involve biphasic “inhale-exhale” components, and they
are instead shrill, undulating calls that are not always given in phrases. In

1 Coo, 2 Squawk, 3 Leap Coo, 4 Weeping,

5 Modulated Tonal Scream
1 Squeal, 2 Noisy Scream, 3 Growl, 4 Bark,

5 Compound Squeak, 6 Pant

A. Clear Calls B. Harsh Calls C. Copulation call 

Fig. 7.2 Adapted from Bernstein et al. (2016). Calls in bold are homologous calls shared with the
rest of the genus. (a) Representative spectrograms of the clear calls in the repertoire (b) Represen-
tative spectrograms of the harsh calls in the repertoire (c) Representative spectrogram of the female
copulation call
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Table 7.2 Tibetan macaque vocal repertoire and congeneric comparisons

Species Call type Context

Coo Foraging, provisioning, group movements, cohe-
sion, dispersal

M. radiata Contact
whoo

Similar

M. cyclopis Contact
coo

Similar

M. sinica Hum Similar

M. fuscata Class II coo Similar

M. mulatta Clear call Shut outa

M. fascicularis Coo Similar

M. arctoides Coo Similar

M. silenus Whoo call Similar

M. sylvanus Coo Limited usea

Squawk ♂ copulation call, dispersal, food begging,
arrival of tourists

M. fuscata Class IV
high
squawk

Defensive submissivea

M. cyclopis Squawk Defensive submissivea

Squeal Submissive agonistic context, displacement by
humans

M. radiata Squeal Rejection of infants by mother, juvenile mob-
bing of adultsa

M. cyclopis Squeal Infant separationa

M. fuscata Class VI
squeal

Estrus solicitation, infant separationa

M. silenus Shriek Submissive agonistic interactions

Noisy
scream

Agonistic, submissive intragroup/interspecies,
provisioning, dispersal

M. cyclopis Non-tonal
scream

Similar

M. radiata Non-tonal
scream

Intergroup interactions, infant weaninga

M. mulatta Non-tonal
scream

Similar

M. nemestrina Agonistic
scream

Similar

M. cyclopis Food yell Similar

M. sinica Food yell Foraging discovery new food sourcea

M. fascicularis Wraagh Similar

(continued)
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Table 7.2 (continued)

Species Call type Context

Growl Agonistic, submissive intragroup/interspecies,
provisioning, male-male mounts provisioning/
foraging, male-male mounts

M. cyclopis Threat
rattle

Similar

M. radiata Threat
rattle

Group movementa

M. silenus Rattle Similar

M. fascicularis Harr Juveniles threatened, during playa

M. fuscata Class X
gruff

During threats and standoffsa

Bark Intragroup/interspecies agonistic, provisioning,
movements, weaning

M. radiata Bark Similar

M. nemestrina Bark Similar

M. tonkeana Bark Similar

M. mulatta Bark Similar

M. arctoides Bark Similar

M. cyclopis Bark Similar

M. fuscata Bark Alarm response to dogs, snakes, raptorsa

Compound
squeak

Intragroup/interspecies agonistic context,
weaning

M. cyclopis Compound
squeak

Similar

Leap Coo Adults, provisioning, foraging, group move-
ments, arrival of tourists; juveniles, weaning

M. nemestrina Leap coo During juvenile excitementa

Weeping Rejection and weaning of juveniles

M. cyclopis Weeping Similar

M. silenus Weeping Similar

M. radiata Pulse whoo Similar

M. sinica Infant sepa-
ration call

Similar

Modulated
tonal
scream

Harassment of copulations, intragroup/interspe-
cies agonistic context, provisioning, rejection and
weaning of juveniles

M. sylvanus Mod. tonal
scream

Forced separation from mothera

M. cyclopis Tonal
squeak

Similar

M. radiata Squeak Similar

M. fuscata Squeak ♀ homosexual solicitationsa

(continued)

7 The Vocal Repertoire of Tibetan Macaques (Macaca thibetana). . . 129



comparison to the rest of the macaque genus, female copulation call rate was low
and resembled that of M. tonkeana and M. fuscata (Masataka and Thierry 1993;
Hohmann 1989; Oda and Masataka 1992; see Table 7.3). Similar to M. radiata, a
closely related species in the same lineage, females do not emit an estrous call and
copulation calls are the only auditory cue females emit in a copulation context.
Males did emit copulation calls as well, but at a much higher frequency. Harassment
of copulatory dyads is evident in Tibetan macaques, involves a wider range of
age/sex classes than what is reported for most other members of the genus, and
appears to be associated with the number of females in the audience.

7.5.3 Potential Effects of Phylogeny, Sociality, and Ecology

Phylogenetic Factors In the macaque species whose repertoires have been system-
atically analyzed and reported, there are two main types of acoustically structured
alarm calls: non-tonal barks and roars (NT) or tonal segmented (TS) calls.
Hohmann (1989) proposed that the type of alarm call (NT or TS) present in the
repertoire of a macaque species is mostly conserved within phylogenetic groups
(NT, sylvanus and silenus; TS, sinica and fascicularis). This pattern holds true for
the silenus, sinica, and fascicularis groups (see Table 7.1). Indeed, species in the
silenus group (M. nemestrina and M. silenus) have non-tonal alarm calls (Caldecott
1986; Hohmann and Herzog 1985). The only two terrestrial species of macaque with
a purely graded signal system, M. sylvanus of the sylvanus lineage and M. arctoides
of the sinica group, also have non-tonal alarm calls (Fischer and Hammerschmidt
2002; Chevalier-Skolnikoff 1974). The only exception in the silenus group,
M. tonkeana, emits tonal segmented alarm calls. This pattern, where the acoustic
structure of an alarm call is conserved within phylogenetic groups, is found in

Table 7.2 (continued)

Species Call type Context

Pant Harassment of copulations, intragroup/interspe-
cies agonistic context

M. mulatta Pant threat Similar

Context of emission for Tibetan macaques in italics
Comparisons made from acoustic spectra and context of emission provided in previous reports of
macaque vocal repertoires (Tibetan macaques, Macaca thibetana, Bernstein et al. 2016; Formosan
macaques,Macaca cyclopis, Hsu et al. 2005; Barbary macaques,M. sylvanus, Hammerschmidt and
Fischer 1998; Tonkean macaques,M. tonkeana, Masataka and Thierry 1993; long-tailed macaques,
M. fascicularis, Palombit 1992; bonnet macaques, M. radiata, Hohmann 1989; lion-tailed
macaques, M. silenus, Hohmann and Herzog 1985; Sugiyama 1968; stump-tailed macaques,
M. arctoides, Lillehei and Snowdon 1978; Japanese macaques, M. fuscata, Green 1975; Itani
1963; rhesus macaques, M. mulatta, Rowell 1962; Rowell and Hinde 1962)
aTibetan macaques do not emit the homologous call in the bold context reported in the comparison
species
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sympatric species from different phylogenetic groups that may be prey to the same
predators (M. silenus and M. radiata, Hohmann 1989).

Fooden (1976) sorted the macaque lineages based on the reproductive anatomy of
males and females. Although his study relied only on behavioral and anatomical
features, his classification is still mostly accurate even with more sophisticated
genetic analyses. The evolution of different reproductive anatomy likely stemmed
from each lineage going through a genetic bottleneck (Tosi et al. 2003). The three
species that emit derived copulation calls (M. thibetana, M. mulatta, M. arctoides)
are more closely related than they initially appear. Recent studies in the whole
genome sequencing of Tibetan macaques have found that they are most closely
related to Chinese rhesus macaques despite having been reported in different
lineages (Fan et al. 2014). Analyses of mitochondrial loci in the macaque genus
show stump-tailed macaques to potentially be a hybrid of proto-M. thibetana (Tosi
et al. 2003).

Social Factors Most of the derived calls in the macaque genus are related to the
context of mating, in particular, female and male copulation calls. Throughout the
genus, males typically produce squeak-like copulation calls, while females emit
grunts characterized by an “inhale-exhale element” (Pradhan et al. 2006). However,
a few species stray from these genus characteristic calls and emit acoustically distinct
calls associated with copulations. Two species emit acoustically distinct male
copulation calls: M. mulatta copulation screams (Hauser 1993) and M. arctoides
copulation grunts (Bauers 1993). Japanese macaques are the only macaque species
that have studies reporting a distinct estrous call from the female copulation call
(Oda and Masataka 1992), and my previous study reports an acoustically distinct
shrill female copulation call in Tibetan macaques (Bernstein et al. 2016). All of these
species that emit acoustically distinct calls in the context of copulations are seasonal
breeders, have promiscuous mating systems, all exhibit the interruption of copula-
tions by conspecifics, and have similar adult female-to-male ratios (1.3:2.9, Singh
and Sinha 2004; Pradhan et al. 2006).

A large number of call types in the context of agonistic interactions is a charac-
teristic of M. tonkeana. This species has high degrees of tolerance, small rank
differences, a high frequency of conciliatory patterns, small interindividual dis-
tances, and a high rate of bidirectional agonistic interactions (Masataka and Thierry
1993). Context-dependent differences were also found in the derived girney/greeting
calls of M. cyclopis. All of the girney/greeting calls were paired with particular
contexts and age/sex classes, with acoustic structure changing according to the
recipient of the girney/greeting call (Hsu et al. 2005).

Ecological Factors Overall, loud calls adhere to the bioacoustic requirements for
long-distance propagation of sound (e.g., the repetition of units and phrases, no
intergradations to other vocal patterns, a stereotyped structure, a large range of
frequencies, and a concentration of energy on the lower frequencies; Hohmann
and Herzog 1985). Loud calls are harsh calls where the fundamental frequency is
in the lower frequency range. However, only some species show a large range of
frequencies and utter loud calls that are composed of both tonal and non-tonal harsh
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units. Three macaque species utter loud calls that are acoustically distinct from the
rest of the genus and are composed of tonal and harsh units in a wider range of
frequencies (M. silenus, loud call, Hohmann and Herzog 1985; M. fascicularis,
krahoo, Palombit 1992; M. tonkeana, loud call, Masataka and Thierry 1993). Also,
for all three species, only males have been reported to emit these loud calls. The loud
calls of M. silenus are mixed units with a noise-like inhalation phase followed by a
tonal exhalation (Hohmann and Herzog 1985), the krahoo of M. fascicularis is
distinct for its harsh “kra” syllable at the beginning of the call (Palombit 1992),
and M. tonkeana’s loud call is characterized by a distinct flag and mast with a sharp
upward and downward frequency modulation (Masataka and Thierry 1993). All
three species live in rainforest habitats and are mostly arboreal.

Food calls are common in the genus, but so far only two species have been
reported to give acoustically distinct calls strictly emitted in food-related contexts.
M. mulatta warbles, harmonic arches, and chirps are acoustically distinct calls made
exclusively in a food context (Hauser and Marler 1993). M. cyclopis emit food yells
similar to the M. sinica food call, but are acoustically distinct (Hsu et al. 2005).
Reports from these two species are from provisioned groups living in human
habitations or captivity.

7.6 Discussion

Mammalian vocalizations consist mainly of grunts, harsh non-tonal threatening
vocalizations, and the sometimes tonal alarm calls and screams (Seyfarth and
Cheney 2012). Indeed, the macaque genus shared these basic vocalizations (e.g.,
grunts, girneys, estrus calls, female copulation calls; harsh non-tonal calls, barks,
growls; tonal alarm calls; screams, shrieks, tonal, non-tonal screams) but also
emitted additional tonal calls (e.g., coos, squawks, and male copulation calls).
Overall, macaque repertoires can be described as a graded signal system with
intergradations between calls, and the contexts of emission for shared calls were
consistent.

Although primate vocalizations appear to be largely genetically predetermined
(Newman and Symes 1982), there are differences in the flexibility and conservation
of the call types investigated. The flexibility observed in the derived vocalizations
seems to be a by-product of the characteristics of the contexts in which calls are
emitted or species-specific features. The most salient difference found in my con-
generic comparison were the calls emitted in the copulation context. Three species
emit derived copulation calls (M. thibetana female copulation call,M. mulatta male
copulation scream, M. arctoides male copulation grunt). These species that emit
copulation calls uncharacteristic of the genus have species-specific features in their
copulation styles.
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7.6.1 The Tibetan Macaque Vocal Repertoire

In sum, the Tibetan macaque vocal repertoire was generally comparable to that of
other macaque species. The context of emission was also similar across species, but
with a few key differences. For example, my previous study could not investigate the
vocalizations of infants because of a 100% mortality rate during the 2014 mating
season (Bernstein et al. 2016). Future studies on the vocalizations of infants and
infant-related contexts may find that Tibetan macaques do emit calls not previously
described in the analysis of the repertoire. The main differences found between
Tibetan macaques and the rest of the genus may not only be a result of a missing age
class but also the method used to quantify the repertoire and species-specific aspects
of their social behavior.

An absence of a food call or alarm call may be the result of site management.
These call types may not be absent. It is possible that I simply did not observe them
over the course of my study or that provisioning and predators being hunted out of
the area have removed these contexts that would elicit calls they may have present in
their repertoire. Although Tibetan macaques do emit calls that propagate over a large
distance, they were not a distinct call type like the loud calls described for other
species. Most of the species that emit loud calls live in rainforest habitats where
certain acoustic requirements are necessary for sound propagation. Tibetan
macaques inhabit mountainous terrain with sparse tree coverage, where the propa-
gation of their calls is not limited by a densely covered forest (Xia et al. 2010). My
quantitative method of relying solely on acoustic characters to define distinct call
types may have clustered calls identified separately in other studies into more
overarching categories. The same could be true for greeting calls. In some cases,
variants of the coo call are considered as a separate category, but for my study,
individual classification of coo call variants was not warranted.

The unique copulatory behavior of Tibetan macaques may be one reason an
acoustically distinct female call was selected for. Also within the context of mating,
female Tibetan macaques do not show any behaviors indicative of estrus (Li et al.
2005), and therefore, it is not surprising that their concealed ovulation would yield
the absence of an estrous call. The similarity between M. thibetana, M. tonkeana,
andM. fuscata in terms of a low female copulation call rate may imply a cost-benefit
strategy that differs between the sexes. All of these species are seasonal breeders,
living in multi-male, multi-female groups, and exhibit high rates of copulation
interruptions (see Table 7.3). Macaca tonkeana and M. fuscata copulation call
emission rate may also be low because females additionally produce estrous calls
to solicit males. These species may have evolved an alternate strategy of mating
promiscuously and a low call rate to reduce female competition. My preliminary
investigation on the association between female copulation call rate and harassment
of copulatory dyads does indicate that harassment increases with the number of
females in the audience.

However, the presence of both male and female copulation calls might indicate
that part of their function is to synchronize male and female mating behavior,
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especially in seasonally breeding species. Additionally, for males, it might not be so
costly to call as it is for females. Adult females harass copulations, sneak copulate
with lower-ranking males, and mate promiscuously with males outside of their
consortship. In primates, there are very few studies that have investigated a cost-
benefit analysis of signaling in the mating context (Hauser 1993). Future studies
should investigate the costs and benefits of producing copulation calls along with
emission rate and how intra- and intersexual selection plays a role in the mating
strategies and auditory sexual signals of males and females.

7.6.2 Phylogenetic, Social, and Ecological Factors
Influencing Macaque Vocal Repertoires

The type of alarm call was conserved within phylogenetic groups (non-tonal,
sylvanus and silenus; tonal segmented, sinica and fascicularis) and followed the
designation described by Hohmann (1989) with a few exceptions. Macaca sylvanus
andM. arctoides, the exceptions in the sinica group, would be expected to have non-
tonal harsh alarm calls since their repertoires consist of mostly harsh calls and their
placement in the phylogeny of macaques is contested (M. arctoides, Li et al. 2009).
Macaca tonkeana, the only exception in the tonkeana group, emit tonal segmented
alarm calls, which may be the result of this species having a wide array of tonal calls
in their repertoire (Masataka and Thierry 1993). In conclusion alarm calls are one
salient example of a vocalization type that is mediated by phylogeny and a reper-
toire’s acoustic structure, which is largely genetically predetermined (Newman and
Symes 1982).

The species that emit derived species-specific copulation calls are all closely
related. Phylogenetic and social factors associated with reproduction may be the
selective factors under which derived calls have evolved in these three species.
Future studies are needed to investigate the copulation calls of females in more
detail, to understand their effect as an auditory sexual signal, and to make more
in-depth comparisons of their acoustic structure with the rest of the genus.

Certain aspects of M. tonkeana social behavior may drive the need for a larger
number of agonistic vocalizations (Masataka and Thierry 1993). The high degree of
variability in the frequency of the acoustic structure of girney/greeting calls in
M. cyclopis could also be a result of sociality since they were heavily context
dependent. Some of these acoustically distinct girney/greeting calls are different
from what has been reported in the rest of the genus and could be considered as
derived calls.

Factors that influence call production and the extent to which a sound travels can
sometimes be enhanced or restricted based on the type of environment that a species
inhabits. The environment can affect the context in which a call is given, or change
the motivational threshold to call (Green 1981). Macaques inhabit the widest range
of habitats; therefore, environmental factors may drive the differences seen among
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the repertoires of various macaque species. The loud calls of M. silenus and
M. tonkeana, and the krahoo of M. fascicularis, are acoustically distinct from the
rest of the genus. Their loud calls are made up of tonal and harsh units in a wider
range of frequencies, and their arboreal lifestyle and rainforest habitat may have
selected for a call with an acoustic structure that enables the propagation of sound in
a dense forest.

The acoustically distinct warbles, harmonic arches, and chirps ofM. mulatta and
the food yells of M. cyclopis and M. sinica are allospecific food calls emitted by
species from provisioned groups living in human habitations or captivity. These
allospecific calls are related to the quantity or quality of a food source (Gustison et al.
2012), and provisioning heightens these characteristics in a given environment.
Food calls and alarm calls are special in that they both are emitted in response to
non-conspecifics and they combine call elements to procure new meanings. There-
fore, it is possible that other species that do not emit a food-specific call still have the
basic acoustic requirements needed to flexibly alter the acoustic structure of a call to
convey a food context-specific meaning.

7.7 Conclusions

The main differences in the genus are in the calls associated with copulation.
Macaques are the most behaviorally diverse and widespread primate genus, yet
reproductive features appear to be the most important discriminating factor among
species. This may explain the flexibility of derived call types observed in the
copulation calls of males and females. However, particularly for this genus, it is
difficult to tease apart the effects of phylogeny and behavior on reproduction.
Instead, a complex interplay of phylogenetic and social features of a species’
reproduction drives the evolution of derived calls in the context of copulations. In
conclusion, it is not likely that any particular factor is mutually exclusive. Instead, a
complex interplay of phylogenetic, social, and ecological factors may shape the
development of derived calls and the preservation of homologous calls across the
macaque genus.
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Chapter 8
Tibetan Macaque Social Style: Covariant
and Quasi-independent Evolution

Krishna N. Balasubramaniam, Hideshi Ogawa, Jin-Hua Li, Consuel Ionica,
and Carol M. Berman

8.1 Introduction: Primate Sociality and Social Structure

In animals, including primates, group living and the social tendencies that support it
evolve when the benefits of living in groups (e.g., predator avoidance, cooperative
resource sharing) outweigh the costs (e.g., competition for resources, disease risk)
(Kappeler and Van Schaik 2002). Primate species share close evolutionary histories
and are biologically, socially, and physiologically similar to humans (Cobb 1976;
Kappeler et al. 2015; Suomi 2011). As such, they make excellent comparative
models for understanding the evolution of aspects of human group living, an
endeavor that is fundamentally important given that social connectedness is
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associated with many benefits, including physical and emotional well-being, coping
with environmental stressors, and enhancing survival, both in humans (e.g., Cohen
et al. 2015; Holt-Lunstad et al. 2010; House et al. 1988) and in nonhuman primates
(e.g., Ostner and Schülke 2014; Sapolsky 2005; Schülke et al. 2010; Silk et al. 2003,
2010; Young et al. 2014).

The complexity of primate social systems may be captured by studying three
interrelated aspects of social life—social organization, mating systems, and social
structure (Clutton-Brock and Harvey 1977; Hinde 1976; Kappeler and Van Schaik
2002; Koenig et al. 2013; Thierry et al. 2004). Social organization refers to the
distribution and composition of individuals within social groups, specifically group
sizes, sex ratios, and sex-typical philopatry versus dispersal strategies (Clutton-Brock
and Harvey 1977). Social organization in turn gives rise to the other two aspects of
social life. The first concerns mating systems which can be seen as the outcome of
individual reproductive strategies adopted by resident and dispersing adults in a group
(Greenwood 1980). The second is social structure, which arises from the patterning
and distribution of agonistic, affiliative, cooperative, and/or conflict-managing inter-
actions among group members (Hinde 1976; Kappeler and Van Schaik 2002; Sterck
et al. 1997; van Schaik 1989, 1996). Social structure is of particular interest to
behavioral ecologists because it provides both opportunities and constraints on indi-
viduals as they strive to maximize the benefits of group living while minimizing its
costs. As such, social structure provides a rich window for testing hypotheses about
adaptive and evolutionary strategies that individuals may use to gain fitness.

Among primates, social structure varies widely. Over the years, several conceptual
frameworks have been proposed to explain how ecological factors might explain this
variation.Wrangham (1980) was one of the earliest socioecologists to point out that, in
several cases, (1) species with similar social organizations display sharply different
social structures and to (2) argue that the distribution and abundance of resources
needed by females to reproduce influenced their tendencies to form groups and to
disperse or not. He also introduced the idea that these factors would in turn influence
within- and between-group agonistic and affiliative social structure. This approach was
extended by van Schaik (1989) and by Sterck et al. (1997) to include predation
pressure and infanticidal risk as influential ecological factors. Sterck et al. (1997)
described variation in the social structure of diurnal primates (1) emphasizing the
influence of competitive regimes within groups on the nature and quality of female
relationships (despotic vs. tolerant vs. egalitarian) and (2) pointing out that dominance
structures were often associated with other aspects of social structure, e.g., kin bias and
coalitionary support (Sterck et al. 1997). Since then, researchers have continued to
emphasize power relationships as central to understanding variation in social structure.

In contrast to socioecological explanations, other schools of thought argue that
aspects of social structure are more strongly influenced by inherent or intrinsic
characteristics (Thierry 2004, 2007). Dominance hierarchies are once again central
to this framework (de Waal and Luttrell 1989), but rather than adaptive responses to
current ecological conditions, they are hypothesized to be either due to ecological
adaptation in the distant past (Chan 1996; Kamilar and Cooper 2015; Matsumura
1999) or to emergent properties of self-organizational processes (Hemelrijk 1999,
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2005; Puga and Sueur 2017). In either case, variation in social structure is posited to
be strongly influenced by species’ ancestral or phylogenetic histories
(Balasubramaniam et al. 2012a; Kamilar and Cooper 2015; Thierry et al. 2008,
2000) due to tendencies for dominance structures to be structurally linked to entire
suites of social traits and hence for these traits to covary with one another (Thierry
et al. 2008; Thierry 2000). Such contrasting explanatory models have complicated
our understanding of variation for dominance and other aspects of primate social
structure.

In this chapter, we review our previous studies to illustrate the complexity of a
few aspects of Tibetan macaque (Macaca thibetana) social structure, focusing on
indicators of social style. The concept of social style posits that a suite of character-
istics related to dominance and social tolerance covary (and may have coevolved)
with one another and that species can be placed on a continuum ranging from
extremely despotic to extremely tolerant (de Waal and Luttrell 1989; Thierry
2000, 2004; Thierry et al. 2008). Early studies on Tibetan macaques (Deng 1993;
Ogawa 1995; Zhao 1996) detected a suite of moderately tolerant traits that led to
their categorization as a “grade 3” species (Thierry 2000). Yet later work has
revealed a mixture of characteristics that are associated with both despotism and
tolerance, prompting a change in classification. Here we review this more recent line
of evidence to describe how quasi-independent evolution, i.e., the apparent adaptive
responses by animals to variation in current sociodemographic factors and ecological
conditions, may have also influenced the evolution of such a mixture of social style
traits in this species. We suggest that such effects may potentially mask underlying
tendencies for the covariation of traits. Similarly, we describe comparative research
across the macaque genus that suggests that aspects of social style may have been
influenced by species’ phylogenetic histories, by the covariation of traits to each
other, and by adaptive responses to variation in current conditions. In doing so, we
suggest that aspects of Tibetan social styles may represent flexible responses to
different types of selection pressures that are nevertheless limited to a given species-
typical range of possible responses, i.e., “social reaction norms” (Berman and
Thierry 2010). We end by highlighting some avenues for future research that address
some crucial gaps in our current understanding of the evolution of Tibetan macaque
social styles and macaque social structure in general.

8.2 The Macaques and the Study of Variation in Social
Structure

To date, comparative studies of variation in primate social structure have largely
focused on members of the family Cercopithecinae, specifically baboons (genus:
Papio, Theropithecus) and macaques (genus:Macaca) (Cords 2013). This is because
these genera are represented by many species that are among the most geographi-
cally widespread and ecologically diverse of all primates. Moreover, they show
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marked variation in several aspects of social structure both within and across species
(Cords 2013). Members of the genusMacaca range from North Africa in the West to
Japan in the East and from China in the North to Sulawesi, Indonesia, in the South
(Abegg and Thierry 2002; Thierry 2013; Thierry et al. 2004). All macaque species
show a broadly similar social organization (Thierry 2013; Thierry et al. 2004).
Barring a few exceptions (Sinha et al. 2005), they live in multi-male, multi-female
social groups with varying sex ratios (although usually skewed toward females).
Females are philopatric and males disperse from their natal groups when they reach
maturity (Cords 2013; Paul and Kuester 1987). Yet macaque species vary broadly in
several aspects of social structure related to aggression intensity, dominance rela-
tionships, maternal style, tendencies to reconcile following conflicts, and tendencies
to show preferences for kin in affiliative and cooperative exchanges (Thierry 2000,
2007, 2013).

Early observations found these various tendencies appeared to be clustered,
particularly among some better-studied species. This led to the theoretical concept
of macaque “dominance styles” (de Waal and Luttrell 1989) and shortly thereafter
renamed “social styles” (Thierry 2000), a concept with dominance relationships at its
core. The social style concept posits that aspects of macaque social structure covary
with one another and that species can be placed on a continuum (later simplified into
a four-grade scale) that ranges from extremely despotic to extremely tolerant
(Thierry 2000, 2007; Thierry et al. 2004). Specifically, species categorized as
“grade 1” [extremely despotic, e.g., rhesus macaques (Macaca mulatta) and Japa-
nese macaques (M. fuscata)] and “grade 2” [moderately despotic, e.g., long-tailed
macaques (M. fascicularis) and pigtailed macaques (M. nemestrina)] may be
expected to show intense aggression, steep hierarchies and highly asymmetric
dominance relationships (Balasubramaniam et al. 2012a), low tendencies to recon-
cile after conflicts (Thierry et al. 2008), strong preferences toward kin (Thierry et al.
2008), protective maternal styles (Thierry et al. 2000), and community formation or
substructuring in their affiliative relationships (Sueur et al. 2011). In contrast, “grade
3” [moderately tolerant, e.g., Barbary macaques (M. sylvanus) and bonnet macaques
(M. radiata)] and “grade 4” [extremely tolerant, e.g., crested macaques (M. nigra)
and Tonkean macaques (M. tonkeana)] species are hypothesized to display mild
aggression, shallow hierarchies, frequent counter-aggression, strong tendencies to
reconcile, l`ow degrees of kin bias, relaxed maternal styles, and dense well-
connected grooming social networks.

Although the concept of social style is widely employed in the primate literature,
certain issues remain. First, the extent to which one can speak of single species-
typical social styles is not clear. In most Cercopithecine primates, female-female
relationships define the core of the group’s social structure (Cords 2013; Koenig
et al. 2013; Sterck et al. 1997; van Schaik 1989). As such, most designations of
social style among macaques are based on female-female relationships, particularly
in captive groups where the number of males available to study is often limited
(Balasubramaniam et al. 2012a, b; Thierry 2000; Thierry et al. 2004, 2008). How-
ever, a number of studies have found differences in social styles among males and
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females of the same species (Cooper and Bernstein 2008; Preuschoft et al. 1998;
Richter et al. 2009; Tyrrell et al. 2018).

It is also unclear how consistent social style indicators are over time or among
groups of the same species. Although several studies have found consistent styles
among different captive groups (Demaria and Thierry 2001; Petit et al. 1997; Sueur
et al. 2011; Thierry 1985), and among wild, free-ranging and captive groups of the
same species (Balasubramaniam et al. 2012a, b), others have found variation in
social style indicators (e.g., grooming kin bias, hierarchical steepness) as groups
have grown and fissioned (Balasubramaniam et al. 2011; Berman and Thierry 2010;
Zhang and Watanabe 2014). Such inconsistencies in the literature have been partly
responsible for ongoing debates over the origins of social style and other aspects of
social structure. Specifically, the extent to which variation in social structure may be
linked to inherited characteristics [e.g., genetic polymorphisms, phylogenetic history
(Blomberg et al. 2003; Thierry 2007, 2013; Thierry et al. 2000)] versus outcomes of
adaptive responses of individuals to current socioecological factors (Clutton-Brock
and Janson 2012; Isbell 2017; Koenig et al. 2013; Sterck et al. 1997) remains unclear
and hotly debated.

Some proponents of the phylogenetic argument posit that aspects of macaque
social style are structurally linked and hence covary with each other across species
(Petit et al. 1997; Thierry 2000; Thierry et al. 2008). In an early extreme form, this
idea, called the systematic variation hypothesis (Castles et al. 1996; Petit et al. 1997),
posited that species that show a single indicator of a particular social style (e.g., steep
dominance gradients in grade 1 species) may be expected to display all other aspects
of that style. In other words, it predicts that all indicators for species showing
extreme despotism or extreme tolerance should be in the extreme range and that
all indicators for species showing intermediate styles should display intermediate
indicators. However, there is now a consensus that this extent of covariation is not
always detectable and may be different for different traits and species. For instance,
Thierry et al. (2008) found that across the range of macaques with different social
styles, post-conflict affiliation covaried systematically with explicit forms of contact,
but not with grooming kin bias. Further, although most studies thus far have found
the predicted clusters of social style indicators and marked differences between
species at the extreme ends of the social style scale (e.g., Demaria and Thierry
2001; Sueur et al. 2011; Thierry 1985), the positions of species in intermediate
grades remain unclear and do not always concur with the covariation hypothesis
(summarized in Balasubramaniam et al. 2012b).

Many proponents of socioecological explanations for variation in social style
hypothesize that current conditions such as the distribution and abundance of
resources, predation pressure, and the risk of infanticide critically influence the
number and spatial distribution of females in groups. In female philopatric groups,
those factors in turn influence not only the number and distribution of males but also
the social structure of the group. While social style indicators are expected to cluster
to some extent, this framework (named the Ecological Model of Female Social
Relationships or EMFSR: Koenig et al. 2013; Sterck et al. 1997) does not necessarily
predict structural linkages or tight covariation among them.
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In the next sections, we summarize our research findings on aspects of Tibetan
macaque social structure for both males and females. We describe indicators asso-
ciated with both despotic and tolerant social styles and evaluate the extent to which
these different indicators seem to covary with one another, or are labile, independent
responses by individuals to external factors, within this species. Then, we review our
comparative studies that examine the extent to which social style indicators covary
and display phylogenetic signals and/or are influenced by variation in current
sociodemographic factors, across macaque groups and species belonging to all
four social style grades.

8.3 Tibetan Macaques and the YA1 Group

Tibetan macaques are the largest macaque species (Fooden 1986). Preferring mon-
tane habitats, they are found in the subtropical and temperate forests that range from
South Central to Western China as far as Tibet (Li 1999; Zhao 1996). Taxonomi-
cally, they are in the sinica-arctoides phylogenetic clade. They are most closely
related to Assamese (M. assamensis) and Arunachal (M. munzala) macaques
(Balasubramaniam et al. 2012a; Chakraborty et al. 2007; Purvis 1995; Tosi et al.
2003), although they morphologically resemble stump-tailed macaques
(M. arctoides). Like all macaques, they live in multi-male, multi-female social
groups that show female philopatry, male dispersal, and linear dominance hierar-
chies (de Vries 1998; Zhao 1996).

Work on the ecology and social structure of Tibetan macaques began with
pioneering studies on Mt. Emei, Sichuan Province, China (Deng 1993; Li 1999;
Zhao 1996; Zhao et al. 1991), and at Mt. Huangshan, Anhui Province, China
(118.3�E, 30.2�N) (Li 1999; Wada et al. 1987). The study at Huangshan continued
by focusing on the semi-provisioned Yulingkeng A1 or YA1 group (Li 1999).
Huangshan is a popular tourist destination in East-Central China and home to several
groups of Tibetan macaques with (apparently) nonoverlapping home ranges. The
montane vegetation consists of mixed deciduous and evergreen forests at lower
elevations and sparsely covered peaks at higher elevations (Li 1999; Zhao 1996;
Zhao et al. 1991). The YA1 group has been monitored, and maternal kin relation-
ships of adults have been recorded since 1986 (Li 1999). The data we review here
were collected on the YA1 group over six observation periods spread across
12 years. During each of the six observation periods, the group’s hierarchy was
stable, and we used similar observation methods (focal animal sampling and all
occurrences sampling). H. Ogawa collected data between 1991 and 1992, and
C. Berman and colleagues collected data between 2000 and 2002. During this
time, the group size varied from 39 to 52 individuals. Although wild, the macaques
were managed for tourism for a period of time that overlapped with data collection—
inconsistently during the first three periods, but consistently so for the second three
periods. Park officials herded the animals from the forest into a viewing area where
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tourists could observe them from a pavilion, as the monkeys were provisioned with
corn. Between feedings, the group spent most of their time in the surrounding forest.

8.4 Evidence of Female Despotism Contradicts Earlier
Studies

When Thierry published his classic analysis of social style and proposed a four-
grade social style scale (Thierry 2000; Thierry et al. 2000), comprehensive analyses
of core social style indicators were available for a limited number of macaque
species. Hence, the placement of many species, including Tibetan macaques, was
tentative and based on their phylogenetic closeness to better-studied species (Thierry
et al. 2000), or on indirect behavioral indicators. Thierry (2000) placed Tibetan
macaques in grade 3 (moderately tolerant) based on their membership in the sinica-
arctoides lineage (which contains other tolerant macaques) and on early studies that
described evidence for multiple traits that were associated with a mildly tolerant
social style: frequent ritualized affiliation among males, bidirectionality in silent
bare-teeth displays, triadic infant handling interactions particularly among males,
and tolerant responses to infant handling by mothers (Deng 1993; Ogawa 1995;
Zhao 1996). It was not until 2004 that Berman and colleagues evaluated multiple
other core indicators of social style (Berman et al. 2004). Using data collected on the
YA1 group between 2000 and 2002, this study expected to confirm the tentative
designation of Tibetan macaques as “tolerant” or “grade 3” species. They examined
(1) the degree of aggressive asymmetry and counter-aggression in dominance
relationships, (2) conciliatory tendencies, and (3) kin bias in a variety of affiliative
and tolerant behaviors separately for males and females.

The results were surprising for both sexes: they supported a despotic rather than a
tolerant social style. First, both males and females displayed high degrees of
asymmetry in their dominance relationships. Three indices were used to evaluate
the extent to which aggression was bidirectional, specifically the (1) directional
inconsistency index (or DII), (2) the dyads-up index, and (3) percentage of
counter-aggression, and all revealed extreme aggressive asymmetry typical of
extremely despotic species (Table 8.1). Similarly, submissive signaling in the form
of silent bare-teeth displays was almost always given in the same direction between
dyads and in the same direction as other fearful and submissive interactions. Second,
conciliatory tendencies were low. These were examined using the post-conflict
matched-control pairs, or the PC-MC method (de Waal and Yoshihara 1983),
which examined the timing of affiliative interaction during a 5-min window of
time following an act of aggression (the PC or post-conflict sample), and compared
it with the timing during a comparable period of time without aggression (the MC or
matched sample). The method thus evaluated whether affiliation occurred earlier,
later, or at the same time in the PC as the MC. The comparisons were used to
calculate a corrected conciliatory tendency (CCT) that varies from 0 to 100% and
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estimates the degree to which dyads are more likely to reconcile (i.e., engage in
affiliation soon after a conflict than at other times) (Veenema et al. 1994). For
female-female dyads, the conciliatory tendency was extremely low (4.2%), a figure
that is low even among grade 1 macaque species. For males, it was a moderate 19.7%
(see also Berman et al. 2006), but still within the range of despotic male macaques
(unrelated male Japanese macaques: Petit et al. 1997).

Finally, females, but not natal males, consistently displayed high levels of
affiliative kin bias and social tolerance. Mean rates of female affiliation (grooming,
sitting near, co-feeding) with maternal kin were significantly greater than affiliation
rates with nonkin (Table 8.2). Indeed, the intensity of grooming kin bias, measured
as the observed-to-expected ratio of grooming bouts between kin, suggested that
females groomed kin more than three times the value expected by chance. All the
results were consistent across seasons and locations (provisioning area vs. forest),

Table 8.1 Bidirectionality of aggression during each of three data analysis periodsa for a single
group of Tibetan macaques

8/1/00–1/28/01 2/27/01–5/29/01 12/9/01–7/25/02

A. Directional inconsistency index

Male-male dyads 3/583 (5.2%) 2/50 (4.0%) 2/108 (1.9%)

Female-female dyads 6/160 (3.8%) 3/166 (1.8%) 4/243 (1.6%)

B. Dyads-up index

Male-male dyads 1/36 (2.8%) 2/36 (5.6%) 0/28 (0.0%)

Female-female dyads 3/78 (3.8%) 1/78 (1.3%) 0/45 (0.0%)

C. Percent counter-aggression

Male-male dyads 3/37 (8.1%) 0/33 (0.0%) 0/73 (0.0%)

Female-female dyads 0/97 (0.0%) 4/114 (3.5%) 6/157 (3.8%)

All three measures of bidirectionality indicate a high degree of asymmetry in dominance relation-
ships among both males and females, typical of a despotic species
A. The percentage of total aggressive interactions that were directed in the less frequent direction
within dyads
B. The percentage of dyads for which the main direction of aggression was up the dominance
hierarchy
C. The percentage of instances of aggression of any kind to which the target responded with
aggression of any kind
aAdapted from Berman et al. (2004)

Table 8.2 Kin bias among Tibetan macaques, indicated by Partial Kr coefficients between
interaction rates and degree of relatedness, controlling for rank distancea

Partner combination % Time w/in 5 m Grooming Sit near Approaches Co-feed

♀-♀ 0.16� 0.22�� 0.25�� 0.24� 0.18�
♂-♂ �0.14 0.13 �0.17(�) �0.17 �0.14

The results suggest a significant degree of kin bias among females in affiliation and tolerance
��p < 0.01
�p < 0.05
(�)p < 0.1
aAdapted from Berman et al. (2004)
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strongly supporting a despotic social style for Tibetan macaques. Although several
core indicators were similar to those of grade 1 macaques, findings from this study
led to a reclassification of Tibetan macaques as grade 2 rather than grade 1 or grade
3 species (Matsumura 1999; Thierry 2007) based on previous findings of ritualized
affiliative behavior among males and of maternal tolerance for infant handling
among females.

Although these findings greatly expand our understanding of social style among
Tibetan macaques, they pose complications for possible explanations for the origins
of such despotism. On the one hand, a phylogenetic explanation is difficult since
Tibetan macaques are members of the sinica-arctoides lineage which is composed of
predominantly tolerant macaque species. Yet, they display heightened levels of
despotism that are characteristic of members of the fascicularis lineage (Matsumura
1999; Thierry et al. 2000) like pigtailed macaques (Castles et al. 1996) and Assamese
macaques (Cooper and Bernstein 2002). Socioecological explanations based on the
distribution of natural resources and predation pressure are also unlikely given that
Tibetan macaques have a largely folivorous diet (Zhao et al. 1991) and experience
(historically) moderate levels of predation pressure (Xiong 1984), factors that
socioecological frameworks associate with tolerant or egalitarian societies (Sterck
et al. 1997).

Berman and colleagues (Berman et al. 2004) speculated that indicators of a
despotic social style in this group may have risen recently due to human activity;
activities associated with tourism, particularly range restriction, herding, and food
provisioning, likely elevated levels of intragroup aggression and/or competition
(Berman and Li 2002; Hill 1999; Judge 2000; Marechal et al. 2011; Ram et al.
2003) and thereby generated atypical despotism in a species that would otherwise
show greater social tolerance. Together, these results demonstrate that, rather than all
aspects of female social style showing moderate despotism, some are in the range of
extremely despotic species, and others are in the range of moderately tolerant
species. Such a mixture of both despotic and tolerant social style traits in the same
species suggests that structural linkage and potential covariation of traits may be
offset, at least in part, by potentially adaptive individual responses to contemporary
selection pressures posed by human management.

8.5 Males Exhibit Social Tolerance Despite Evidence
for Despotism

In general, less research has focused on male-male relationships than female-female
relationships among Cercopithecine primates and other primates that display female
philopatry and male dispersal. When males disperse, they typically join groups that
lack close kin, particularly in species that disperse repeatedly (as do Tibetan
macaque males, whose average tenure in a group is about 5–6 years: Berman
et al., unpublished data). As such, opportunities for long-term affiliative and
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cooperative relationships among males are limited. More fundamentally, affiliation
and cooperation would not be expected among males, because males primarily
compete for resources (i.e., conceptions with fertile females) that cannot be shared
in the same way as food patches or other resources (Schülke and Ostner 2008, 2013;
Sterck et al. 1997). As such, theoretical considerations do not generally predict high
levels of affiliation and cooperation among males.

Socioecological models predict that the social strategies of primate males are
driven by the availability and distribution of fertile females (Kappeler and Van
Schaik 2002; Sterck et al. 1997; van Schaik 1989). When several females form a
cohesive group, single males are not likely to be able to monopolize them, partic-
ularly when they breed seasonally. This leads to the formation of multi-male, multi-
female societies in which males may coexist but attempt to outcompete one another
through various forms of scramble or contest competition, particularly over access to
females (Kappeler 2000; van Schaik 1996; Van Schaik et al. 2004). High levels of
competition should theoretically preclude strong male-male affiliative relationships
in these groups. However, some macaque males regularly engage in affiliative
interactions that lead to strong social bonds and that enhance their fitness (Ostner
and Schülke 2014; Schülke et al. 2010; Young et al. 2014).

Indeed, contrary to predictions, particularly high levels of male-male affiliation
and tolerance have been reported among groups and species with relatively even sex
ratios versus those with highly female-biased sex ratios. In these cases, male-male
affiliation and tolerance have been hypothesized to function as coping mechanisms
against intense conflict and competition both from other group males (e.g., access to
females, revolutionary coalitions) and from external threats (e.g., predators,
intergroup encounters, dispersing males: Cooper and Bernstein 2002; Ogawa
1995; Preuschoft and Paul 2000). The reasoning is that cooperation with some
males against others may enhance a male’s competitive abilities within his group
and that group action may increase probabilities of success against external threats.

Previous research on Tibetan macaques suggests that males compete vigorously
with one another for rank and access to fertile females, consistent with a despotic
social style (Li and Wang 1996). Nevertheless, as mentioned earlier, they also show
several forms of affiliative interaction with one another, consistent with their ten-
dencies toward relatively even sex ratios (Li 1999). These include moderate concil-
iatory tendencies, ritualized greetings, and bridging behavior in which infants are
used to facilitate friendly contact between males and to enhance the chances of
forming affiliative social bonds (Ogawa 1995).

To further examine the ways in which male Tibetan macaques may engage in
tolerant and cooperative interactions with kin and nonkin, despite strong indications
of a despotic social style, Berman and colleagues examined cooperative strategies
among males, focusing particularly on agonistic coalitions (Berman et al. 2007).
They examined affiliation, tolerance, and agonistic support to test the hypothesis that
increased tolerance in otherwise despotic males may occur when high-ranking males
require support from other males to maintain their positions. In this group, conser-
vative coalitions, in which two higher-ranking males aggressively target a lower-
ranking male, are the most common, and these serve to reinforce the current
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hierarchy. Nevertheless, revolutionary coalitions in which two lower-ranking males
challenge a higher-ranking male pose a threat particularly to alpha males. Although
agonistic support is unrelated to kinship and rates of grooming, high-ranking males
display tolerance in the form of co-feeding toward lower-ranking males that support
them, and alpha males show the most cooperation with the males that targeted them
in revolutionary coalitions. Berman and colleagues suggested that high-ranking
males discourage revolutionary alliances by using two cooperative strategies. They
primarily rely on conservative alliances, but also offer tolerance to potential rivals in
cases in which conservative coalitions are less effective.

We suggest that, contrary to socioecological theory (van Hooff and van Schaik
1994; van Schaik 1996; Van Schaik et al. 2004), Tibetan macaque males may be
“tolerant despots” (cf Kaburu and Newton-Fisher 2015). Just as Kaburu and
Newton-Fisher use the term “egalitarian despots” to describe chimpanzees that
display signs of social tolerance which emerge strategically from a more despotic
dominance style, we suggest that social tolerance in male Tibetan macaques is not
shaped by external factors like increased between-group competition or predation
pressure which were low or absent in this population. Rather, we suggest that social
tolerance may be an adaptive outgrowth of within-group despotism, in that it allows
despotic males to enhance their competitive abilities by selectively displaying
tolerance to other males. Like the findings for female social styles, findings for
male-male relationships also suggest a mixture of both despotic and tolerant social
style indicators. Such evidence for unlinked traits that may be independently
influenced by different, sometimes opposing, types of selection pressures may
mask or offset potential underlying evidence for the structural linkage or covariation
of traits.

8.6 Comparative Studies Provide Evidence for Both
Covariation and Quasi-independent Evolution

Comparative research among primate species provides powerful opportunities to
discern the extent to which variation in a characteristic is likely to be related to
variation in ecological factors and/or evolutionary trends (Nunn 2011). This is
particularly the case for comparative studies of macaque social structure, given
their similar social organizations but varying social structures (Thierry 2007). To
date, comparative studies of macaque social structure have largely focused on
evolutionary explanations, specifically on the influence of phylogenetic relatedness.
However, they have found somewhat mixed evidence for the phylogenetic model.
An early study found that 7 out of a set of 22 macaque social behavioral traits
analyzed appeared to be strongly influenced by phylogenetic relatedness (Thierry
et al. 2000). Later work found that aspects of macaque social structure related to
post-conflict affiliation and explicit contact, but not grooming kin bias, were more
similar among more closely related species and that they appeared to covary
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continuously across species in predicted directions after accounting for phylogeny
(Thierry et al. 2008). Most of these studies focused on captive groups in which it was
relatively easy to restrict the analysis to behavior outside of the feeding context and
hence to avoid the possibility that behavior related to social style might be masked
by direct feeding competition.

Building on these pioneering studies, Balasubramaniam et al. (2012a, b)
conducted three comparative studies of variation in other aspects of macaque social
structure, specifically dominance hierarchies and grooming social network structure,
which until then had not been tested in a comparative framework that involved
multiple macaque groups and species. These studies included both captive and free-
living groups of macaques, including Tibetan macaques at Huangshan, and specif-
ically examined the potential influence of living condition on social style traits. We
review the major findings from these three studies below, focusing on their impli-
cations for both the characterization of Tibetan macaque social style and for the
evolutionary origins of macaque social structure in general.

In the first of two comparative studies of macaque dominance social structure that
tested the predictions of phylogenetic models (Balasubramaniam et al. 2012a),
Balasubramaniam and colleagues examined whether the steepness of hierarchies
(de Vries et al. 2006) and degrees of dominance asymmetry or counter-aggression
showed strong phylogenetic signals, i.e., whether they were more similar among
more closely related species (Blomberg et al. 2003; Kamilar and Cooper 2015;
Matsumura 1999; Thierry et al. 2008). They assembled a behavioral dataset on
dyadic aggressive interactions and submissive displacements among adult females,
for each of 14 groups of macaques representing 9 species. For each group, they
calculated the steepness of the dominance hierarchy as the absolute slopes of plots
between normalized David’s scores (NDS: de Vries et al. 2006) and ordinal ranks of
individuals attributed by David’s scores. David’s scores are calculated for each
individual as the differences between its wins and losses in dyadic agonistic inter-
actions, which are weighted by the relative wins and losses of all of the other
individuals in the group (Gammell et al. 2003; de Vries et al. 2006). To date,
hierarchical steepness represents the most comprehensive measure of the “domi-
nance gradient” and hence the degree of despotism in the dominance hierarchy of a
social group. In addition to steepness, they also calculated the degree of “dominance
asymmetry,” by estimating the proportion of aggressive interactions that involved
counter-aggression from the initial recipient.

To test predictions of phylogenetic signals, they used multiple macaque Bayesian
and maximum likelihood phylogenetic trees, both self-reconstructed and extracted
from the online database for primate phylogenies 10kTrees (Arnold et al. 2010). The
results were consistent with the phylogenetic model in that both hierarchical steep-
ness and counter-aggression showed strong, significant phylogenetic signals. More-
over, phylogenetic signals were consistent and strong when they examined a subset
dataset of just free-living groups representing seven species of macaques.

In a second comparative study that used the same dataset, Balasubramaniam et al.
(2012b) tested the covariation hypothesis and found mixed support for it. They asked
whether hierarchical steepness and counter-aggression both covaried with the
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hypothesized placement of species on Thierry’s four-grade social style scale and
whether evolutionary shifts in social style grade corresponded consistently to covar-
iant changes in hierarchical steepness and counter-aggression. As predicted by the
covariation hypothesis, steepness and counter-aggression were strongly correlated
with the placement of species on macaque social style scales in the predicted
directions. Yet the nature of these relationships differed for each trait. On the one
hand, hierarchical steepness appeared to covary continuously with the scale.
Macaques in grades 1 and 2, including Tibetan macaques, showed the steepest
hierarchies, grade 3 species showed moderately steep hierarchies, and grade 4 species
showed the shallowest hierarchies. On the other hand, counter-aggression appeared
highly dichotomous. Species from grades 1–3 all showed similar and markedly low
levels of counter-aggression (range, 0.6–6.4% of all aggressive interactions) in
comparison with the two grade 4 species (crested macaques, 50.8% of aggressive
interactions; Tonkean macaques, 60.4%). This suggested that the covariation
between dominance traits and social scale were driven primarily by species at the
extreme ends of the scale (grade 1 vs. grade 4 macaques).

In comparison, the characteristics of species in intermediate grades 2 and 3 were
inconsistent. For instance, grade 1 rhesus and Japanese macaques showed both steep
dominance hierarchies (range, 0.68–0.99) and low levels of counter-aggression
(range, 0–7.1% of all aggressive interactions), while grade 4 Sulawesi crested and
Tonkean macaques showed the opposite characteristics (steepness range, 0.27–0.53;
counter-aggression range, 50–61% of all aggressive interactions). However, grade
2 species, rather than showing more shallow hierarchies than grade 1, fell within the
range for grade 1 species (steepness range, 0.85–0.98). In fact, two grade 2 species—
Tibetan and long-tailed macaques—showed the steepest hierarchies of all species
examined in the study, i.e., exceeding the values for grade 1 Japanese and rhesus
macaques. Further, Tibetan macaques showed the lowest levels of counter-
aggression (mean ¼ 0.64%; range, 0.53–0.76% of all aggressive interactions),
even lower than grade 1 macaques.

The case of grade 3 macaques was even less consistent. Although hierarchical
steepness of Barbary macaques was intermediate to those for grades 2 and 4 as
predicted for a moderately tolerant social style, low levels of counter-aggression
seen in this same group were more indicative of a more despotic style (but see
Thierry and Aureli 2006), indicating possible evidence for quasi-independent evo-
lution. Moreover, grade 3 bonnet macaques showed both steeper hierarchies and low
levels of counter-aggression, within the range of despotic species.

To test the covariation hypothesis statistically, Balasubramaniam et al. (2012b)
used phylogenetic independent contrast approaches of ancestral trait reconstruction
to determine whether major evolutionary shifts from despotic to tolerant social style
grades corresponded to shifts in hierarchical steepness and counter-aggression in the
evolutionary history of macaques. The findings were telling. For both steepness and
counter-aggression, the magnitudes of independent contrasts were greatest at the
nodes in the phylogenetic tree that split grade 4 macaques from all other grades. This
was consistent with the finding that there were indeed marked differences between
macaques at the extreme ends of the scale. However, contrary to predictions,
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evolutionary shifts from higher to lower social style scales, or from tolerant to
despotic societies, did not result in consistent increases in steepness contrasts or
decreases in counter-aggression contrasts. Moreover, the magnitude of steepness and
counter-aggression contrasts were no greater at nodes in the phylogeny where there
were evolutionary shifts in social style, compared to “neutral” nodes in which there
were no shifts in style. In summary, the authors found strong evidence for phyloge-
netic signals in dominance traits and mixed evidence for the covariation hypothesis.
Specifically, covariation seemed to more strongly influence the underlying differ-
ences in dominance hierarchies between some species and phyletic lineages
(macaques across grades 1 and 4), but less so others (species in grades 2 and 3).

In a third study, Balasubramaniam and colleagues (2018a) examined interspecific
covariation in higher-order aspects of both dominance hierarchies and social
grooming relationships across an even wider range of macaque populations. To
capture higher-order aspects of social structure, they used social network analysis
(SNA: Farine and Whitehead 2015; Lusseau 2003). Beyond using only direct
interactions among dyads, network approaches incorporate both the direct social
connections and indirect pathways of interactions among individuals (Brent et al.
2011; Farine and Whitehead 2015; Kasper and Voelkl 2009; Sueur et al. 2011). Such
approaches may identify consistent patterns or “motifs” of interactions that in turn
describe group social structure. The focus on social grooming, a core aspect of
affiliative and cooperative social structure, expanded on previous studies that had
predominantly focused on aspects of post-conflict affiliation, affiliative kin bias, and
dominance hierarchies (but see the inclusion of macaque grooming traits by Schino
and Aureli (2008) in their interspecies analyses).

In comparison to these latter traits which may be strongly influenced by intrinsic
factors such as personality (Capitanio 1999; Krause et al. 2010), matrilineal inher-
itance (Cords 2013; Kapsalis 2004; Sade 1972), and phylogenetic histories (Thierry
2007; Thierry et al. 2008, 2000), the patterning and distribution of grooming
relationships has been assumed to be more responsive to environmental variability,
such as group sizes (Berman and Thierry 2010; Kasper and Voelkl 2009; Majolo
et al. 2009), the presence of infants (Fruteau et al. 2011; Gumert 2007; Henzi and
Barrett 2002; Tiddi et al. 2010), and the distribution of resources (Balasubramaniam
and Berman 2017; Carne et al. 2011; Ventura et al. 2006). Nevertheless, across the
macaque genus, the structure of grooming social networks is also likely to be
strongly influenced by varying tendencies for species to affiliate with kin, i.e.,
grooming kin bias (Berman 2011; Berman and Kapsalis 2009; Berman and Thierry
2010; Kapsalis 2004; Thierry et al. 2008).

Under the covariation framework, more despotic, nepotistic species that show
steeper dominance hierarchies, and in which individuals prefer to interact more with
close kin compared to distant kin, may be expected to show more modular or
substructured grooming networks (Sueur et al. 2011). On the other hand, more
tolerant species in which hierarchies are shallower, and in which individuals form
affiliative relationships with a wider range of conspecifics, may be expected to show
more dense, well-connected social networks that are less modular (Sueur et al.
2011). In support of this covariation framework, a study by Sueur and colleagues
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found that more intolerant or nepotistic grade 1 species like rhesus and Japanese
macaques showed less dense but more centralized, modular, or substructured social
networks than more socially tolerant, less nepotistic grade 4 species like Tonkean
and Sulawesi crested macaques (Sueur et al. 2011). Balasubramaniam and col-
leagues used a wider range of macaques to ask whether (1) aspects of dominance
and grooming social networks showed strong phylogenetic signals and (2) they
covaried with each other independently of the effects of phylogeny and/or extrinsic
sociodemographic factors like group size, sex ratio, and living condition.

The authors assembled a broad comparative dataset—38 dominance matrices and
34 datasets of social grooming—from captive, free-ranging, and wild groups
representing 10 species of macaques. From these, they estimated two dominance
social network traits, specifically triangle transitivity (Shizuka and Mcdonald 2012)
and group-wide dominance certainty (Fujii et al. 2013). From the grooming datasets,
they estimated three aspects of grooming social network structure: the (1) centrality
coefficient, i.e., the extent to which dominant individuals are also highly central in
their grooming network (Handcock et al. 2006); (2) Newman’s modularity, i.e., the
degree to which networks were substructured into communities of closely interacting
individuals (Newman and Girvan 2004); and (3) clustering coefficient (Csardi and
Nepusz 2006), which is an indicator of the localized density of a group’s social
connections. As in previous efforts, they replicated their comparative analyses across
multiple phylogenetic trees to account for phylogenetic branch length uncertainty.

As in the previous comparative studies, the results showed mixed evidence for the
phylogenetic model. Consistent with findings from the previous study on dominance
steepness and counter-aggression (Balasubramaniam et al. 2012a, b), dominance
transitivity and certainty both showed strong phylogenetic signals (Fig. 8.1). On the
other hand, aspects of grooming social networks showed only moderate or weak
phylogenetic signals (Fig. 8.1). Moreover, contrary to the covariation hypothesis,
grooming network measures did not covary with dominance traits across species
(Fig. 8.2). Instead, two aspects of grooming social networks, modularity and clus-
tering coefficient, were more strongly predicted by group size, a sociodemographic
factor, than by species’ social styles or dominance traits. Specifically, larger groups
of macaques showed more modular, less densely clustered grooming networks than
smaller groups, with the results being independent of groups’ living condition and
variation in sampling effort.

Taken together, findings from these interspecies comparative studies suggest that
different aspects of social structure may have been subject to different evolutionary
and ecological selection pressures. Specifically, aspects of dominance social struc-
ture seem to be strongly influenced by phylogenetic relationships and to show
tendencies to covary across some (but not all) species and lineages. In comparison
to dominance, grooming social networks seem weakly influenced by phylogeny.
Rather than covarying with dominance traits across groups and species, grooming
networks appear to be more responsive to variation in current sociodemographic
factors like group sizes and living condition. The detection of more clear-cut
differences in dominance traits between the grade 4 Sulawesi macaques and mem-
bers of grades 1 and 2 in the fascicularis lineage suggests that the influence of

8 Tibetan Macaque Social Style: Covariant and Quasi-independent Evolution 155



phylogeny and the structural linkage of traits may be visible across higher organi-
zational scales (e.g., across some species and lineages), but perhaps less so at lower
organizational scales (e.g., across species within a lineage, across groups). In other

Fig. 8.1 Bar plot of the K-statistic calculated to determine the strength of phylogenetic signals
among aspects of dominance and grooming social network structure for ten species of macaques.
On the one hand, values of K approaching or greater than 1 indicate strong phylogenetic signals in
the dominance traits. On the other hand, values of K < 1 indicate moderate-to-weak signals in the
grooming traits

Fig. 8.2 Scatterplot showing the lack of a relationship between directional consistency index (DCI)
of dominance hierarchies and Newman’s community modularity of grooming social networks for
34 groups of macaques across 10 species. Red dots represent scores for the YA1 Tibetan macaque
group at each of six study periods
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words, they suggest that the structural covariation of aspects of macaque social
structure has occurred over longer evolutionary timescales that separate entire
phylogenetic lineages, rather than across shorter timescales that separate species or
populations within lineages.

Consistent with findings at the interspecific level, and indeed with the conclusions
from the other within-species studies we have reviewed above, we also found a lack
of evidence for intraspecific covariation between dominance and grooming social
structure among just Tibetan macaques. They displayed moderate-to-steep domi-
nance hierarchies and very low levels of counter-aggression on the one hand and
moderate-to-low levels of grooming modularity on the other hand. Moreover,
aspects of dominance hierarchies in Tibetan macaques were not correlated with
aspects of grooming social network across six study periods of hierarchical stability
(e.g., hierarchical steepness vs. grooming modularity: n ¼ 6, r ¼ 0.26, p ¼ 0.62).
Thus, findings from our comparative studies are consistent with those from our
previous studies on just Tibetan macaques. Both suggest that aspects of Tibetan
macaque social style, while having potentially been shaped by phylogenetic relat-
edness and structural linkage in the evolutionary past, have been subject to some-
what unlinked, independent trajectories influenced by current socioecological and
demographic conditions more recently in their evolutionary history.

8.7 Discussion and Future Directions

Aspects of social structure represent higher-order phenomena, i.e., phenotypically
visible, group level outcomes of individuals striving to access the benefits of group
living while minimizing its costs. Given the importance of social structure for indi-
vidual fitness, primatologists are interested in the evolutionary underpinnings of
variation in social structure (Clutton-Brock and Janson 2012; Koenig et al. 2013;
Thierry 2004). Theoretical models based on species’ phylogenetic history (Matsumura
1999; Thierry 2007; Thierry et al. 2000), inherent self-organization by individuals
(Hemelrijk 1999, 2005; Puga and Sueur 2017), and adaptations to variation in current
ecological conditions (Kappeler and Van Schaik 2002; Sterck et al. 1997; van Schaik
1989) have all been proposed, but currently there is no consensus regarding the
relative extents to which these factors influence social structure.

In this chapter, we demonstrate how research on the genus Macaca, and in
particular on Tibetan macaques, has provided useful empirical tests of some of these
conflicting frameworks. Among macaque researchers, some proponents of phyloge-
netic arguments argued that aspects of social structure, specifically those that constitute
social style, are structurally linked and covariant with each other (Petit et al. 1997;
Thierry 2000; Thierry et al. 2008). Citing the detection of strong phylogenetic signals
in some core aspects of macaque social style, they predicted that evolutionary change
in one trait would co-occur with evolutionary change in a suite of other traits, with
such covariation being more perceptible between species rather than within groups of
the same species (Petit et al. 1997; Thierry 2000; Thierry et al. 2008).
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Our findings on Tibetan macaques, and from comparative studies across a range
of macaques, reveal incomplete evidence for such covariation across species and
social style traits. We suggest that the pattern of covariation (and the lack thereof)
that we found is consistent with the notion suggesting that covariation was likely
present in the evolutionary past of the genus but that it has been subsequently
partially offset by more contemporary, quasi-independent responses by macaques
to variation in current conditions.

First, we found a mixture of both despotic and tolerant social style traits in Tibetan
macaques. While aspects of the dominance structure in Tibetan macaques are within
the range of despotic macaques, the structure of affiliative grooming social networks,
male-male ritualized affiliation, and cooperative exchange are all characteristic of
more tolerant societies. Covariation by itself, i.e., that has not been influenced by
adaptive responses, would have been suggested if all these characteristics had showed
moderate despotism or moderate tolerance. Second, our comparative studies revealed
evidence for covariation between dominance traits and social style grade across some
macaques in different phylogenetic lineages, but not across species within the same
lineage. Third, the finding that grooming social network structure was more strongly
influenced by group size than by phylogeny and dominance traits suggests that
covariation was apparently offset by adaptive responses by macaques more recently
in their evolutionary history. In other words, different aspects of social style and social
structure in general likely evolved along more independent evolutionary trajectories,
with some traits more strongly influenced by past ancestry and structural linkage than
others, and others apparently more labile to current conditions.

This view is consistent with the concept of “social reaction norms,” or the idea
that species may respond similarly to major ecological changes, but may have
inherently different ranges of responses to the same conditions, i.e., ranges that are
related at least in part to their ancestry (Berman and Thierry 2010). The concept of
social reaction norms can be seen as a group-level analog of the concept of
interindividual variation in “behavioral syndromes,” in which suites of correlated
behaviors reflect individual variation in behavioral plasticity and in individual’s
capacities to show adaptive responses across multiple environmental situations and
contexts (Sih et al. 2004, 2012).

Having said that, there remain many gaps in our understanding of social style and
social structure in general in Tibetan macaques and in the macaque genus as a whole.
Social style indicators have yet to be examined in many species, and a number of
additional hypotheses about their origins remain to be explored in detail. We end this
chapter by proposing and elaborating on five potentially important avenues of future
research on social styles.

Paternal Kin Relatedness In animal social groups, the relatedness of individuals is
strongly associated with the form, frequency, and distribution of cooperative and
competitive social interactions (Hamilton 1964). In most Cercopithecine primates,
females are philopatric, and there is ample evidence that matrilineal kin bias struc-
tures many aspects of social behavior within groups, more so in despotic species than
tolerant species (Berman 2011; Berman and Thierry 2010; Thierry 2007; Thierry
et al. 2008). As such, maternal kin bias has been considered one of the core
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indicators of a group’s social style (Thierry 2000). In 1979, Altmann suggested that
in addition to matrilineal ties, the structure of within-group relatedness may also be
influenced by mating patterns, specifically by the degree to which individual males
are able to monopolize fertile females (Altmann 1979). Specifically, the frequent
replacement of highly successful males (i.e., males with high reproductive skew)
may lead to age-structured paternal sibships within groups. If this occurs, and if
individuals are able to recognize their paternal kin, inherent tendencies to favor kin
could influence the patterning and distribution of cooperative and competitive
interactions in a group and hence aspects of social style (Widdig 2013).

Recently, Schülke and Ostner hypothesized that the evolution of social tolerance
in some macaque species may in fact be explained by high male reproductive skew
(Schülke and Ostner 2008, 2013). High mean levels of paternal relatedness might
explain why females in tolerant species distribute their affiliative interactions across
a wide range of partners. As evidence for this hypothesis, they found that species of
macaques classified as less nepotistic and more tolerant also showed higher male
reproductive skew (Schülke and Ostner 2008). However, their analyses were limited
by a small sample size and to comparisons of intolerant but seasonally breeding
macaques with tolerant but nonseasonal macaques and hence were unable to control
for the effects of seasonality on reproductive skew. In a second study, they found that
paternal kin bias accounted for a small but significant proportion of the variation in
the strength of grooming social bonds in a captive group of rhesus macaques
(Schülke et al. 2013). Whether the reproductive skew argument can help explain
some or all of the indicators of tolerance in Tibetan macaques is uncertain. Although
male mating success is highly skewed toward dominants and alpha males have
tenures of only a year or two, whether or not this translates into reproductive skew
awaits genetic confirmation of paternity. Also needed are broader comparative
studies that assess possible links between male reproductive skew, paternal related-
ness, and multiple aspects of female social structure.

Disease Risk as a Selection Pressure Traditional socioecological models have
speculated that multiple socioecological factors—natural resource abundance,
clumped, human provisioned food, and changes in predation pressure over evolu-
tionary time—may have all impacted variation in primate social structure (Kappeler
and Van Schaik 2002; Sterck et al. 1997; van Schaik 1989). More recently, the
influence of another ecological factor—disease risk—has also been proposed
(Kappeler et al. 2015; Nunn 2012), but it has remained relatively understudied.
Disease risk may influence primate group living and social life in at least two ways.
First, strong parasite prevalence may encourage more spatially widespread social
groups and subgrouping because it minimizes parasite transmission through social
contact (Kappeler et al. 2015; Nunn 2012; Nunn et al. 2011). Indeed, comparative
studies across a range of primates have found strong, positive correlations between
parasite prevalence or diversity and community substructuring or modularity of
affiliative social networks (Griffin and Nunn 2012; Nunn et al. 2015). This relation-
ship is consistent with the hypothesis that increased parasite risk may have led to the
evolution of increased levels of despotism in some primate groups and species,
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especially given that modular social networks have already been shown to be a
characteristic of such societies (Sueur et al. 2011).

On the other hand, increased parasite risk may also cause animals to seek out
more social partners, because strong and diverse social ties may enhance their social
capital and lower stress levels associated with decreased disease resistance (Cohen
et al. 2007; Kaplan et al. 1991; Sapolsky 2005). In accordance with this “social
buffering hypothesis,” increased disease risk could lead to the evolution of greater
social tolerance (Silk et al. 2003, 2010; Young et al. 2014).

Evidence from macaque species, particularly wild Japanese macaques (MacIn-
tosh et al. 2012; Romano et al. 2016) and captive rhesus macaques
(Balasubramaniam et al. 2016, 2018b), suggests the transmission of gastrointestinal
nematode parasites and gut pathogenic bacteria, respectively, maybe strongly
influenced by the structure of affiliative grooming or huddling social networks.
However, at this time, no comparable data are available for Tibetan macaques.
Nevertheless, given the now well-established impact that parasite risk has on aspects
of primate sociality and health (Kappeler et al. 2015), future research should focus
on further unraveling such links.

Intraspecific Variation In general, comparative studies of variation in primate
social organization and social structure have tended to focus more on interspecific
than intraspecific variation, with the latter often overlooked or not appropriately
accounted for (Clutton-Brock and Janson 2012; Nunn 2011). Given this, a long-term
goal of Tibetan macaque research should be to establish the ecological and evolu-
tionary underpinnings of intraspecific variation in social structure. To date, much of
our understanding of intraspecific variation in Tibetan macaque social structure
stems from longitudinal data collected on a single group at Mt. Huangshan. In one
study, Berman and colleagues found that the extent of grooming kin bias among
females in YA1 varied across seven different data collection periods between
December 1991 and November 2004 (Berman et al. 2008). This variation was
positively correlated to group size, but unaffected by other socioecological factors
(e.g., within-group competition, human presence), leading to speculation that
increased time constraints faced by the macaques when the group size is larger
may influence their social styles (Berman et al. 2008). Later, Balasubramaniam and
colleagues revealed that the steepness of the dominance hierarchy of YA1 females
also varied significantly across six of these periods (Balasubramaniam et al. 2011).
Yet contrary to expectation, steepness was negatively correlated to group size,
leading to the speculation that the macaques responded to human presence by
forming within-group alliances that may in turn have impacted their dominance
style. So whether and how socioecological factors may impact one or more aspects
of Tibetan macaque social structure remains unclear.

Given that the social groups studied at both Mt. Huangshan and Mt. Emei were
subjected to varying degrees of tourism, provisioning, and range restriction (Berman
and Li 2002), comparisons of their social styles with each other and with those of
other wild populations are crucial. Evidence for intergroup differences in aspects of
social structure is available for other free-living macaque species, but somewhat
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mixed. For instance, Majolo et al. (2009) found stark intergroup differences in the
distribution of grooming and post-conflict reconciliation between two wild Japanese
macaque groups of different sizes within the same population. Further, Duboscq
et al. (2013) found between-group differences in rates of approaches, silent bare-
teeth displays, and percentages of counter-aggression by females in two groups of
wild crested macaques at Tangkoko Nature Reserve. On the other hand, a study on
free-ranging rhesus macaques at Cayo Santiago revealed no differences in female
dominance hierarchies, aggression intensities, and post-conflict affiliation rates
across three groups of different sizes (Balasubramaniam et al. 2014). Such findings
warrant establishing potential links (or the lack thereof) between socioecological
factors and intraspecific variation in social structure across groups and populations
of Tibetan macaques as well as other species.

Comparative Studies of Male Social Styles Most of what we know about the
concept of macaque social styles has emerged from studies of female-female social
relationships in captive groups. In comparison, the social relationships of males have
been less intensely studied, with studies on free-ranging and wild populations of
some species having just emerged during the last decade. In the light of this, we
suggest that the time is right for conducting comparative studies of the evolution of
male social styles.

Male relationships among the female philopatric Cercopithecine primates are
expected to be predominantly intolerant or antagonistic. Coalitions are expected to
be primarily (1) conservative to maintain dominance rank and (2) based on partner
availability rather than the establishment of long-term affiliative social bonds among
unrelated males (Cords 2013; Kappeler 2000; Preuschoft and Paul 2000). Yet, there
is also evidence for overt affiliation, social bond investment, and male-male social
tolerance in some species (Ostner and Schülke 2014; Schülke et al. 2010), including
Tibetan macaques (see above). Evolutionary explanations for such evidence remain
somewhat unclear. One possible explanation, proposed above for Tibetan macaques,
involves the emergence of male “tolerant despots,” i.e., the idea that male social
tolerance may be an emergent outcome of a group- or species-typical tendency to
exhibit a generally despotic social style. This may occur when selective tolerance
enhances males’ abilities to compete in a despotic society. Such indicators of social
tolerance maybe a consequence of males’ counter-strategies to deal with generally
heightened levels of within-group resource competition (Ostner and Schülke 2014;
Schülke et al. 2010).

Findings from Assamese macaques also seem to support this explanation. For
instance, both male and female Assamese macaques show steep, linear dominance
hierarchies that are indicative of high within-group competition and a despotic social
style (Balasubramaniam et al. 2012a, b; Cooper 1999; Cooper and Bernstein 2002,
2008). Yet, males also show moderate levels of post-conflict affiliation (Cooper
1999; Cooper and Bernstein 2002, 2008) and form long-term social bonds based on
partner preference rather than partner availability (Kalbitz et al. 2016; Ostner and
Schülke 2014; Schülke et al. 2010). Findings from other species suggest that male
social tolerance, rather than being emergent outcomes of within-group despotism,
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may have socioecological underpinnings. For instance, grooming and alliance for-
mation among male Japanese macaques appear to be more strongly influenced by
between-group mating competition than by within-group competition (Horiuchi
2007). In bonnet macaques, the distribution and abundance of natural resources
may strongly influence male-to-female sex ratios and, thereby, male social strategies
(Ram et al. 2003; Sinha et al. 2005).

When abundant and widespread resources give rise to large, multi-male-multi-
female groups with near-even adult sex ratios, reduced within-group competition
may give rise to unusual levels of social tolerance, ritualized greetings, huddling, and
social grooming among males (Adiseshan et al. 2011; Silk 1994, 1999). When
resources are clumped or seasonal, intense female-female competition may lead to
group-fissioning, resulting in the emergence of atypical unimale troops in several
species (Ram et al. 2003; Sinha et al. 2005). In these contexts, males actively herd
females, defend them against immigrating males by engaging in intergroup encoun-
ters, and remain intolerant of resident juvenile and subadult males (Ram et al. 2003;
Sinha et al. 2005). Such stark differences and explanations for male social strategies
warrant more comparative studies across macaque species that examine the relative
effect(s) of intrinsic characteristics (e.g., female social styles, male despotism) and
extrinsic factors (e.g., resource abundance, intergroup competition, predation) on
male social styles.

Phylogeographic Approaches Finally, comparative studies have now established
that several (but not all) aspects of macaque social structure (Balasubramaniam et al.
2012a, 2018a; Thierry et al. 2008), and more broadly primate sociality (Kamilar and
Cooper 2015), are associated at least in part with species’ ancestral relationships.
What is unclear is whether such phylogenetic signals are reflections of true genetic
linkage or coevolution versus artifacts of adaptive responses by ancestral species to
major environmental changes (Balasubramaniam et al. 2018a). To address this gap,
we recommend that future research should focus on establishing links between
ancestral state reconstructions of primate social structure (Pagel et al. 2004; Revell
2012) and potential changes in historic phylogeographic ranges (Abegg and Thierry
2002; Lemey et al. 2009; Ree and Smith 2008). Such approaches would help
establish whether, for instance, some aspects of social structure coevolved with
major dispersal events or climatic changes toward more resource abundant
(or sparser) environments in the evolutionary past.
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Chapter 9
Preliminary Observations
of Female-Female Bridging Behavior
in Tibetan Macaques (Macaca thibetana)
at Mt. Huangshan, China

Grant J. Clifton, Lori K. Sheeran, R. Steven Wagner, Jake A. Funkhouser,
and Jin-Hua Li

9.1 Introduction

Several species of the genus Macaca engage in an affiliative behavior commonly
referred to as “bridging.” Bridging is a triadic behavior in which two older individ-
uals lift and hold an infant or juvenile between them while teeth chattering and/or
licking the infant/juvenile’s genitals (Ogawa 1995a). Bridging and similar affiliative
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triadic behaviors have been recorded in Barbary (M. sylvanus; Deag and Crook
1971; Taub 1984; Paul et al. 1996; Kubenova et al. 2017), stump-tailed
(M. arctoides; Estrada and Sandoval 1977; Estrada and Estrada 1984), Assamese
(M. assamensis; Kubenova et al. 2017), and Tibetan macaques (M. thibetana;
Ogawa 1995a, b, c; Zhao 1996; Bauer et al. 2013). Adult males’ bridging tends to
occur in non-agonistic contexts and is often followed by other affiliative behaviors
such as grooming (Ogawa 1995a, b; Deag and Crook 1971). Adult males of all
species use younger male infants as the bridge more often than female infants and
juveniles of both sexes (Ogawa 1995a; Deag 1980). In M. sylvanus, subordinate,
lower-ranked males often bring an infant to a dominant individual to engage in
affiliative behaviors (Deag and Crook 1971; Deag 1980). Deag and Crook (1971)
hypothesized that subordinate males use infants as an “agonistic buffer” when
initiating interactions with dominant males in order to reduce the probability of
aggression. Alternatively, Taub (1984) proposed that these interactions were related
to paternal caretaking and instead suggested the “enforced babysitting” hypothesis.
Rather than using the infant as a buffer, Taub suggested that natal males in
M. sylvanus use infants that are matrilineally related to them in order to develop
bonds with infants and to inform others of their relatedness to the individual (1984).

Paul, Kuester, and Arnemann (1996) tested both the agonistic buffer and enforced
babysitting hypotheses in dyadic male-infant interactions and triadic male-infant
interactions (i.e., bridging) in M. sylvanus. DNA evidence conflicted with the
enforced babysitting hypothesis by demonstrating that males did not interact with
infants related to them and did not gain any additional reproductive benefits from
interacting with particular females’ infants. Conversely, frequency of male-infant
interactions increased during intervals of high male-male tension, which supported
the agonistic buffering hypothesis in M. sylvanus.

Ogawa (1995a, b, c) investigated male-male bridging behavior in Tibetan
macaques (M. thibetana) and tested the agonistic buffering and enforced babysitting
hypotheses. Ogawa found that bridging almost always occurred in non-agonistic
contexts and that the frequency of bridging between males positively correlated with
rates of grooming (Ogawa 1995a). Subordinate males initiated bridges with dominant
males more often than vice versa, and initiating males were more likely to use the
infants that were preferred in social interactions by dominant males. Aggression never
occurred in male-male dyadic interactions in which a bridge took place but occasion-
ally happened in non-bridging dyadic interactions. Ogawa (1995a) suggested that in
macaque species with a higher than average socionomic sex ratio, such as Barbary and
Tibetan macaques, males may use bridging to reduce social tensions caused by
increased male-male competition and to reduce the possibility of aggression in future
interactions. While Ogawa’s (1995a) findings did not support the enforced babysitting
hypothesis, natal group males did not prefer to bridge with infants related to them,
suggesting that male-male bridging is not related to kinship. Adult males preferred to
use male infants rather than female infants, and individual males had particular
immature males that they used in bridging interactions more often than they used
others. However, there was no evidence to suggest that infants gained any direct
benefits from bridging: male and female infants experienced equal mortality rates
despite the sex bias toward male infants in male-male bridging.
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Although all age and both sex classes engage in bridging, there has been little
mention of bridging interactions involving females. Ogawa (1995c) studied bridging
interactions between adult males and adult females. In contrast to the trend in male-
male bridging, higher-ranked males were more likely to initiate male-female bridg-
ing interactions than were lower-ranked males. Additionally, males bridged more
females they were in consort with. Ogawa (1995c) concluded that male-female
bridging likely facilitates mating bonds.

Female-female bridging has been reported in M. thibetana (Ogawa 2006; Bauer
et al. 2013) andM. arctoides (Estrada and Estrada 1984), and similar triadic female-
female-infant interactions have been described in M. sylvanus (Deag and Crook
1971), but no studies have investigated female-female bridging in detail. When
considering the existence of maternal relatedness and strong matrilines among
females as well as the differing forms of within-sex competition between males
and females, it is possible that female-female bridging does not serve the same
purpose as male-male bridging. Moreover, maternity and females’ matrilineal rela-
tionships may influence how they bridge with one another.

This study describes and analyzes female-female bridging behavior in a group of
habituated Tibetan macaques and compares female-female bridging behavior to
previous studies on male-male bridging behavior. We predicted female-female
bridging would differ from male-male bridging and that these differences might
aid in development of further hypotheses to explore female-female bridging in this
species.

9.2 Methods

We conducted observations from 01 August to 21 September 2014 at the Valley of
Wild Monkeys tourist site near Mt. Huangshan, Anhui Province, China (30�290N,
118�110W). One group of Tibetan macaques known as Yulingkeng A1 (YA1) ranges
in the forest area surrounding platforms built to facilitate tourism. YA1 monkeys are
free-ranging but are habituated to human presence and are provisioned with corn
several times a day by park guards. Researchers have tracked and recorded matri-
lineal kinship, births, immigrations, and deaths since 1985 (Wada and Xiong 1996).
At the study’s start, the group consisted of 41 individuals: 9 adult males, 8 adult
females, 4 subadult males, 4 subadult females, 6 juvenile males, 7 juvenile females,
2 male infants, and 1 female infant; however, the female infant died on 15 August
2014 (Table 9.1). We classified females as adult if they had given birth to least one
offspring and were � 6 years old and as subadults if nulliparous and 4–5 years old.
We classified infants as under 1 year of age, with the two male infants being roughly
2 months of age and the sole female infant being roughly 5 months of age at the start
of the study. To establish a dominance hierarchy for use in this investigation, Lori
K. Sheeran (LKS) collected dominance interaction behavioral data from 14 July to
27 August 2014 (36 days) from 7:00 to 12:00 and 14:00 to 17:00 daily. LKS utilized
all-occurrence sampling to collect dominance data (Altmann 1974). Agonistic data
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consisted of fear-grin, scream, flee, displace, threat, lunge, chase, grab, slap, and bite
as defined by Berman et al. (2004). Winners of these interactions were defined by
either the actor in directional agonism or the recipient of a submissive behavior.
Losers of these interactions were defined by those receiving directed agonism or the
actors of submission. To derive a ranking order and dominance score for each
individual, we analyzed these data using Elo-rating procedures (Neumann et al.
2011) in R (R Core Team 2016).

We established interobserver agreement of 100% for all adult male and female,
subadult female, and infant identities on 08 August 2014. We identified juveniles by
the presence of their mother or their age and sex rather than individual identities due
to the difficulty of learning individual juvenile identities within the limited
timeframe of our study. We collected data from 8:00 to 12:00 and 13:00 to 18:00.
To record bridging events, Grant J. Clifton (GJC) used 2-min focal samples
(Altmann 1974) of adult and subadult females. We selected focal order randomly
each day using a random number generator. Within focal samples, we recorded
behaviors from an ethogram (Ogawa 1995a). Proximity refers touching or within
arm’s length (Sheeran et al. 2010). GJC also used all-occurrence sampling (Altmann
1974) to record bridges occurring outside of focal samples. If a bridge occurred or
was suspected to occur between non-focal individuals, then the current 2-min focal

Table 9.2 Select results and demographics per individual

Female
individual

Date of
birth

Age
group

Elo
scorea

Focal time
(hour)

Bridge
initiations/h

Bridge
receptions/h

YeXiaXue
(YXX)

2010–05 Subadult 1316 2.83 2.826 0.354

HuaHong
(HH)

2003–?? Adult 1173 2.00 0.498 0

YeChunYu
(YCY)

2009–03 Subadult 1172 3.13 2.874 0

YeHong (YH) 2003–?? Adult 1136 3.53 1.134 1.416

YeMai (YM) 1990–04 Adult 1096 2.23 0.45 0

TouRui (TR) 2004–?? Adult 1057 2.53 0 0.396

TouHong
(TH)

2003–?? Adult 987 2.72 1.464 2.196

TouXiaXue
(TXX)

2008–03 Adult 885 3.13 0.318 0.96

TouRongYu
(TRY)

2009–03 Subadult 838 1.00 0 0

TouTai (TT) 1991–04 Adult 766 2.23 0 0

YeZhen (YZ) 1992–01 Adult 729 2.97 0 0.336

TouHuaYu
(THY)

2009–04 Subadult 656 2.67 0.378 0

Mean – – 2.58 0.828 0.474

Median – – 2.70 0.414 0.168
aWe used Elo-rating scores as a metric of dominance status. Larger Elo scores indicate higher
dominance status
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was suspended, and the interacting dyad was observed for 2 min or until one
individual left proximity. If a bridge occurred during a focal, we extended the
focal for two additional minutes after the bridge to record context, but did not
include the additional focal time in the focal data.

We used an ethogram modified from Ogawa (1995a) to record affiliative behav-
iors that often occurred before and/or during bridging. A bridge was defined as two
individuals holding an infant or juvenile between one another with at least one
individual teeth chattering or genital licking the infant. The bridge initiator was
considered the individual who first teeth chattered or genital licked while lifting the
infant or juvenile. A bridge began when both the initiator and receiver held up an
infant. The bridge ended either when one of the individuals put down the infant or
when no affiliative behaviors continued (other than grooming). Bridges that occurred
within short succession of one another were considered separate events as long as at
least one individual stopped holding the infant in between events.

We considered a bridge successful when the receiver held the infant or juvenile in
the bridging position after receiving an initiation (Fig. 9.1). If a receiver teeth
chattered or genital licked but turned away while the initiator was attempting a
bridge, then it was considered failed (Fig. 9.1). Following Ogawa (1995a), we
classified as Type I bridges in which the initiator brings an infant to a receiver or
as Type II if the initiator approaches a receiver who is holding an infant (Fig. 9.2).
Ogawa also observed bridges in which both males simultaneously approached and
grabbed a single infant. In his study, he classified them as Type III bridges; we, on
the other hand, did not observe Type III occur among females, so they were left out
of our analysis.

We analyzed bridging behavior by initiator, receiver, and dyad. For individual
and group comparisons, we used bridges recorded from focal animal sampling and
converted bridges to rates to account for the uneven distribution of focal times. To
calculate the rate of bridge initiations and bridge receptions per individual, we
divided the number of bridge initiations and receptions from within the individual’s
focal samples by the total focal time for that individual. To calculate the rate of
bridging in dyadic interactions, we calculated the total number of initiations by each
individual and divided by the sum of the total focal follows for both individuals.
Since focal and all-occurrence bridging dyads were significantly correlated
(Kendall’s tau; τ ¼ 0.65, n ¼ 22, p < 0.01) and since the proportions of Type I

Fig. 9.1 Successful (left) and failed (right) bridge initiations (photo credit: Anne Salow)
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and Type II bridges were not significantly different between focal and all-occurrence
sampling (Fisher’s exact test; p > 0.05, df ¼ 2), we pooled both sample sets for
categorical analyses of bridge initiation type. However, we only included bridges
recorded via focal animal sampling in our analysis of success rates. Because of our
limited size and aim (to describe and categorize female-female bridging), we mainly
used descriptive and simple parametric statistics. We used Pearson’s correlation
coefficient to analyze the relationship between dominance status (Elo scores) and
bridge initiation/reception rates, paired-sample t tests to examine differences in
initiations rate by subordinate or dominant individual within each dyad, chi-square
tests of independence, Fisher’s exact, and binomial tests to investigate differences in
the distribution of nonparametric frequencies of bridging event types.

9.3 Results

We recorded a total of 31 h of focal data and 119 bridging events (27 Type I; 92 Type
II; 76 successful and 43 unsuccessful; Table 9.1). All four subadults and seven of
eight adults were observed involved in at least one bridge (Table 9.1). Overall, we
recorded 119 bridging events, 46 (38.7%) of which were recorded via focal
sampling.

Of all observed bridging events, we recorded 27 (22.7%) that occurred via Type I
initiation and 90 occurred via Type II initiation, of which 76 (63.9%) were successful
bridges and 43 (36.1%) were failed bridges. In focal animal sampling, we recorded
7 (13.2%) via Type I initiations and 39 (84.8%) via Type II initiations, of which
21 (45.7%) were successful bridges and 25 (54.3%) were failed bridges. Table 9.2
displays all bridging initiations and receptions for each possible dyad and focal times
and bridging rates for adult and subadult females.

Fig. 9.2 Type I (left) and Type II (right) bridge initiations
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Female-female bridges were often subtle and did not involve audible vocaliza-
tions. Like male-male bridges, at least one female would lick the infant’s genitals
during bridges and sometimes touched the infant’s genitals. Females often
approached mothers who were holding infants and would peer at the infant before
initiating the bridge by grabbing it. Successful bridges were never observed to be
followed by aggression during our study, but receivers were occasionally observed
committing aggression toward failed initiators.

The median bridge initiation rate for adults was 0.378 initiations per hour,
whereas the median bridge initiation rate for subadults was 1.596 initiations per
hour, but the sample size of the subadult group was too small to accurately test for
significance. However, two subadult females, YCY and YXX, initiated far more
often than any other adult or subadult (Table 9.1). The median bridge reception rate
for adults was 0.366 receptions per hour, whereas no subadults were observed to be
recipients of any bridging events. Like initiations, there were large differences in the
number of bridges received by each individual within groups, with the two mothers
of infants, YH and TH, receiving a large majority of bridges (Table 9.1). Individuals
who initiated bridges were not more likely to have their bridges reciprocated by
those with whom they initiated (rs ¼ �0.45, n ¼ 17, p > 0.05).

We analyzed the relationship between dominance status and bridge initiations
using a Pearson’s rank correlation. Social rank was positively correlated with bridge
initiations (r(12)¼ 0.686, p¼ 0.014; Fig. 9.3), but social rank and bridge receptions
were not significantly correlated (r(12) ¼ 0.06, p ¼ 0.85; Fig. 9.4).

To test for significance differences between the mean rates of bridge initiations by
either dominant or subordinate individuals within each dyad, we used a paired-
samples t test. In contrast to what has been reported for males, within each dyad,
subordinate individuals did not initiate bridges significantly more than that dominant
individuals. We found no significant difference between the mean rate of bridge
initiation between dominant or subordinate individuals (t(65) ¼ 1.398, p ¼ 0.167,
Fig. 9.5). While this difference is not significant, descriptively, we found that
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dominant individuals were found to initiate bridges more (0.415 � 1.35 initiations
per observation hour) than subordinate individuals (0.195 � 0.52 initiations per
observation hour).

A majority of bridges occurred via Type II interactions. In bridges observed via
focal sampling, all Type I bridges occurred by adults. Subadult females were
observed initiating Type I interactions via all-occurrence sampling, but Type I
interactions were still more likely to be initiated by an adult than a subadult (Fisher’s
exact test; p < 0.05, df ¼ 1; Fig. 9.6). Of all but two Type II bridges, the receiver of
the bridge was the mother of the infant or juvenile being used, and in the two
exceptions, the same subadult female, YXX, was the receiver. Similarly, in all but
two Type I interactions initiated by adults, the initiator was holding her own
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offspring. These two exceptions were initiated by the same individual, TXX, using
TH’s infant in both cases.

In Ogawa’s (1995a) study of male-male bridging, 185 (62.1%) bridges occurred
via Type I initiations, 70 (23.5%) occurred with Type II initiations, and 43 (14.4%)
occurred via Type III interactions. We did not observe female-female bridging via
Type III initiations, so to compare males and females, we pooled Type II and Type
III male bridges together for a total of 185 (62.1%) Type I and 113 (37.9%) Type
II/III interactions. Since Ogawa (1995a) did not mention the occurrence of failed
male-male bridge initiations, we only used successful female-female bridge initia-
tions to compare differences between male-male and female-female bridges to
ensure validity between our dataset and Ogawa’s. Of successful female-female
bridges, 24 (31.6%) occurred via Type I initiations, and 52 (68.4%) occurred via
Type II initiations. Even after pooling the male Type II and Type III initiations
together, which creates a more conservative estimate than if Type III initiations were
excluded, females were still significantly more likely than males to use Type II
bridge initiations over Type I initiations (chi square test for independence;
χ² ¼ 28.85, df ¼ 1, p < 0.01; Fig. 9.6).

Bridges initiated by adults were significantly more likely to be successful than
bridges initiated by subadults (φ¼ 0.46, df¼ 1, p< 0.01). In focal samples, all Type
I bridges were successful, but we recorded two failed Type I bridge initiations via
all-occurrence sampling. However, these two failed initiations were from a subadult.
Receivers showed no significant preference in accepting bridges that utilized either
infants or juveniles, and we found no significant difference in success rates of
bridges that were preceded by grooming vs. those that were not preceded by
grooming, although successful bridges were significantly more likely than unsuc-
cessful bridges to be followed by grooming (φ ¼ 0.45, df ¼ 1, p < 0.01).

The two surviving infants in the group were used as a bridge in 88 out of
103 bridging cases, which is significantly more often than expected based on the
proportions of infants and juveniles in the group (exact binomial test, df ¼ 1,
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p < 0.01, Fig. 9.7). Of individuals who used infants to bridge, some individuals
demonstrated a clear preference toward a specific infant over the other (Fisher’s
exact test; df ¼ 6, p < 0.01, Fig. 9.8), but our small sample size did not allow us to
test the significance of the pairwise comparisons.
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9.4 Discussion

The agonistic buffering hypothesis was not supported among female-female bridges
within our dataset for this group of Tibetan macaques. In contrast to what has been
reported in males (Ogawa 1995a; Zhao 1996; Bauer et al. 2013), social rank was
positively correlated with bridge initiations. Initiators were also not more likely to be
subordinate to those who received their bridge attempts, which is evidence in
contrast to the idea that subordinate females initiate bridges with dominant individ-
uals to reduce the probability of future aggression (Ogawa 1995a). Further departing
from the trends seen in males, females were not more likely to initiate bridges with
those from which they received bridges. These data suggest the females in this group
do not bridge in order to avoid conflicts, as has been observed for males.

Although there were no significant differences in bridging initiations between
adult and subadult groups in this population, two of the subadult individuals, YCY
and YXX, initiated far more bridges than any other individual. In contrast, the other
two subadults, THY and TRY, rarely bridged. Interestingly, YCY and YXX were
both much larger and more physically mature than either THY or TRY, who were
both more juvenile-like in appearance and behavior. The mother that bridged the
most out of the mothers without infant offspring, TXX, was relatively young for a
mother and would normally be considered a subadult if not for the fact that she
previously gave birth. This individual was also the only mother to initiate Type I
bridges utilizing another mother’s offspring and to initiate a Type II bridge toward a
receiver holding her offspring. These bridges occurred toward subadult YCY.

As a group, adults received most of the recorded bridges, though statistically there
was no difference between the rate at which adults and subadults were recipients. In
particular, the infant mothers TH and YH each received far more bridges than any
other individual. Out of bridges that involved adults, all except for two involved the
mother of the infant. In addition, female bridges were more likely to occur by Type II
initiation than by Type I. Ogawa (1995a) reported far more Type I initiations
between males than Type II initiations. The comparison of female-female bridges
and male-male bridges from Ogawa (1995a) demonstrates that this difference in
Type I vs. Type II initiations between intra-sexed bridging events is significant,
meaning that females are more likely to approach and initiate a bridge with a receiver
who is holding an infant, whereas males are more likely to initiate while holding the
infant. Of female-female Type II bridges, a large majority involved the mother as the
receiver, and all of those that involved the mother as the receiver used her infant.
Type I bridges were also more likely to be successful than Type II bridges, which
may suggest an importance of the infant in the bridge rather than the relationship
between the other individuals. In addition, individuals were not more likely to
reciprocate bridges, which further suggests that the relationship between the older
members of the bridging dyad is not as important as the infant. These trends support
motherhood and interest in infants as factors in how female-female bridging is both
initiated and received.
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Female-female bridging in our dataset did show some consistencies with male-
male bridging, however. Similar to males, successful bridges never occurred in
aggressive contexts and were not followed by aggression. Females also showed a
bias toward initiating bridges with their own infants over other juveniles. Although
initiators preferred to use infants, receivers did not appear to show a preference, as
bridges initiated with juveniles were equally likely to be successful, though we
should caution that the few observed juvenile bridges limits the power of our
analysis. With that being said, it is nonetheless consistent with bridging trends
between males observed in this same study group (Bauer et al. 2013). Moreover,
among individuals that often bridged with infants, most showed a preference for one
infant over the other. Interestingly, mothers of multiple offspring only initiated and
received bridges utilizing their youngest offspring, further supporting the hypothesis
that initiators are biased toward using younger individuals.

Unfortunately, the death of TR’s infant, the only female infant, prevented us from
investigating whether there are sex biases in the infants used in female-female
bridges. YCY initiated four bridges using TR’s infant, demonstrating that female-
female bridges do occur with female infants, but we did not observe enough
occurrences during this time for any sex biases to be tested. Of juvenile 1-year-
olds, only females were used; however, there were five female 1-year-old juveniles
and only one male 1-year-old juvenile. Moreover, TH was the mother of the single
male 1-year-old juvenile, and she had a younger infant that she most often used in
bridges. Without a more equally distributed sex ratio of infants and juveniles, it is
impossible to state with these preliminary data whether or not females prefer to
bridge with infants of a specific sex.

The preliminary results we present here can be used to generate future hypotheses
regarding the function of bridging in females. In our dataset, the few individuals in
the group make cross-comparisons between age classes difficult and limit a majority
of the statistical analysis to less powerful, nonparametric, and descriptive proce-
dures. Our study spanned a short time period, which limited the amount of focal data
for each individual. This makes it unclear as to whether certain individuals never
bridge or just do so less frequently than others. However, our study was conducted
on the same group under similar conditions as past studies on bridging in male
Tibetan macaques (Ogawa 1995a, b, c; Bauer et al. 2013; see also Zhao 1996
studying this species at Mt. Emei), which enabled us to directly compare male-
male and female-female bridging behavior in Tibetan macaques within this partic-
ular group.

Despite the limitations, this study is the first to investigate bridging behavior
between females in any species of macaque. Our results suggest that female bridging
behavior may not follow the same pattern as male bridging and indicate that this
behavior is related to female interest in infants than it is to the agonistic buffering
hypothesis. Younger, higher-ranking female individuals may bridge more often
because it allows them to gain alloparental experience from interacting with infants.
Alternatively, female bridging may be a by-product of interest in mothers and
infants, similar to what has been supported in female-infant interactions in bonnet
macaques,M. radiata (Silk 1999). Future studies should follow the format of Ogawa
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(1995a) by observing bridges in relation to all female-female and female-infant
interactions over the course of the entire year to enable a more definitive test of
the agonistic buffering hypothesis.
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Chapter 10
Bridging Behavior and Male-Infant
Interactions in Macaca thibetana
and M. assamensis: Insight into
the Evolution of Social Behavior
in the sinica Species-Group of Macaques

Hideshi Ogawa

10.1 Introduction

Species in the genus Macaca have many common features: forming multi-male
multi-female social groups with female philopatry, male dispersal, and a linear
dominance hierarchy (Thierry et al. 2004). However, there are variations in their
“dominance style” and the degree of kin-biased social relationships between females
(Berman and Thierry 2010; de Waal and Luttrell 1989). Recently, the variations in
social relationships between females have been systematically studied
(Balasubramaniam et al. 2012). In addition to social relationships between females,
there are many inter-species differences in social relationships between males.
Compared to females, however, there have been fewer comparative studies on social
interactions between males. For example, frequent triadic male-infant interactions
were reported in some macaque species, but not reported in most of other macaque
species (Deag and Crook 1971; Kalbitz et al. 2017; Ogawa 1995, 2006). Therefore,
in this paper, I focus on social interactions between adult males and infant handling
by adult males in macaques.

Macaques are divided into several species-groups. Though there are several
categorizations, one is the sinica species-group comprised of toque macaques
(Macaca sinica) in Sri Lanka, Bonnet macaques (M. radiata) in India, Assamese
macaques (M. assamensis) from India to Southeast Asia, and Tibetan macaques
(M. thibetana) in China. Delson (1980) included stump-tailed macaques
(M. arctoides), which are distributed in India eastward to Southeast Asia, in the
sinica species-group. Arunachal macaques (M. munzala) in the Arunachal area of
India and white-cheeked macaques (M. leucogenys) in Tibet are recently listed as
new species in the sinica species-group (Li et al. 2015; Sinha et al. 2005).
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Assamese macaques have been traditionally divided into two subspecies, based
on morphological traits (Fooden 1982). Eastern Assamese macaques (M. assamensis
assamensis), which inhabit areas east of the Brahmaputra River, have shorter tails
than western Assamese macaques (M. assamensis pelops), which inhabit areas west
of the Brahmaputra River. Though Assamese macaques are widely distributed in
Asia, direct observations of wild Assamese macaques are difficult, because they are
patchy distributed in mountainous areas (Chalise et al. 2013; Wada 2005). There are
only a few direct observations of wild Assamese macaques (Kalbitz et al. 2017).
However, free-ranging Assamese macaques in several social groups are provisioned
and habituated to humans at several locations. I observed free-ranging provisioned
Assamese macaques in Thailand, India, and Nepal and compared these populations’
social behaviors to those of Tibetan macaques in China.

As may occur with regard to genetic and morphological traits, inter-species and
inter-subspecies differences in social behaviors could be affected by evolutionary
divergence among populations. My aim in this study is to reconstruct the evolution-
ary processes of macaques’ social behaviors by comparing the male-male and male-
infant interactions of Tibetan, eastern Assamese, and western Assamese macaques at
various sites.

10.2 Methods

10.2.1 Study Sites and Study Periods

Tibetan macaques are distributed in China, and Assamese macaques are distributed
in Nepal, India, Bhutan, Bangladesh, China, Myanmar, Laos, Thailand, and Vietnam
(Groves 2001; Fooden 1982; Wada 2005). Among these countries, I conducted field
researches at several sites in Nepal, India, China, and Thailand (Fig. 10.1).

10.2.1.1 Western Assamese Macaque (M. a. pelops)

Site 1 Ramdi Village (27�540N, 83�380E, 437 m). I stayed at Ramdi Village,
Pyuthan District, Nepal, from 20 to 23 March 2016 with Pavan Paudel. There
were two provisioned groups of Assamese macaques around the village.

Site 2 Nagarjun (27�440N, 85�170E, 1350–2093 m). Shivapuri-Nagarjun National
Park, Kathmandu District, Nepal, has two separate areas, the Shivapuri area and the
Nagarjun area. I stayed at Nagarjun for a total of 113 days between 2011 and 2017.
Wild Assamese macaques in several social groups inhabit Nagarjun, as well as wild
rhesus macaques (M. mulatta) (Chalise et al. 2013; Wada 2005). There is a royal
palace and an active army camp in the national park, and soldiers live in the army
camp. The social group of Assamese macaque was unintentionally provisioned by
food waste of the army camp that was available for monkeys. Though I did not
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recommend it, when soldiers finished lunch and dinner, they usually disposed of
their leftovers at a dumping site in the army camp. Monkeys consumed the garbage
and became habituated to humans (Koirala et al. 2017). I identified all adult males
and females in the AA group, based on their physical characteristics, and observed
those monkeys with Sabina Koirala. The AA group was composed of 56 monkeys
including 7 adult males, 13 adult females, 4 male infants (<1 year old), and 1 female
infant in January 2015.

Site 3 Siliguri (26�540N, 88�280E, 199 m). I visited Coronation Bridge at Siliguri,
West Bengal State, India, on 2 and 5 March 2009. Assamese macaques were
provisioned and stayed along the road near Coronation Bridge.

10.2.1.2 Assamese macaque (M. a. assamensis or M. a. pelops)

Site 4 Tukreswari Temple (26�030N, 90�380E, 47 m). I stayed near Tukreswari
(Tukeswari) Temple, Assam State, India, from 22 to 25 February 2009 with Mayur
Bawri. Assamese macaques in two social groups were provisioned and habituated to
humans on a hill surrounded by cultivated fields (Cooper and Bernstein 2008).

Fig. 10.1 Location of the study sites. 1, Ramdi Village (27�540N, 83�380E); 2, Nagarjun (27�440N,
85�170E); 3, Siliguri (26�540N, 88�280E); 4, Tukeswari Temple (26�030N, 90�380E); 5, Wat Tham
Pla (20�190N, 99�510); 6, Wat Tham Pha Tha Pol (16�310N, 100�400E); 7, Mt. Emei (29�330N,
103�200E); 8, Huangshan (30�290N, 118�110E)
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10.2.1.3 Eastern Assamese Macaque (M. a. assamensis)

Site 5 Wat Tham Pla (20�190N, 99�510E, 843 m). I stayed at Wat Tham Pla (Tham
Pla Temple), Pong Ngam, Mae Sai, Chiang Rai Province, Thailand, for a total of
110 days between 2008 and 2012. At this temple, Assamese macaques were
provisioned and habituated to tourists and local people for more than 20 years.
The monkeys slept on steep hills behind the temple at night, and they often stayed in
the temple area in the daytime, because the monkeys were given foods such as
bananas and peanuts every day. In this area, there were 193 monkeys with 26 adult
males, 54 adult females, 24 male infants, and 16 female infants in 4 social groups
(the A, B, C, and D groups) in January 2012. I identified all adult males and females
in the social groups, based on their physical characteristics (Ogawa et al. 2009).

Site 6 Wat Tham Pha Tha Pol (16�310N, 100�400E, 54 m). I stayed at Wat Tham
Pha Tha Pol (Tham Pha Tha Pol Temple), non-hunting area, Amphoe Noen
Maprang, Phitsanulok Province, Thailand, from 9 to 11 January 2009 with Eishi
Hirasaki. This non-hunting area is surrounded by steep hills, but Assamese
macaques were provisioned by tourists and local people at the temple outside of
the non-hunting area.

10.2.1.4 Tibetan Macaque (M. thibetana)

Site 7 Mt. Emei (29�330N, 103�200E, 1260–2100 m). I visited Mt. Emei
(Emeishan), Sichuan Province, China, from 28 May to 1 June 1990 with Ming
Li. Tibetan macaques were provisioned and habituated to tourists in this area (Zhao
and Deng 1988). We made a round trip along the walking routes and observed
monkeys in six social groups.

Site 8 Huangshan (30�290N, 118�110E, 700–800 m). I stayed at Huangshan
(Mt. Huang), Anhui Province, China, for a total of 382 days between 1989 and
1993. Wild Tibetan macaques in several social groups inhabited this area, as well as
wild rhesus macaques (Wada et al. 1987). Since 1986, one social group, the
Yulingkeng Group, has been provisioned for observations. Unlike now, no tourists
visited there. The Yulingkeng Group had 42 monkeys with 7 adult males, 9 adult
females, 3 male infants, and 3 female infants in November 1992. I identified all
monkeys, based on their physical characteristics, and observed them sometimes with
Kazuo Wada, Chenpei Xiong, Jinhua Li, Ming Li, and Qishan Wang (Ogawa 2006).

10.2.2 Sampling Methods

I used all occurrence behavior sampling in all of the study sites. In addition, I used
focal animal sampling on adult males and adult females for 10 h each in both the
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mating and birth seasons, at Nagarjun in Nepal, Wat Tham Pla in Thailand, and
Huangshan in China. For the focal sampling, I observed Assamese macaques at
Nagarjun in Shivapuri-Nagarjun National Park from 30 July to 11 September 2014
in the birth season. S. Koirala and I observed them from 13 November 2014 to
15 January 2015 in the mating season and combined the data. I observed Assamese
macaques at Wat Tham Pla in Thailand from 25 July to 7 September 2008 in the
birth season and from 23 December 2010 to 8 January 2011 and from 31 December
2011 to 13 January 2012 in the mating season. I observed Tibetan macaques at
Huangshan from 16 February to 26 April 1992 in the birth season and from
16 September to 4 November 1992 in the mating season.

The numbers of focal animals were 7 males and 7 females in the birth season and
7 males and 7 females in the mating season at Nagarjun; 10 males (5 in the A Group,
2 in the C Group, and 3 in the D Group) and 5 females (2 in the A Group, 1 in the C
Group, and 2 in the D Group) in the birth season and 10 males (4 in the A Group, 2 in
the C Group, and 4 in the D Group) and 5 females (3 in the A Group, 1 in the C
Group, and 1 in the D Group) in the mating season at Wat Tham Pla; and 5 males and
9 females in the birth season and 6 males and 9 females in the mating season at
Huangshan.

I calculated the frequency of behaviors, based on focal animal sampling. I
combined the data by all occurrence behavior sampling and focal animal sampling
to examine the presence/absence of behaviors and the rate of behaviors in which
male and female infants were used in each study site.

10.2.3 Definition of Behavior

Bridging behavior is defined as “two individuals simultaneously lift up an infant”
(Ogawa 1995, 2006, p. 52). If the two individuals are male, it is also called a triadic
male-infant interaction. The typical interaction has the following sequence: (1) One
adult holds a male or female infant ventrally. (2) The adult monkey carries the infant
to another individual and presents it to the recipient. Another individual sometimes
approaches the monkey who is holding the infant. (3) The two adults sat facing each
other, one adult pulls up the infant’s shoulder, the other pulls up its hip, the infant
lays on its back, and the two adults lift up the infant together. As a result, the infant
forms a bridge between them. While lifting up the infant, one or both adults often
suck and/or touch the infant’s genitalia with the expression of teeth chattering.
Infants are handled gently and rarely show resistance or give signs of distress.
After bridging, the two adults frequently stay in close proximity and groom each
other, so this behavior may reduce social tension between the individuals and
promote and maintain an affiliative relationship between males or between males
and females.
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10.3 Results

10.3.1 Bridging Behavior

Bridging behavior was recorded in Tibetan macaques at Huangshan and Mt. Emei in
China and in Assamese macaques at Wat Tham Pha Tha Pol and Wat Tham Pla in
Thailand and Tukreswari Temple in India (Table 10.1). However, no bridging
behavior was recorded among any adults in Assamese macaques at Siliguri in
India, Nagarjun in Nepal, and Ramdi Village in Nepal (Table 10.1). Although
male Assamese macaques in these sites sometimes held an infant in front of another
male, they never lifted the infant together with another male.

Figure 10.2 shows the frequency of bridging behavior at Nagarjun in Nepal, Wat
Tham Pla in Thailand, and Huangshan in China, in which I observed 5–10 adult
males and 5–9 adult females for 10 h each in the birth and mating seasons,
respectively. Adult males of Tibetan macaque performed bridging behavior at the

Table 10.1 Presence/absence of social behavior in each site

Species

Assamese macaque Tibetan macaque

Western Assamese macaque ?

Eastern
Assamese
macaque

Country Nepal India Thailand China

Site Ramdi Nagarjun Siliguri Tukreswari
Tham
Pla

Tham
Pha
Tha
Pol Emei Huangsham

Presence
of
behavior

Bridging
between
males

No No No# Yes Yes Yes Yes Yes

Sucking
of an
infant
genitalia
by males

No No No# No# Yes Yes Yes Yes

Penis
sucking
between
adult
males

No No No# No# No No# Yes Yes

Yes: the behavior was recorded. No: the behavior was not recorded. No#: Behavior was not
recorded, possibly due to the short observational period at the study site. The study sites are
arranged from west (left) to east (right). ?: It was not sure whether macaques here were Western
Assamese macaques or Eastern Assamese macaques
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Fig. 10.2 Frequency of bridging behavior in the three study sites. Nepal: at Nagarjun, Shivapuri-
Nagarjun National Park, Kathmandu District; Thailand: at Wat Tham Pla, Chiang Rai Province;
China: at Huangshan, Anhui Province. �p < 0.05. n.s. not significant. (a) Bridging between males,
(b) bridging between females, (c) bridging between a male and a female
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frequency of 1.52 (average number of behaviors of each individual per hour) in the
birth season and 0.08 in the mating season. Adult males of eastern Assamese
macaque in Thailand performed bridging behavior at the frequency of 0.67 in the
birth season and 0.36 in the mating season, whereas adult males of western Assam-
ese macaques in Nepal did not perform bridging behavior at all. The frequencies of
bridging behavior between adult males were significantly higher in Tibetan and
eastern Assamese macaques than that in western Assamese macaques who did not
perform bridging behavior (Kruskal-Wallis test, n1 ¼ 5, n2 ¼ 10, n3 ¼ 7,
H ¼ 12.964, p < 0.05 in the birth season; n1 ¼ 6, n2 ¼ 5, n3 ¼ 7, H ¼ 13.112,
p< 0.05 in the mating season). Tibetan and eastern Assamese macaques used a male
infant in bridging more frequently than expected, if the number of male and female
infants in the study group were considered (chi-squared test, df ¼ 1, χ2 ¼ 70.2,
p < 0.05 for Tibetan macaques; df ¼ 1, χ2 ¼ 19.5, p < 0.05 for eastern Assamese
macaques).

Adult females of Tibetan macaque performed bridging behavior at the frequency
of 1.47 in the birth season and 0.41 in the mating season. Adult females of eastern
Assamese macaque performed bridging behavior at the frequency of 0.24 in the birth
season and 0.34 in the mating season, whereas adult females of western Assamese
macaque did not perform bridging behavior at all. The frequencies of bridging
behavior between adult females were also significantly higher in Tibetan and eastern
Assamese macaques than that in western Assamese macaques who did not perform
bridging behavior (Kruskal-Wallis test, n1 ¼ 9, n2 ¼ 10, n3 ¼ 7, H ¼ 12.341,
p < 0.05 in the birth season; n1 ¼ 9, n2 ¼ 5, n3 ¼ 7, H ¼ 10.189, p < 0.05 in the
mating season).

Bridging behavior between adult males and adult females occurred in Tibetan
macaques at the frequency of 0.98 in the birth season and 0.01 in the mating season
and in eastern Assamese macaques at the frequency of 0.09 in the birth season and
0.04 in the mating season, whereas western Assamese macaques did not perform
bridging behavior between males and females. The frequencies of bridging behavior
were significantly higher in Tibetan and eastern Assamese macaques in the birth
season than that in western Assamese macaques who did not perform bridging
behavior, though it was not significant in the mating season (Kruskal-Wallis test,
n1 ¼ 14, n2 ¼ 20, n3 ¼ 14, H ¼ 12.741, p < 0.05 in the birth season; n1 ¼ 15,
n2 ¼ 10, n3 ¼ 14, H ¼ 2.785, n.s. in the mating season).

10.3.2 Dyadic Male-Infant Interactions

Adult males of Tibetan and Assamese macaques groomed and held an infant in their
social group. Figure 10.3 shows the frequency of social grooming and holding an
infant by adult males at Huangshan in China, Wat Tham Pla in Thailand, and
Nagarjun in Nepal. There was no significant difference in the frequency of social
grooming among the three sites (Kruskal-Wallis test, n1 ¼ 5, n2 ¼ 10, n3 ¼ 7,
H ¼ 0.863, n.s. in the birth season; n1 ¼ 6, n2 ¼ 5, n3 ¼ 7, H ¼ 1.380, n.s. in the
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mating season). There was no significant difference in the frequency of holding
among the three sites (Kruskal-Wallis test, n1 ¼ 5, n2 ¼ 10, n3 ¼ 7, H ¼ 1.022,
n.s. in the birth season; n1¼ 6, n2¼ 5, n3 ¼ 7, H¼ 1.504, n.s. in the mating season).

Adult males of Tibetan and Assamese macaques touched the genitalia of an
infant, though this behavior was not confirmed at the sites in which the observational
periods were short.

Fig. 10.3 Frequency of male-infant interactions in the three study sites. Nepal: at Nagarjun,
Shivapuri-Nagarjun National Park, Kathmandu District; Thailand: at Wat Tham Pla, Chiang Rai
Province; China: at Huangshan, Anhui Province. n.s. not significant. (a) Grooming an infant by
adult males, (b) holding an infant by adult males
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In addition to genital manipulation, Tibetan macaques in China and Assamese
macaques at Wat Tham Pha Tha Pol and Wat Tham Pla in Thailand and Tukreswari
Temple in India sucked an infant’s genitalia during bridging behavior and during
dyadic interactions between adult males and infants (Table 10.1). However, Assam-
ese macaques at Siliguri in India, Nagarjun in Nepal, and Ramdi in Nepal did not
suck the infant’s genitalia (Table 10.1). During penis sucking behavior by an adult
male on an infant, the adult male usually lifted up the infant and sucked his penis,
sometimes turning the infant upside down to do so. Male infants sometimes jumped
onto an adult male’s face, in order to have his penis sucked.

10.3.3 Penis Sucking Between Adult Males

Only Tibetan macaques performed penis sucking behavior between adult males
(Table 10.1). Assamese macaques in any study sites never performed penis sucking
behavior between adult males (Table 10.1).

10.4 Discussion

The current comparative study on social behavior revealed that Tibetan macaques
and eastern Assamese macaques in Thailand performed bridging behavior between
males, between females, and between males and females. Males of these macaques
also sucked the genitalia of an infant during bridging behavior and dyadic interac-
tions with an infant. On the contrary, western Assamese macaques in Nepal did not
perform either bridging or genital sucking behavior. Assamese macaques at
Tukreswari Temple also performed bridging behavior. The macaque species there
can be regarded as eastern Assamese macaques, because this site is east (on the south
bank) of the Brahmaputra River. Although they have been introduced as western
Assamese macaque (Biswas et al. 2011; Cooper and Bernstein 2008), their phylo-
genetic status remains in question. Therefore, the facts that Tibetan and eastern
Assamese macaques have bridging and genital sucking behaviors are generally
consistent with the genetic and morphological evidence that Tibetan and eastern
Assamese macaques shared a close phylogenetic relationship (Biswas et al. 2011;
Chakraborty 2007; Sukmak et al. 2014). The fact that western Assamese macaques
in Nepal did not show bridging behavior indicates that they are different from
Assamese macaques in other populations. Though Assamese macaques in Nepal
have been regarded as the same species with Assamese macaques in other
populations, the classification in the sinica species-group is still controversial
(Khanal et al. 2018). Further studies are needed to understand phylogenetic relation-
ships among the species in the sinica species-group including Arunachal and white-
cheeked macaques, which were recently recorded as new species (Li et al. 2015;
Sinha et al. 2005; but see Biswas et al. 2011).
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Thus, the information on genetic and behavioral data is not complete. However,
here I propose the hypothesis on the evolution of bridging and penis sucking
behavior in macaques, based on the results of this study. Although it is not clear
whether these social behaviors are genetically programmed or socially learned by
cultural transmission, the difference of social behaviors by both of the two mecha-
nisms is affected by the divergent evolutionary processes occurring in species,
subspecies, and populations. I hypothesize that bridging and genital sucking behav-
iors evolved in the clade of Tibetan and eastern Assamese macaques in the sinica
species-group, assuming that the Tibetan macaque was split from the eastern
Assamese macaque (Fig. 10.4). As well as bridging behavior, many interactions
between males and infants in eastern Assamese macaques in Thailand were similar
to those in Tibetan macaques, though there might be some differences in frequen-
cies, social contexts, functions, and the body form in the behavior (Ogawa, personal
observation). In addition, eastern Assamese macaques in Thailand had various
affiliative behaviors with body contact and sexual behaviors, most of which were
similar to those of Tibetan macaques: social mount, hugging (embracing), genital
showing, genital inspection, mating, and sexual harassment (Ogawa, personal
observation).

It is also possible that the western Assamese macaques in Nepal lost the bridging
behavior at some point in its evolutionary history. For example, similar to Tibetan
and eastern Assamese macaques, stump-tailed macaques also frequently handled a
newborn baby and performed bridging behavior between females one of which was
the infant’s mother (Estrada 1984; Maruhashi et al. 2018). Bridging behavior might
occur between a mother and another female in the common ancestor of the sinica
species-group including stump-tailed macaque, with some species engaging in
frequent bridging between males and some species losing the bridging behavior.

Fig. 10.4 Evolutionary scheme of bridging and penis sucking behaviors based on this comparative
study, which shows that bridging and genital sucking behaviors evolved in the clade of Macaca
thibetana and M. assamensis assamensis. In this figure, “agonistic buffering” in M. sylvanus
evolved due to convergent evolution
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However, it is more parsimonious to argue that bridging behavior evolved in the
clade of Tibetan and eastern Assamese macaque, rather than it was lost in western
Assamese macaques, because there is no report that toque and bonnet macaques
have bridging behavior, except for one study reporting triadic male-infant interac-
tions in bonnet macaques (Silk and Samuels 1984). I predict that Arunachal and
white-cheeked macaques will not have bridging behavior, either, if they are phylo-
genetically closer to western Assamese macaques.

If bridging behavior evolved in the sinica species-group, especially in the clade of
Tibetan and eastern Assamese macaques, this explains why similar behavior has not
been reported in other species-groups of macaques, though there is one report of
triadic male-infant interactions in long-tailed macaque (M. fascicularis) (de Waal
et al. 1976). The only exception is that Barbary macaques (M. sylvabus) have a
behavior called “agonistic buffering” (Deag and Crook 1971). The behavioral
sequence, social context, and functions of “agonistic buffering” have some similar-
ities with bridging behavior in Tibetan and eastern Assamese macaques (Deag and
Crook 1971; Paul 1999; Taub 1980). Indeed, two males of Barbary macaques handle
an infant together and manipulate and/or suck the genitalia of the infant; however,
they seem not to lift up the infant together in the same way that Tibetan and eastern
Assamese macaques do. The “agonistic buffering” in Barbary macaques and bridg-
ing behavior in the sinica species-group might be evolutionarily different, if the
origin of these behaviors was not very old in the sylvanus and sinica species-groups.

Besides, several species in the genus Papio also show triadic male-infant inter-
actions (Packer 1980; Strum 1984). However, these interactions of baboons are quite
different from bridging and “agonistic buffering” in macaques, because, unlike
macaques, one of the two male baboons handles an infant in agonistic interactions.
Bridging behavior in the sinica species-group, “agonistic buffering” in Barbary
macaques, and triadic male-infant interactions in baboons might occur due to
convergent evolution.

Among macaques, only male Tibetan macaques directly sucked the penis of
another adult male, though bridging behavior was frequently accompanied with
sucking the genitalia of an infant across the taxa I studied. Penis sucking behavior
between adult males evolved only in the clade to which Tibetan macaques belong.
Generally, monkeys form a social relationship with another individual by dyadic
interactions, and they sometimes use a third individual to regulate the social rela-
tionship. Ogawa (2006, p. 66) discussed that “during bridging behavior, a monkey
may be using the penis of an infant as a substitute for his own penis because the use
of the infant’s penis is more effective.” However, male Tibetan and eastern Assam-
ese macaques performed bridging behavior and genital sucking of an infant. Tibetan
macaques might expand penis sucking behavior between males and infants toward
penis sucking behavior between adult males. The socionomic sex ratios (number of
adult males/number of adult females) in the study groups were 0.78 in Tibetan
macaques, 0.54 in western Assamese macaques, and 0.48 in eastern Assamese
macaques during the study periods. The high socionomic sex ratio in Tibetan
macaques might promote penis sucking and other affiliative behaviors between
adult males in this species (Ogawa 1995).
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In order to examine these hypotheses and predictions and to understand the
evolution of the sinica species-group and the genus Macaca, further behavioral,
genetic, and morphological studies are needed in Tibetan macaques, western and
eastern Assamese macaques, and other macaque species in various areas.

10.5 Summary

1. Tibetan macaques and eastern Assamese macaques in Thailand performed bridg-
ing behavior, but western Assamese macaques in Nepal did not, though male
western Assamese macaques in Nepal held an infant in front of another male.

2. Tibetan macaques and eastern Assamese macaques in Thailand sucked the
genitalia of an infant, but western Assamese macaques in Nepal did not.

3. Only in Tibetan macaques did adult males perform penis sucking behavior with
another adult male.
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Part IV
Living with Microbes, Parasites, and

Diseases



Chapter 11
The Gut Microbiome of Tibetan Macaques:
Composition, Influencing Factors
and Function in Feeding Ecology

Binghua Sun, Michael A. Huffman, and Jin-Hua Li

11.1 Introduction

Microbes dominated the earth for at least 2.5 billion years before multicellular life
appeared in the biosphere (Hooper and Gordon 2001; Ley et al. 2008). In fact, animals
have been living and evolving in a microbial world (Margaret et al. 2013). Microbes
inevitably colonized animals and coevolved through the process of interactions with
their hosts (Clayton et al. 2018). Microorganisms can inhabit multiple parts of a host’s
body, such as the skin, oral cavity, sex organs, and the gastrointestinal (GI) tract. They
are usually recognized as the microbiome of a particular host. As an essential part of
the host’s body, the microbiome plays an important role in host physiology by
influencing nutritional intake, metabolic activity, and immune homeostasis
(Turnbaugh et al. 2006; Greenblum et al. 2012; Hooper et al. 2012). Thus, the complex
relationship between hosts and their microbiomes provides a unique opportunity for
understanding mammalian adaptation and evolution (Hird 2017).

As the most complex and diverse ecological system of the mammalian body, the
GI tract is colonized by bacteria, archaea, fungi, and viruses (Underhill and Iliev
2014). Previous studies have revealed that the gut microbiota play an important role
in immune regulation, vitamin synthesis, energy acquisition, and disease risk
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reduction of the host (Turnbaugh et al. 2006; Hooper et al. 2012; Sharon et al. 2012).
For example, all vertebrates lack cellulase, the enzymes, which help them to digest
the fiber in their food, and are reliant upon intestinal microbes for its production
(Yokoe and Yasumasu 1964; Mackie 2002). As a result, mammals maintain rich gut
microbial communities, which are beneficial for the digestion of cellulose and
hemicellulose abundant in the foods they ingest (Amato et al. 2015).

Nonhuman primates (NHPs) evolved in tropical forest habitats and radially
spread to woodland, savanna and montane environments (Hanya et al. 2011). In
order to adapt to the resultant temporal food resource shifts and to maintain ordinary
functions of the body, NHPs have evolved many anatomical and behavioral strate-
gies (Rodman and Cant 1984). For example, some primates have evolved special-
ized stomachs and teeth, while many others have evolved distinctive habitat use
patterns, ranging behavior and social organization (Milton and May 1976; Chivers
et al. 1984; Cachel 1989; Yamada and Muroyama 2010; Hanya and Chapman 2013).
Generally, NHPs prefer to eat high-quality food rich in lipids, proteins, and carbo-
hydrate, such as fruits and young leaves. However, these foods are not always
available year-round (Rodman and Cant 1984; Ungar 1995; Hanya et al. 2011;
Hanya and Chapman 2013). NHPs living in temperate environments can only eat
mature leaves, gum and roots during winter (Fan et al. 2009). These low-quality
foods usually contain high proportions of cellulose and hemicellulose, which are
difficult to digest (Coley 1983; Burrows 2010). In response to ecological pressures,
many primates also use behavioral strategies such as adjusting their activity budgets
and foraging patterns to help overcome periods of food scarcity (Zhou et al. 2007;
Starr et al. 2012; Hanya and Chapman 2013; Campera et al. 2014). However, how
wild primates digest low-quality foods high in cellulose during the winter has not
been well understood (Amato et al. 2014).

Although low-quality foods, including woody plants, mature leaves, fungi,
mature leaves, and plant exudates are difficult to digest, more recent research related
to the above has revealed that these foods can be broken down and utilized by the
intestinal microbes of NHPs. For this reason, the gut microbiota may provide a way
to understand how primates adapt to ecological pressures during periods of food
scarcity. Since the gut microbiome is dominated by bacteria, many studies on the
feeding ecology of mammals have focused solely on the bacterial microbiome (Qin
et al. 2010). Other common elements, such as gut fungi, also appear to affect the
health and nutrition of animals, but this too is not yet well understood (Huffnagle and
Noverr 2013; Underhill and Iliev 2014; Sokol et al. 2017). Although intestinal fungi
have a much smaller number of cells compared to bacteria, the evidence suggests
that gut mycobiota can also play an important role in host health by affecting gut
bacterial composition (Hoffmann et al. 2013), interacting with immune cells, and
assisting in the metabolic activity of the host (Hajishengallis et al. 2011; Romani
2011; Iliev and Underhill 2012; Rizzetto et al. 2014). Therefore, it is important to
integrate information about the role of gut bacteria and fungi when discussing the
role of the gut microbiome in the evolution of animal dietary strategies.

NHPs and humans have extensive similarities in their genetic characteristics,
physiology and morphology. Very important animal model systems, NHPs are
extremely important for understanding human physiology, behavior, cognition,
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health and evolution (McCord et al. 2014; Ren et al. 2015). Therefore, compared
with other laboratory animals, NHPs have an advantage in helping us to understand-
ing the role of the gut microbiome in human health maintenance, as well as the
evolutionary relationships involving the gut microbiome, host diet and evolution.

The free-ranging Tibetan macaque (Macaca thibetana) group at Mt. Huangshan
(described in Chap. 2) presents a good opportunity for studying this, since all
members of the group can be identified individually, allowing for the collection of
feces from individuals of known age and sex (Zhang et al. 2010). Our study group
lives in a deciduous and evergreen-broadleaf-mixed montane forest. As the temper-
ature fluctuates across seasons (highest in summer: 34.2 �C, lowest in winter: �13.
9 �C), the quality of their food also varies accordingly (see Fig. 11.1). For example,
from winter to spring, Tibetan macaques experience a switch from low quality food
resources (mature leaves, roots and plant stem) to high quality food resources (young
leaves and flowers) (Xiong and Wang 1988; Zhao 1999). As a result, our study
population is an ideal model for studying the role of the gut microbiome in primate
feeding ecology and evolution.

In this chapter, we will summarize our research on the composition of the
bacterial/fungal community and microbial diversity of Tibetan macaques and anal-
ysis of the factors influencing variation in the microbiome across age, sex and season
in this species. Furthermore, we use this information to discuss the role of the
Tibetan macaques’ gut microbiome in relation to the evolution of their feeding
ecology.

Fig. 11.1 A female Tibetan macaque carrying a baby is foraging for food in winter (Photo credit:
Qixin Zhang)
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11.2 Gut Microbiome of Tibetan Macaque

11.2.1 Composition of Gut Bacteria

Understanding the composition of an animal’s gut bacteria helps us to reveal its role
in the host’s feeding ecology, however, we know little about the Tibetan macaques’
gut microbiota. Recently, using the methods of high-throughput sequencing and
bioinformatics, Sun et al. (2016) detected 14 known bacterial phyla in this
macaque’s gut, the most dominant phyla (relative abundance > 1%) being
Firmicutes, Bacteroidetes and Proteobacteria Spirochaetes (Sun et al. 2016). Com-
paring our results to those of the gut microbiome in other NHPs (Table 11.1), we
found that the two most dominant phyla (Firmicutes and Bacteriodetes) were
commonly reported in many other species as well (Ochman et al. 2010; Mckenney
et al. 2015; Xu et al. 2015). At the genus level, the two most dominant genera present
in the gut of Tibetan macaques were Prevotella and Succinivibrio. Although the
genus Prevotella was also commonly reported elsewhere (Ochman et al. 2010;
Mckenney et al. 2015; Xu et al. 2015), Succinivibrio has been seldom been detected
as a dominant genus. The relative abundance of these main bacterial genera (relative
abundance > 1%) are presented in Fig. 11.2a.

Table 11.1 The dominant phyla of gut bacteria detected in several non-human primate species

Monkey’s name

Dominant phyla Captive/
wild StudyFirmicutes Bacteroidetes Proteobacteria

Lemur Catta + + Captive McKenney et al.
(2015)

Varecia
variegata

+ + Captive McKenney et al.
(2015)

Propithecus
coquereli

+ + Captive McKenney et al.
(2015)

Rhinopithecus
bieti

+ + + Wild Xu et al. (2015)

Nycticebus
pygmaeus

+ Wild Xu et al. (2013)

Gorilla beringei + + Wild Ochman et al.
(2010)

Gorilla gorilla + + Wild Ochman et al.
(2010)

Pan troglodytes + + Wild Ochman et al.
(2010)

Macaca
thibetana

+ + Wild Sun et al. (2016)

Note: + means the relative abundance was one of the top two
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11.2.2 Composition of Gut Fungi

Previous studies on humans and mice have revealed that the mammalian gut is rich
in fungi, dominated by three phyla: Ascomycota, Basidiomycota, and Zygomycota
(Iliev and Underhill 2012; Qiu et al. 2015; Mar et al. 2016; Strati et al. 2016;
Wheeler et al. 2016; Sokol et al. 2017). However, little is known about the gut
fungi in NHPs. Using the Illlumina Miseq platform and primers of the ITS region
(Bokulich and Mills 2013; Sun et al. 2018) first reported that the gut mycobiota of
Tibetan macaques was dominated by two phyla Ascomycota and Basidiomycota
(Sun et al. 2018), this is consistent with previous studies on mammalian gut
mycobiomes. In addition, other phyla such as Zygomycota, Chytridiomycota,
Glomeromycota and Rozellomycota were also detected in this macaque species.
At the family level, Trichocomaceae shows the highest relative abundance (24.70%).
At the genus level, the gut mycobiota of Tibetan macaques are rich in Aspergillus
and Penicillium (relative abundance more than 10% respectively). Furthermore, by
defining the core families and genera (both present in >90% of the samples with an
average relative abundance > 0.01), Sun et al. (2018) revealed that six core taxa,
namely Trichocomaceae, Nectriaceae, Davidiellaceae, Aspergillus, Penicillium and
Fusarium can be detected in the gut of Tibetan macaques. The relative abundances
of fungal genera (>1%) are presented in Fig. 11.2b. The presence of core taxa in the
gut of this macaque suggests that the fungi in their guts are not random and exist as a
relatively stable fungal community.
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Fig. 11.2 The relative abundance of the main genera of bacteria and fungi. (a) The relative
abundance of the major bacterial genera (relative abundance > 1%); data from Sun et al. (2016).
(b) The relative abundance of the major fungal genera (relative abundance > 1%), data from Sun
et al. (2018)
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11.3 Factors Affecting the Gut Microbiome in Tibetan
Macaques

11.3.1 Affects of Age, Sex, and Season on Gut Bacterial
Microbiome

It is well known that many internal and external factors can affect the diversity and
composition of an animal’s gut microbiota, such as age, sex and seasonal change.
Based on data from the Illlumina Miseq platform and linear mixed models, Sun et al.
(2016) evaluated factors affecting gut microbial diversity in Tibetan macaques. The
results showed that sex and age had no significant effect on the alpha diversity
(including Shannon index, Chao 1, OTU richness and ACE) of the gut bacterial
microbiome, as well as the beta diversity (evaluating by unweighted and weighted
UniFrac distances) (Sun et al. 2016). These results differ from previous studies in
humans and other vertebrates (Yatsunenko et al. 2012; Bolnick et al. 2014), but are
consistent with those in chimpanzees and baboons (Degnan et al. 2012; Tung et al.
2015).

Seasonal factors on the other hand have a strong effect on the composition and
diversity of the gut bacterial microbiome in Tibetan macaques (Sun et al. 2016). For
example, the Shannon diversity index of the gut bacterial microbiome was signifi-
cantly different between winter and spring. In addition, a significant seasonal
separation of beta diversity evaluating by weighted UniFrac distances and
unweighted UniFrac distances (Permanova tests, p < 0.05 and 0.01 respectably)
were detected. Furthermore, three phyla and 20 known genera showed significant
differences between the two seasons. The representative taxa rich in winter samples
were Proteobacteria, Spirochaetia, Succinivibrio, Clostridium sensu stricto and
Treponema, but Firmicutes and Prevotella were richest in spring samples. Differ-
ences in the composition of gut bacteria also resulted in the variations of predicted
metagenomes between winter and spring. Using PICRUSt and LEfSe tests, Sun et al.
(2016) found that seven KEGG pathways of Tibetan macaques’ gut bacterial
microbiome, including Glycan Biosynthesis and Metabolism, Amino Acid Metab-
olism, Signal Transduction, Cell motility, Transport and Catabolism, Neurodegen-
erative Diseases and Endocrine System, were significantly enriched in the winter.
However six other metabolic pathways Energy Metabolism, Carbohydrate Metabo-
lism, Cellular Processes Transcription, Signaling and Metabolism of Cofactors and
Vitamins and Enzyme Families were significantly enriched in the spring (Sun et al.
2016). The potential functions of the gut microbiome in different seasons of our
study group will be discussed in Sect. 11.4.
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11.3.2 Gut Fungal Microbiome Affected by Age, Sex,
and Season

Although previous studies in humans have revealed that age and sex can influence
the composition and diversity of the gut fungal microbiome (Strati et al. 2016), little
information is available for wild living primates. Using LEfSe analysis, Sun et al.
(2018) first reported that only one fungal genus Sarocladium was enriched in the old
age group. By comparing males and females, the family Mycosphaerellaceae and
genus Devriesia were particularly enriched in females, while the phylum
Ascomycota and family Tetraplosphaeriaceae were enriched in males (Sun et al.
2018). These results indicated that the effect of sex and age on the composition of gut
fungi was not as strong as that found in humans. In addition, we found evidence of
marked seasonal variation in the composition of this macaque species’ gut
mycobiota. Fifteen taxa had significant variation across the four seasons. The
abundant taxa in each season were as follows, Autumn: Wallemiaceae,
Hypocreaceae, Wallemia, Trichoderma; Spring: Sclerotiniaceae, Nectriaceae,
Ciboria, Fusarium, Gibberella, Sarocladium and Talaromyces; Summer:
Trichocomaceae and Penicillium; Winter: Devriesia and Teratosphaeriaceae. This
result is the first report to find strong seasonal influences on primate gut mycobiota,
indicating the potential relationship between gut mycobiota and seasonal changes in
host diet.

Different from previous studies in humans, no evidence indicates that age or sex
strongly affect the alpha diversity of Tibetan macaque gut mycobiota (Sun et al.
2018). This result is likely because even individuals living in the same environment
have differences in their dietary preferences. In addition, using PCoA and
PERMANOVA tests, we found that there existed significant variation in beta
diversity among different age and sex classes. Interestingly, seasonal change can
significantly affect alpha and beta diversity, as well as the composition of the gut
fungal microbiome.

11.4 Functions of the Gut Microbiome in Tibetan Macaque
Feeding Ecology

Feeding ecology plays an important role in understanding the evolution of NHPs
(Lambert 2011). With advances in sequencing technology, many studies have
revealed that the gut microbiome aids in the digestion of some food resources,
especially those rich in cellulose and hemicellulose, substances which are difficult
to digest. Therefore, this important adaptive mechanism has attracted increasing
attention in recent years. Tibetan macaques living in a highly seasonal ecosystem
with strongly seasonal changes in rainfall, temperature, food resources, and home
range shifts (Xiong and Wang 1988; Zhao 1999). Previous studies have suggested
that these environmental factors are closely reflected in the composition of the gut
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microbiome (Amato et al. 2015; Chevalier et al. 2015; Maurice et al. 2015; Wu et al.
2017). Therefore, our study subjects may provide an important model for under-
standing the functions of the gut microbiome in primate feeding ecology, especially
for primates living in highly seasonal ecosystems.

11.4.1 Gut Bacterial Microbiome and the Feeding Ecology
of Tibetan Macaques

It is well known that the gut bacterial microbiome can help hosts to digest food
resources more efficiently, and they also can change according to variation in host
diet across time and space, helping the host to meet its nutrient and energy require-
ments (Hooper et al. 2002; Donohoe et al. 2011; Koren et al. 2012; Amato et al.
2014; Chevalier et al. 2015). As a species living in a highly seasonal ecosystem,
Tibetan macaques depend mostly on a plant diet for their subsistence, including
leaves, grass, roots, fruits, and flowers, and they usually shift home ranges to adapt to
seasonal changes in food availability (Xiong and Wang 1988; Zhao 1999). The
diverse and responsive gut bacterial community of wild-living Tibetan macaques can
be considered an important adaptation for their foraging lifestyle. The presence of
the relatively abundant fiber-degrading bacteria of Firmicutes and Bacteroidetes in
their gut can help them to utilize the heavily plant-based diet. Some well-known
fiber-degrading bacteria genera detected in the gut of Tibetan macaques, such as
Succinivibrio and Clostridium, suggest that the gut bacterial microbiome plays an
important role in the Tibetan macaques’ feeding ecology.

In seasonal ecosystems, one of the most important questions is how animals adapt
to seasonal changes in food composition and availability. From winter to spring,
Tibetan macaques experience a switch from low quality food resources (mature
leaves, roots and plant stem) to high quality food resources (young leaves and
flowers). Generally, low-quality food resources are rich in cellulose and hemicellu-
lose, and high-quality food resources are rich in pectin, carbohydrates and simple
sugars. Based on a comparative study of the Tibetan macaque gut bacterial
microbiome between winter and spring (Sun et al. 2016), the gut bacterial adaptive
mechanism for seasonal food type’s changes in the Tibetan macaque diet is sum-
marized in Fig. 11.3.

During winter, the representative gut bacterial taxa Proteobacteria, Succinivibrio
and Clostridium significantly increased, and the predicted metagenomes of glycan
biosynthesis and metabolic pathways significantly increased in winter samples (Sun
et al. 2016). The genus Succinivibrio, which usually is detected in rumen microbial
ecosystems, ferment glucose efficiently by producing acetic acid and succinic acid
(de Menezes et al. 2011), as well as being beneficial to the metabolism of different
types of fatty acids (Van Dyke and McCarthy 2002). Another genus Clostridium
contains many organisms which produce cellulose and hemicellulose-digestive
enzymes (Van Dyke and McCarthy 2002; Zhu et al. 2011). The significant increase
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of the genus Clostridium in winter samples is very beneficial for the digestion of
cellulose and dietary fiber. In addition, evidence from black howler monkeys,
humans and mice reveals that Proteobacteria are highly correlated with energy
acquisition (Bryant and Small 1956; Koren et al. 2012; Amato et al. 2014; Chevalier
et al. 2015). In response to cold weather, primates experience an increase in energy
loss (Tsuji et al. 2013), and Tibetan macaques are no exception. The increase of
Proteobacteria is beneficial for coping with cold weather. In conclusion, the gut
bacterial microbiome in winter increases the efficiency of dietary fiber digestion in
Tibetan macaques, which helps them to meet their energy requirements.

In addition, Sun et al. (2016) found that Firmicutes and Prevotella were signif-
icantly enriched in the Tibetan macaque gut during spring. During this time, the diet
consists mainly of young leaves, flowers and bamboo shoots, foods that are richer in
digestible pectin, carbohydrates and simple sugars, compared to mature leaves
(Xiong and Wang 1988; Zhao 1999; You et al. 2013). The genus Prevotella is
associated with the digestion of carbohydrates simple sugars, pectin and hemicellu-
lose (Amato et al. 2014). The significant increase of genes related to carbohydrate
metabolism and energy metabolism pathways in spring samples also indicates that
the gut bacterial community helps break down and make accessible these high-
quality food resources, beneficial for macaques to recover from energy loss experi-
enced during the cold conditions of winter.

Fig. 11.3 Food type change and adaptive shifts of the gut bacterial microbiome in Tibetan
macaques. The predicted metagenomes of KEGG pathway and bacterial taxa of the Tibetan
macaque gut microbiome, which significantly increased in winter, are beneficial for the digestion
of cellulose and hemicellulose rich foods in winter, and the other bacteria significantly increased in
spring, which are beneficial for the digestion of pectin, carbohydrate and simple sugar rich foods
which are abundant in spring
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11.4.2 Gut Fungal Microbiome and Feeding Ecology
of Tibetan Macaques

Compared with the gut bacterial microbiome, there is very little data on the primate
gut fungal microbiome, and the role of gut fungi in primate foraging ecology is
unknown. Sun et al. (2018) first reported the diversity and composition of Tibetan
macaque gut mycobiota. Three genera Aspergillus, Penicillium and Fusarium were
detected as normal inhabitants in the gut. The two most dominant genera, were
Aspergillus (12.46%) and Penicillium (10.72%). It has been reported that the
anaerobic species of these two genera can produce cellulolytic and hemicellulolytic
enzymes, which are beneficial to cellulosic biomass degradation (Boots et al. 2013;
Liao et al. 2014; Shuji et al. 2014; Solomon et al. 2016; Trinci et al. 1994). Similarly,
as robust cellulose and hemicellulose degrader, the genus Fusarium was reported in
a recent study (Huang et al. 2015). At certain times of the year, Tibetan macaques
depend on a plant diet, high in cellulose and hemicellulose (Xiong and Wang 1988;
You et al. 2013; Campbell et al. 2001). Our previous studies indicated that the
dominant genera of Tibetan macaque gut mycrobiota may play an important role in
the digestion of these and other plant items.

In addition, the gut fungal microbiome of Tibetan macaques changed with the
seasonal change in dietary food content. Fifteen taxa were detected to be signifi-
cantly enriched in one of the four seasons (Sun et al. 2018). This result indicates that
the gut mycrobiota can response to dietary shifts. It has been proposed that the gut
mycobiota response to seasonal dietary shift is beneficial to the hosts’ nutritional and
reproductive needs (Noma et al. 1998; Tsuji et al. 2013). However, knowledge about
the functions of the particular fungi in the mammalian gut is limited (Milton and
May 1976), as are genomic databases and metabolic maps of gut fungi (Huffnagle
and Noverr 2013), making it difficult to explain the relationship between mycobiota
composition and primate feeding ecology. Based on the available information about
the genus Penicillium (Shuji et al. 2014), we hypothesize that this summer season
enriched genus may aid in the digestion of mature leaves, which contain a higher
proportion of cellulose and hemicellulose. However, a possible explanation as to
why this genus was not enriched during winter could be that the ingestion of fallen
nuts in winter caused the amount of Penicillium to decrease due to some chemical
interaction (Maria et al. 2014). Secondly, it has been reported that high diversity of
gut mycobiota can improve the utilization efficiency of plant fiber consumption
(Bauchop 1981; Akin et al. 1983; Denman and Mcsweeney 2010). Thus, the gut
mycobiota with high alpha diversity during the winter, reported in our previous
study, may be beneficial for Tibetan macaques to digest dietary fiber. In conclusion,
the gut fungal mycobiota detected in Tibetan macaque provides evidence for the role
of gut fungi in primate foraging ecology. More attention needs to be paid to this in
future studies.
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11.5 Conclusions and Future Directions

Our studies of the Tibetan macaque gut microbiome reviewed in this chapter add
important baseline data for the Tibetan macaque to our knowledge of the mammalian
gut microbiome regarding difference in host age, sex and its role in feeding ecology,
as well as the role of the gut microbiome in the adaptive radiation of primates.
Together with anatomical and behavioral strategies, the gut microbiome is believed
to be important factor in the successful evolution of NHPs, particularly as an
adaption to the temporal fluctuation in food resource types and their availability.
The present data on the wild Tibetan macaque gut microbiome leads us to hypoth-
esize that gut microbiota played an important role in the adaptive radiation of
primates, and other animals, which can help them to solve foraging dilemmas in
seasonally fluctuating environments (Fig. 11.4). Further research is necessary to test
this hypothesis on more mammalian species. In addition, mammals living in a
microbial environment, and the microorganisms in the soil and plant foods can
also change with seasonal fluctuations. The link between the gut microbiome and
environmental microbiomes remain to be elucidated.
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Chapter 12
Medicinal Properties in the Diet of Tibetan
Macaques at Mt. Huangshan: A Case
for Self-Medication

Michael A. Huffman, Bing-Hua Sun, and Jin-Hua Li

12.1 Introduction

Life history strategies include growth, maintenance, and reproduction (Gadgil and
Bossert 1970), all of which are dependent upon a proper diet for metabolic functions.
Animal feeding strategies are based on finding and consuming a balance of the most
essential nutritional elements, carbohydrates, fats, proteins, trace elements, and vita-
mins, while at the same time avoiding the negative impacts of secondary metabolites in
plants (Lambert 2011; Simpson et al. 2004). These secondary metabolites protect plants
from predation by an array of insect and vertebrate herbivores that prey upon them by
reducing palatability and digestibility (Freeland and Janzen 1974; Glander 1982;
Rosenthal and Berenbaum 1992). Nonetheless, this does not always inhibit animals
from ingesting such plants in tolerable amounts for purposes other than nutrition.

The idea that animals may ingest plants for their medicinal value was first
suggested by Janzen (1978), based on a variety of anecdotal reports from the wild.
The study of primate self-medication then began in earnest as a scientific discipline
in the mid-to-late 1980s with observations of chimpanzees in the wild (see Huffman
2015). Nonetheless, it is widely documented that humans have traditionally seen
animals as a source of knowledge about the use of plants for their medicinal value
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(Engel 2002; Huffman 1997, 2002, 2007). Humans can learn from watching sick
wild primates, because we share the same evolutionary history, possess a common
physiology, and have lived together under similar environmental conditions for
much of our species’ history. It has been argued that we have inherited many of
the same ways to combat common diseases in the environment (Huffman 2016).
Indeed, recent archeological and biochemical evidence supports the idea by showing
that one of our closest extinct ancestors, Homo neanderthalensis, also used medic-
inal plants still widely in use today by modern humans (Hardy et al. 2012, 2013;
Huffman 2016).

Self-medication research focuses on understanding how animals respond to
illness and how these behaviors can be transmitted across generations (Huffman
1997). It has also been argued to be a bio-rational for the exploration and exploita-
tion of novel secondary plant compounds and new insights into how they can be
used for the management of health in humans and livestock (Huffman et al. 1998;
Krief et al. 2005; Petroni et al. 2016). At the proximate level, self-medication may be
driven by the necessity to maintain physiological homeostasis to stay in relatively
good condition (Foitova et al. 2009; Forbey et al. 2009).

Currently, the majority of evidence for self-medication in animals comes from the
study of how they deal with parasite or pathogen-induced illness (see Huffman 1997,
2011). While some parasitic infections likely go unnoticed, when homeostasis is
disrupted or threatened, it is expected to be in the best interest of the host to actively
respond in ways to alleviate discomfort. However, there is no reason why self-
medication should be limited to parasitosis, since animals are faced with a wide
variety of health homeostatic challenges brought upon by such factors as reproduc-
tive events, climatic extremes, or other seasonal events (Carrai et al. 2003; Huffman
1997, 2011; Ndagurwa 2012). The ability of a species to defend itself against life-
threatening conditions provides a significant adaptive advantage and thus should be
present throughout the entire animal kingdom.

In 1997, the concept of “medicinal foods” was formally introduced to primatol-
ogy, adding the extra element of passive prevention of disease based on the presence
of plants in the diet that contain noticeable bioactive, physiology-modifying prop-
erties, from which the animals ingesting them could potentially benefit (Huffman
1997). This term was borrowed from the human ethnopharmacological literature
(Etkin 1996). For example, among the Hausa of Nigeria, 30% of the wild plant food
species they ingest are also used as medicine. Interestingly, of the species used by
these people to treat symptoms of malaria, 89% are also eaten as food (Etkin and
Ross 1983). Many food items eaten by primates and other mammals have also been
shown to contain a variety of secondary metabolites with medicinal properties
(roughly 15–25% of any population’s food plant species list), suggesting that
animals may benefit from the periodic ingestion, in small amounts of these plants
(sifaka Propithecus verreauxi verreauxi, Carrai et al. 2003; gorillas Gorilla gorilla
and G. beringei, Cousins and Huffman 2002; chimpanzees Pan troglodytes,
Huffman 1997, 2003; Japanese macaquesMacaca fuscata, Huffman and MacIntosh
2012; MacIntosh and Huffman 2010; various ungulate species, Mukherjee et al.
2011; lemurs Eulemur fulvus, Negre et al. 2006; wooly spider monkeys Brachyteles
arachnoides, Petroni et al. 2016). The secondary compound rich content of some
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foods in the diet may play a significant role in the maintenance of health. Two
examples associated with risks to parasite infection illustrate this point.

The medicinal diet of chimpanzees in the Mahale M group of Tanzania was
examined (Huffman 1998) by conducting a database search using the African
ethnomedicine literature. From 172 chimpanzee food species, 43 (22%) items
were found to be used to treat parasitic- or gastrointestinal-related illnesses by
humans. It was also common for some species to have multiple ethnomedicinal
uses. While not all 43 species may have been ingested by chimpanzees in such a way
as to benefit from these potential medicinal properties, 33% (20/63) of the plant parts
ingested (leaf and stem ¼ 75%, bark 15%, seed ¼ 5%, fruit ¼ 5%) from 16 of these
species corresponded to the parts utilized by humans specifically for the treatment of
intestinal parasites and gastrointestinal illness.

The medicinal diet and parasite richness of ten Japanese macaque troops were
examined (MacIntosh and Huffman 2010). The study troops were selected to
represent the species entire distribution, ranging from the extreme cold temperate
zone of Shimokita peninsula down to the subtropical island of Yakushima. A total of
1664 plant part items (range, 56–408) from 694 species were the target of an
extensive literature search for potential antiparasitic activity in the diet. Of all
these ingested items, 198 (from 135 species) were found to have reported
antiparasitic properties. The proportion of these antiparasitic items ranged from
12 to 18% across these ten troops. A further 167 plant items (133 species) exhibited
medicinal properties not related to parasitic infection or gastrointestinal symptoms.
Because nematode species richness is negatively associated with latitude among
Japanese macaques (Gotoh 2000), it was predicted that the proportion of
antiparasitic items in their diets would also follow the same pattern (MacIntosh
and Huffman 2010). A tendency was noted for the proportion of antiparasitic food
items to decrease with increasing latitude, and a strong positive statistically signif-
icant relationship between the proportions of antiparasitic items ingested and nem-
atode species richness was found. The proportion of medicinal items unrelated to
parasite activity showed no such relationship with either latitude or with nematode
species richness, supporting the hypothesis that the medicinal diet was somehow
influenced by the degree of parasite pressure, relative species richness, and poten-
tially parasite load.

From these and other studies noted above, a pattern is emerging, by which
primates and other mammals incorporate certain food items with medicinal proper-
ties into their diet. In primates the information thus far shows a strong connection
between medicinal food consumption and parasite infection and or reproductive
events. Both factors present significant challenges to the survival and fitness of an
individual. Knowing what immediate homeostasis challenges that impact individ-
uals of a group can help to better understand how the medicinal components of their
diet may work in an animal’s favor.

Currently, limited details are available about health and diseases affecting Tibetan
macaques (Macaca thibetana). In a case study of the troop fission event of YA and
YB, the sudden mass death of 17 individuals over a 1-week period was mentioned
(Li et al. 1996). Disease was suggested to be responsible, but no diagnosis was
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given. The speed and widespread effect could be suggestive of an aggressive viral
infection, whose virulence was perhaps exacerbated by high stress levels.

Zhu et al. (2012) report the presence of nine intestinal nematode species in
Tibetan macaques, with special note of the zoonoticGongylonema pulchrum, having
the highest prevalence rate of 31.58%, followed by Trichuris trichiura (25.00%),
Oesophagostomum apiostomum (23.68%), Ancylostoma duodenale (hookworm)
(14.47%), Trichostrongylus sp. (13.16%), and other species of lower prevalence.
These parasites are known to be responsible for mild to severe pathogenesis (Brack
1987). Among them, O. apiostomum is noted to be responsible for perhaps the
severest pathogenesis, in particular among previously infected (pre-immunized)
individuals. In these cases, encysted larvae are trapped in the intestinal mucosa by
elevated immune response, causing the larvae to die inside the cyst, leading to
inflammation, necrosis, and hemorrhaging, and in severe cases leading to secondary
bacterial infections, necrosis of the intestinal mucosa, weight loss, weakness, and
mortality (Brack 2008). O. stephanostomum, a sister species infecting chimpanzees,
and other great apes, is equally pathogenic and is associated with self-medicative
behaviors used in the therapeutic treatment with Vernonia amygdalina by chimpan-
zees with high-level infections during the rainy season (Huffman 1997; Huffman and
Caton 2001). Furthermore, evidence for the possible role of medicinal foods for
controlling O. stephanostomum and other infections has also been suggested
(Huffman 1997).

While more work is clearly needed to understand the different factors affecting
the homeostasis of Tibetan macaques (Macaca thibetana) possibly leading to self-
medication, we take this opportunity to evaluate their diet for its potential medicinal
value. We predict there is a proportion of the diet containing plants with medicinal
value, and it is our goal to highlight that potential for future research, in order to
better understand the role of diet in health maintenance and self-medication in
Tibetan macaques.

12.2 Materials and Methods

The subjects of this investigation are Tibetan macaques living in the Valley of the
Monkeys (118�110 W, 30�290 N), Mt. Huangshan, Anhui Province, China. The site
is situated at an elevation of approximately 1840 m above sea level, and the year is
divided into four seasons: winter (December to February), spring (March to May),
summer (June to August), and autumn (September to November). Average temper-
atures range from around 0 �C in mid-winter to around 25 �C in summer (Fig. 12.1).
Peaks in rainfall occur during the months of May through July, tapering off in
autumn and winter. (Further details of the study site are presented in other chapters
of this book.)

Analysis of the diet of Yulinkeng 1 (YA1) troop was based on a plant food list
previously published by You et al. (2013). At the time of that study, the troop
consisted of 28 individuals: 12 adults (4 males, 8 females), 10 juveniles (6 males,
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4 females), and 6 infants (5 males, 1 female). Direct observations of the troop’s
feeding behavior in the rugged terrain of Mt. Huangshan are challenging, and to
overcome these difficulties, the investigators produced a food list based on the
analysis of 81 fecal samples collected over 10-day blocks, one block each during
winter, spring, summer, and autumn between November 2011 and October 2012
(You et al. 2013). While the study covered just 1 year, it provides an important basis
for an evaluation of the medicinal potential of food items ingested by the troop
during that period.

The method used to quantify the relative contribution of each plant species (part)
took a microhistopathological approach to identify ingested food remains in the
feces. The method is a validated, well-established, procedure developed by Sparks
and Malechek (1968) and has been used to quantify the botanical composition of
diets in a variety of free-ranging, sometimes difficult to directly monitor, domestic
and wild animals in their natural habitats (e.g., mule deer Odocoileus hemionus,

Fig. 12.1 Annual distribution of mating, births, and conceptions of Tibetan macaques (a) and
monthly rainfall and temperature (b) at Mt. Huangshan. These figures were redrawn, modified, and
combined from previously published material for illustrative purposes (Li et al. 2005). The
meteorological data presented here is the average of 10 years (1983–1992)

12 Medicinal Properties in the Diet of Tibetan Macaques at Mt. Huangshan:. . . 227



Anthony and Smith 1974; musk deer Moschus leucogaster, Green 1987; domestic
goats Capra aegagrus hircus, Mellado et al. 1991; cattle Bos taurus, sheep Ovis
aries, Angora goats, Alipayo et al. 1992; wild turkeysMeleagris gallopavo, Rumble
and Anderson 1993; Yunnan snub-nosed monkeys Rhinopithecus bieti).

The method requires the assembly of histopathological plant tissue reference key
slides prepared from identified plant species in the habitat. These keys are then used
to microscopically identify plant parts in the feces based on each species’ unique cell
tissue structure characteristics (see Ahmed et al. 2015). At Huangshan, a total of
224 plant species (73 families) in the habitat were identified and histopathological
reference keys were made (You et al. 2013). They calculated the relative density
(RD) of each species (and family) present in the feces using the following formula,
where:

RD ¼ the density of a plant particle=the total density of all plant particles
� 100:

We evaluated the medicinal properties of each plant species in the resulting list
for medicinal value using online database sources [Traditional Chinese Medicinal
Plants (Duke and Ayensu 1985); Find Me A Cure (2018); Herbpathy Data Base
(2018); Plants For A Future Data Base (1996–2012); World Agroforestry Data Base
(2018)], followed up with Google Scholar article searches by plant species and/or
active compound name, focusing on the plant items (leave, fruits, stems, bark, roots,
flowers) ingested by YA1 troop members.

Data sorting and descriptive statistics were carried out using MicrosoftⓇ ExcelⓇ

for Mac 2011 (Ver. 14.7.2.). Statistical analyses for chi-square were carried out
using an online calculator: https://www.socscistatistics.com/tests/chisquare2/
Default2.aspx. Statistical significance was set at 0.05.

12.3 Results and Discussion

12.3.1 Plant Food Species and Their Relative Density
(RD) Values

To put the medicinal foods ingested by members of the troop into perspective, we
first describe the overall trends of their feeding habits as revealed in the dietary
analysis. The plant food species consumed by YA1 troop members are listed in
descending order of RD by family and species in Table 12.1. The species RD values
are summarized seasonally, with each season totaling 100%. Fifty species (61 dif-
ferent items, 26 families) from across the entire study period were analyzed here. Of
the 61 items ingested, leaves accounted for 78%, by far the largest proportion of
plant parts found, followed by fruits 11%, stems 3%, buds 2%, seeds 2%, young
shoots 2%, and flowers 2%.
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Table 12.1 Plant food species, part(s) eaten, and seasonal variation of use in the YA1 troop of
Tibetan macaques at Mt. Huangshan

Fagaceae

Family and species

Parts Relative density (RD)

Consumed Winter Spring Summer Autumn

Castanpopsis eyrei (Champion ex Bentham) Tutcher Leaf, fruit 14.78% 9.17% 10.49% 14.48%

Lithocarpus glaber (Thunb.) Nakai Leaf, fruit 6.60% 6.62% 4.27% 6.46%

Quercus myrsinaefolia Blume Leaf, fruit 6.06% 7.38% 7.41% 9.37%

Quercus glauca Thunb. Leaf, fruit 2.50% 3.12% 5.05% 7.69%

Quercus glandulifera Blume Leaf, fruit 0 1.22% 5.41% 2.08%

Quercus aliena Blume Leaf, fruit 0 0 0 0.60%

Lauraceae

Litsea coreana H. Léveillé Leaf 12.09% 8.08% 9.55% 4.66%

Machilus leptophylla Handel-Mazzetti Leaf 4.53% 2.53% 6.84% 7.11%

Phoebe sheareri (Hemsley) Gamble in Sargent Leaf 4.04% 2.88% 5.12% 5.55%

Machilus thunbergii Siebold & Zuccarini Leaf, bud 0.66% 13.50% 2.20% 1.68%

Lindera aggregata (Sims) Kostermans Leaf 0 0.17% 0.30% 0.07%

Poaceae

Zea mays L. (corn) Seed 8.94% 7.13% 6.76% 4.06%

Carex tristachya Thunberg in Murray Leaf 2.08% 2.82% 4.78% 1.37%

bamboo Young shoots 3.47% 2.88% 2.65% 2.16%

Ericaceae

Rhododendron ovatum (Lindley) Planchon ex Maximowicz Leaf 3.37% 3.97% 1.54% 2.65%

Vaccinium bracteatum Thunberg in Murray Leaf 2.05% 1.34% 2% 1.06%

Rhododendron sp. Leaf, flower 1.27% 0.87% 2.07% 1.22%

Vaccinium mandarinorum Diels Leaf 1.40% 1.30% 0.68%

Hamamelidaceae

Loropetalum chinense (R. Brown) Oliver Leaf, stem 5.18% 4.09% 3.51% 2.81%

Distylium myricoides Hemsley Leaf, stem 1.31% 0.35% 1.26% 1.61%

Liquidambar formosana Hance Leaf 0 0.23% 0 0

Theaceae

Camellia cuspidata (Kochs) H. J. Veitch Leaf 5.18% 4.76% 2.84% 3.81%

Eurya alata Kobuski Leaf 1.09% 0.64% 1.44% 0.37%

Eurya muricata Dunn Leaf 0 0.58% 0 1.45%

Eurya nitida Korthals Leaf 0 0.23% 3.58% 2.08%

(continued)
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Table 12.1 (continued)

Leguminosae

Millettia dielsiana Harms. ex Diels. Leaf 2.36% 2.53% 1.88% 1.84%

Lespedeza bicolor Turczaninow Leaf 0 0.35% 1.44% 0

Saxifragaceae

Itea omeiensis C. K. Schneider in Sargent Leaf 2.09% 1.34% 1.09% 0.22%

Taxaceae

Torreya grandis Fortune ex Lindley Leaf 1.37% 0.64% 0 0

Aquifoliaceae

Ilex purpurea Hassk. Leaf 0.52% 0.29% 0.68%

Myrtaceae

Syzygium buxifolium Hooker & Arnott Leaf 0.49% 0.06% 0.75% 0.15%

Cephalotaxaceae

Cephalotaxus fortunei Hooker Leaf 0.40% 0 0 0

Taxodiaceae

Cunninghamia lanceolata (Lambert) Hooker Leaf, fruit 7.60% 0.11% 0.91% 2.08%

Ranunculaceae

Thalictrum aquilegifolium L. Leaf 0 0.11% 0.53% 0

Anacardiaceae

Toxicodenddron sylvestre (Siebold & Zucc.) Kuntze Leaf 0 0.17% 0.83% 0.30%

Araliaceae

Hedera nepalensis var. sinensis (Tobler) Rehder Leaf 0 0.29% 0 1.76%

Styracaceae

Pterostyrax corymbosus Siebold & Zuccarini Leaf 0 0.23% 0 0

Tiliaceae

Tilia oliveri Szyszyłowicz Leaf 0 0.52% 1.13% 0

Berberidaceae

Epimedium davidii Franchet Leaf 0 0.23% 0 0

Gesneriaceae

Conandron ramondioides Siebold & Zuccarini Leaf 0 0 0 0.30%

Family and species

Parts Relative density (RD)

Consumed Winter Spring Summer Autumn

(continued)
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Seasonal variation was noted in the number of plant species ingested from their
total repertoire (Fig. 12.2), but these differences were not statistically significant
(χ2¼ 6.93, df¼ 3, p> 0.05). The largest number of species consumed was in spring
(n¼ 46), followed by autumn (n¼ 37), summer (n¼ 31), and winter (n¼ 25). With
the exception of one species, Cunninghamia lanceolata (Taxodiaceae) whose leaves
and fruit were both consumed, all ingested fruit items (nuts, acorns) come from the
Fagaceae family. Combined, use of leaf and fruit items in this family had the highest
RD values of all plant food species identified, and none of these were classified as
medicinal foods. The highest of these RD values were recorded in autumn and
summer and involved the consumption of ripening and fallen ripe fruits, the main
food items sought after in these two seasons. The second largest RD value family
was Lauraceae, with five species, whose leaves and buds were consumed. Only
one of the five species in this family, Litsea coreana, was classified as a medicinal
food.

Table 12.1 (continued)

Sargentodoxa cuneata (Oliver) Rehder & E. H. Wilson in 

Sargent Leaf 0 0.17% 0 0

Rosaceae

Rhaphiolepis indica (Linnaeus) Lindley Leaf 0 2.88% 1.07% 1.92%

Photinia davidsoniae Hook. Leaf 0 0.58% 0 0.15%

Cucurbitaceae

Thladiantha nudiflora Hemsley Leaf 0 0.46% 0 0

Actinidiaceae

Actinidia lanceolata Dunn. Leaf 0 0 0 3.47%

Menispermaceae

Menispermum dauricum Candolle Leaf 0 1.40% 0 0

Food species consumed 18 35 25 30

Medicinal food species consumed 7 11 6 7

Araceae 0 1.33% 0 0

Pinellia cordata Dunn. Leaf 0 0.11% 0 0

Grassleaf Sweetfalg Leaf 0 1.22% 0 0

Lardizabalaceae 0 0.46% 0 2.05%

Akebia trifoliata (Thunberg) Koidzumi Leaf 0 0.06% 0 0.83%

Akebia quinata (Houttuyn) Decaisne Leaf 0 0.23% 0 1.22%

Family and species

Parts Relative density (RD)

Consumed Winter Spring Summer Autumn

List is modified from You et al. (2013). RD percentages are summarized per season. n¼ 50 species
Medicinal food species consumed are highlighted in grey
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12.3.2 Medicinal Foods in the Diet

Across the entire study period, 12 species (13 items: 12 leaves, 1 stem) in the diet had
notable medicinal activity in the plant part ingested by members of YA1 troop
(Table 12.1). Our literature search revealed an array of pharmacological properties
of high medicinal value including antiparasitic, antiprotozoal, antibacterial, antifun-
gal, antiviral, anti-dysentery, anti-enteritis, anticancer (antitumor), anti-
inflammation, antirheumatic, antidiabetic, cardiovascular protective,
neuroprotective, osteoprotective, reproductive stimulant, antidepressant, immuno-
suppressant, and diaphoretic; treatment for ulcers, wounds, skin disease, weakness,
and dizziness; and other health-protecting and health-promoting activities. Associ-
ated with these activities are a variety of physiologically active secondary plant
metabolites (Appendix).

The following are detailed descriptions of the 12 plant species’ seasonality of use,
life form, pharmacological properties, and prescribed uses by humans.

Fig. 12.2 Seasonal
variation in the ingestion of
food and medicinal food
species (a) and average RD
values of food and
medicinal food species by
YA1 troop. (b) Mean RD
values calculated from
individual species RD
values per season presented
in Table 12.1. Data derived
from You et al. (2013)
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Cephalotaxus fortunei (Leaf, Used in Winter) Evergreen Tree Abietane
diterpenoids synthesized by suspension-cultured cells displayed a wide spectrum
of biological activities including antiparasitic, antibacterial, antifungal, and antiviral
properties. These compounds were found to be effective against pathogens such as
Mycobacterium tuberculosis and Staphylococcus aureus, including methicillin-
resistant (MRSA) strains and biofilm infection of S. aureus (Neto et al. 2015).
Abietane diterpenes isolated from aerial parts of Plectranthus barbatus showed
remarkable activity with acceptable selectivity against the blood parasites Plasmo-
dium falciparum (malaria) and Trypanosoma brucei (sleeping sickness in animals).
Nonspecific antiprotozoal activity was also detected and is likely due to the com-
pound’s high cytotoxicity (Mothana et al. 2014). This plant also demonstrates
significant anticancer activity (Duke and Ayensu 1985).

Epimedium davidii (Leaf Used in Spring) Perennial Herb Compounds isolated
from the leaves include Icariside II (Baohuoside I) and Baohuoside II, III, V, and VI
(Ma et al. 2011). These compounds possess therapeutic activities such as
osteoprotective effect, neuroprotective effect, cardiovascular protective effect, anti-
cancer effect, anti-inflammation effect, immunoprotective effect, and enhancement
of reproductive function (sexual health for males and females) (Li et al. 2015).
Treatment with the compound icariin is reported to significantly increase epididymal
sperm counts and testosterone levels of male rats (Chen et al. 2014) and significantly
increases erectile function in castrated Wistar rats by increasing the percentage of
smooth muscle and inducible nitric oxide synthase in the corpus cavernosum (Liu
et al. 2005). Active ingredients administered at a dose of 5 g/kg�1 with an ig volume
of 5 mL kg�1 alleviated the impact of high-intensity exercise on serum testosterone,
maintaining it at normal physiological levels. It can also promote protein synthesis,
inhibit degradation of amino acid and protein, and increase hemoglobin and glyco-
gen reserves in rats receiving exercise training (Zhou et al. 2013).

A series of tests on rats and mice using icariin have also reported significant stress
reduction and antidepressant properties via downregulation of glucocorticoid recep-
tor activity and regulation of hippocampal neuroinflammation are associated with
this plant species (Pan et al. 2010; Wu et al. 2011; Gong et al. 2016). The leaves of
this species are also noted for their anticancer activity (Frohne and Pfänder 1984),
immunosuppressive action, and inhibitory properties of lymphocyte activation
(Ma et al. 2004).

Hedera nepalensis (Leaf Used in Spring and Autumn), Evergreen Climber or
Creeper Vine The leaves and berries are reported to have cathartic, diaphoretic,
and stimulant properties. A decoction is used to treat skin diseases. Significant
cancer chemo-preventative and cytotoxic properties have been demonstrated (Jafri
et al. 2016). It is also reported to be an important folk medicine for the treatment of
diabetes. No specific mention of H. nepalensis is given, but a closely related species
Hedera helix is relevant to this discussion, as it has a similar chemical makeup and
has been noted to be poisonous in large doses, but the leaves are eaten without
observed side effects in wild mammals. Leaves contain hederagenin, a saponic
glycoside, which can cause gastrointestinal nervous system disturbances, breathing
difficulties, and coma if eaten in large amounts (Plants For A Future.com).
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Ilex purpurea (Leaf Used in Winter, Spring, and Autumn) Evergreen Tree The
plant is considered to be one of the 50 fundamental herbs in Chinese medicine. It is
reported to have antitumor properties, and an extract of the leaves is made into a
solution and used for treating burns and ulcers in the lower extremities. The ashes of
burnt leaves are used as a dressing for skin ailments and infected wounds (Duke and
Ayensu 1985).

Lespedeza bicolor (Leaf Used in Spring and Summer) Deciduous Shrub Leaves
contain flavonoids, alkaloids, terpenes, organic acids, and stigmasterols. Potential
for antioxidant, anticancer, and antibacterial activity is also noted (Ullah 2017) and is
traditionally used for coughs and colds, kidney and urethra problems, fever, head-
ache, weakness, and dizziness (Chang et al. 2017).

Liquidambar formosana (Leaf Used in Spring) Deciduous Tree The leaves are
used in the treatment of cancerous growths (Duke and Ayensu 1985).

Litsea coreana (Leaf Used Year Round) Evergreen Tree Exhibits notable bio-
activities, such as hepatoprotection, hyperglycemia, anti-inflammation,
antioxidation, and antibacterial properties through multiple molecular mechanisms.
These compounds augment immunoglobulin M and G values and show significant
inhibitory effects on the pathogens Bacillus anthracis, Proteusbacillus vulgaris,
Staphylococcus aureus, and Bacillus subtilis. Anti-HSV-1 activity and anti-gastric
carcinoma and anti-colon carcinoma HT-29 activity have been reported. Leaves
contain polysaccharides, polyphenols, essential oils, and numerous flavonoids (Jia
et al. 2017).

Loropetalum chinense (Leaf, Stem Used Year Round) Evergreen Woody
Shrub The leaves are crushed and pulverized for external application on wounds
(Find Me A Cure.com), while a decoction of the whole plant is used to treat
coughing in tuberculosis patients and is a treatment against dysentery and enteritis.
This species also promotes wound healing and possesses antibacterial, anti-
inflammatory, antioxidant, and antitumoral activity, as well as adjusts fat metabo-
lism, and protects from cardiovascular disease (Zhou et al. 2014).

Millettia dielsiana (Leaf Used Year Round) Deciduous Shrub A decoction or
tincture of leaves is used to treat hookworm, roundworm (nematodes), and filarial
infections and is a treatment for amenorrhea, metrorrhagia, anemia, traumatic inju-
ries, and rheumatoid arthritis (Anonymous 1977; Yeung 1985). Stem extracts exhibit
anti-enterovirus activity and is effective against Coxsackie virus B3, Coxsackie virus
B5, Poliovirus I, Echovirus 9, and Echovirus 29 (Guo et al. 2006). It also aids in the
prevention of cardiovascular and cerebrovascular disease. It possesses high antiox-
idant activity (Gan et al. 2010). Seven isoflavones have been isolated from the stem
and identified as 6-ethoxyca lpogonium isoflavone A, durmillone, ichthynone,
jamaicin, toxicaro l isoflavone, barbigerone, and genistein (Gong et al. 2007).

Sargentodoxa cuneata (Leaf Used in Spring) Deciduous Climbing Shrub The
stem is anthelmintic, antibacterial, antirheumatic, carminative, diuretic, and tonic
(Usher 1974; Anonymous 1977; Yeung 1985; Duke and Ayensu 1985). The mashed
leaves are plastered onto sores (Duke and Ayensu 1985). A decoction or tincture is
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used in the treatment of anemia, traumatic injuries, rheumatoid arthritis, hookworm
disease, roundworm, and filariasis (Anonymous 1977; Yeung 1985). Stem extracts
exhibited anti-enterovirus activity against anti-Coxsackie virus B3, Coxsackie virus
B5, Polio virus I, Echovirus 9, and Echovirus 29 (Guo et al. 2006).

Syzygium buxifolium (Leaf Used Year Round) Evergreen Shrub The juice of
macerated leaves are taken to reduce fever (Duke and Ayensu 1985). Leaf powder is
rubbed on the skin of smallpox patients for its cooling effect (World Agroforestry.
org).

Vaccinium bracteatum (Leaf Used Year Round) Evergreen Shrub Leaves con-
tain isoorientin, orientin, vitexin, isovitexin, isoquercitrin, quercetin-3-O-α-L-
rhamnoside, and chrysoeriol-7-O-β-D-glucopyranoside. Radical scavenging activity
and protection against KBrO3-mediated kidney damage have been demonstrated
(Zhang et al. 2014a, b). Anticancer and anti-inflammatory activity was demonstrated
(Landa et al. 2014).

12.3.3 Seasonality of Medicinal Food Ingestion

In total, 76% of the 50 species (61 food items from 26 families) reported in YA1
troop’s diet showed no evidence of significant toxicity or pharmacological activity,
supporting the assumption that most plants in the diet are indeed selected for their
nutritional value. However, the remaining 24% (n ¼ 12) of the species are consid-
ered medicinal foods, with potential health-promoting properties.

There was no statistically significant seasonal difference in the number of medic-
inal foods in the diet (χ2 ¼ 0.9371, p > 0.05, df ¼ 3; Fig. 12.2). However, more
medicinal food species were consumed in winter (28%) and spring (24%) and then
summer (19%) or autumn (19%). All the consumed medicinal plant items were
leaves. Seven of these species are evergreen trees, shrubs, or creepers, so leaves of
these species are available year-round. The remaining five species were deciduous
trees or shrubs, with leaves only in spring and summer months. These results suggest
a broad based potential for access to medicinal food across the year. While the
number of potential medicinal species ingested is not significantly different across
seasons, the particular species ingested varied between seasons in some cases and
present some interesting patterns related to their possible seasonal benefits. The three
following categories of health concern extracted from our analysis provide some
important areas for future investigation.

12.3.4 Antiparasitic Properties

Previous reports of medicinal food ingestion and therapeutic self-medication in
response to parasite infections point out the relationship between seasonality of

12 Medicinal Properties in the Diet of Tibetan Macaques at Mt. Huangshan:. . . 235

http://agroforestry.org
http://agroforestry.org


reinfection and plant ingestion as evidence for the context of plant use (Huffman
et al. 1997, 1998). While no clear-cut seasonal trend for medicinal food ingestion
was apparent in the YA1 troop diet, the relationship between medicinal properties of
five specific medicinal food species and their seasonality of use provides information
for future detailed investigation. C. fortunei, L. bicolor, L. coreana, L. chinese, and
S. cuneata are reported to possess significant broad-spectrum antiparasitic,
antibacterial, and antiviral activity. One of the highest RD values of all medicinal
foods was assigned to L. coreana (RD ¼ 12.09%) consumption in winter. However,
two of the most intriguing medicinal food candidates with wide-spectrum
antiparasitic properties are C. fortunei and S. cuneata, even though both had low
RD values (0.40 and 0.17, respectively). Ingestion was restricted to winter in the
former and spring in the later.

Winter and spring, the mating and birth seasons, respectively, could be poten-
tially key seasons for investigating the parasite infection status of individuals before
and after the ingestion of these plant species. One of the three zoonotic parasites
identified in YA1 troop is O. apiostomum (Zhu et al. 2012). Infection in Japanese
macaques by O. apiostomum occurs more frequently during winter months (Mac-
Intosh et al. 2010), and self-medication in response to a sister species,
O. stephanostomum, occurs in chimpanzees (Huffman 1997). The reduction of
worm burden and temporary relief from related gastrointestinal upset has been
linked to the ingestion of the bitter pith of V. amygdalina (Huffman et al. 1993,
1996a). In vitro pharmacological assays of V. amygdalina demonstrate a broad range
of antiparasitic activities (e.g., Ohigashi et al. 1994; Oyeyemi et al. 2018).

For respiratory viruses, seasonal changes in humidity improve viral survival and
increase opportunities for infection (Altizer et al. 2006). A general survey of disease
prevalence in YA1 troop is necessary to provide further insights about the ecology of
infection dynamics that could lead to important links with their medicinal diet.
L. bicolor is associated with possible respiratory health, and a number of other
species could inhibit respiratory viruses from establishment (Chang et al. 2017).

12.3.5 Reproductive Modulation

Throughout history, humans have utilized a number of plant hormones to suppress or
enhance their reproductive and sexual activity (Lewis and Elvin-Lewis 1977). The
reproductive behavior of male and female Tibetan macaques has been studied from a
variety of perspectives including endocrinology, behavior, and seasonal variation
(e.g., Li et al. 2005; Xia et al. 2018; Zhao 1993). Tibetan macaques at
Mt. Huangshan exhibit high levels of sexuality inside and sometimes outside of
the mating season (Li et al. 2007, see Fig. 12.2 above; Xia et al. 2010). Could there
be something in the diet that stimulates or enhances Tibetan macaque sexual
behavior?

One medicinal food consumed by YA1 troop in particular deserves attention in
this respect. Used as an aphrodisiac in Chinese traditional medicine, E. davidii is

236 M. A. Huffman et al.



known as horny goat weed or rowdy lamb herb (Ma et al. 2011), suggesting an origin
for the use of this plant from watching the behavior of animals. Experimental studies
have demonstrated significant enhancement of reproductive function, including
increased sperm count, testosterone levels, and enhanced erectile function in rats
(Chen et al. 2014; Li et al. 2015; Liu et al. 2005), but ingestion of E. davidii by
macaques at Mt. Huangshan is limited to spring, the birth season of this troop. The
seasonal timing of the consumption of this plant is preceded by a decline in
ejaculatory mating frequency at the end of the mating season in late winter. For a
few months in spring, non-ejaculatory mating continues at low levels with a slight
peak around April (Fig. 12.1). Could the ingestion of this plant be having some effect
on their reproductive activity? There is precedence in the literature to believe there
might be.

Ingestion of plant hormones by animals has been found to have a number of other
influences on reproductive behavior (e.g., Berger et al. 1977; Starker 1976; Sadlier
1969). Wasserman et al. (2012) report the seasonal influence of estrogenic plant
consumption on hormonal and behavioral fluctuations in red colobus monkeys
(Procolobus rufomitratus) in Uganda. Peaks in the consumption of young leaves
(Millettia dura) with high estrogen levels coinciding with both fecal estradiol and
cortisol levels in the feces. This was associated with increased levels of both
copulation and aggressive interactions. In a study by Whitten (1983), the timing of
onset, duration, and ending of seasonal mating behavior in female vervet monkeys
(Cercopithecus aethiops) were closely correlated with the availability and ingestion
of the flowers of Acacia elatior (Mimosaceae). Later Garey et al. (1992) analyzed the
flowers of this species and found them to be estrogenic. Garey and colleagues
determined that the amount of flowers consumed by vervet monkeys could provide
adequate exogenous estrogen to stimulate the onset of mating activity. Sargentodoxa
cuneata is only ingested during the spring birth season and has been found to assist
in menstrual regulation among people, as a prophylactic against amenorrhea or
metrorrhagia (Anonymous 1977; Yeung 1985). Therefore, including this species
in the diet could have some sex steroid-like properties that have a role in modifying
female reproductive status after birth.

Phytoestrogens present in the diet of many primates have been proposed to affect
birth spacing, influence the sex of offspring, and regulate fertility. Glander (1980)
proposed that inter-annual variation in birth spacing of howler monkeys (Alouatta
palliata) was due to inter-annual variation in food quality. That is births were
concentrated seasonally in years when secondary compound concentration in plant
foods were low (high food quality) and spread across the year when concentrations
were high (low food quality).

An in-depth examination of sex and reproduction in the Gombe chimpanzees by
Wallis (1995, 1997) noted significant seasonal patterns, and multiple reproductive
parameters including conception, anogenital swelling, infant mortality, and fertility.
Wallis proposed that intensive foraging on seasonally available plant foods containing
phytoestrogens mediate these fertility factor (Wallis 1992, 1994, 1997).
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Hence, both male and female Tibetan macaque reproductive biology and behav-
ior might be influenced by the inclusion in the diet of plants that have been shown in
other species to influence reproductive hormones.

12.3.6 Stress Reduction

Stress disrupts health homeostasis, affecting reproductive function, overall health,
and well-being of animals. Stress can be induced by both environmental and social
factors, leading to physiological and behavioral imbalances (e.g., Takeshita et al.
2013, 2014; Wooddell et al. 2016). For example, primates living in seasonally cold
habitats have a number of behavioral means for ameliorating cold stress, such as
staying warm by sleeping and resting site selection, huddling, and, in one unique
case, taking therapeutic hot spring baths (e.g., Hori et al. 1977; Zhang and Watanabe
2007; Kelley et al. 2016; Takeshita et al. 2018).

For stress induced by social interactions relating to social instability, dominance
interactions, intergroup encounters, competition for food or mates, etc., affiliative
behaviors such as grooming, reconciliation, consolation, and nonreproductive sexual
behavior have been reported to be mechanisms of physiological reduction of stress in
socially living species. Primates in particular have received wide attention (e.g.,
Aureli et al. 2002; Berry and Kaufer 2015; Carter et al. 2008; Fraser et al. 2008).

Tibetan macaques are classified as having a despotic, strongly linear, dominance
style (Berman et al. 2004). They are well known for their kin-biased affiliation,
tolerance, post-conflict reconciliation, nonreproductive mating, and the use of
infants as a buffer to reduce tension between adults: “bridging” behavior (e.g.,
Bauer et al. 2014; Berman et al. 2004, 2007; Li et al. 2007; Ogawa 1995a, b).
This suite of behaviors is linked to stress reduction through conflict buffering,
suggestive of an undercurrent of social stress in their daily lives. Schenepel (2015)
recorded high levels of agonistic and submissive behaviors around the provisioning
area of YA1 troop compared to non-provision areas in the forest. Within the context
of our study, we pose the question: “Do Tibetan macaques also have a dietary choice
that aids in stress reduction?”

E. davidii is a prime candidate. Experimental evidence from several studies on
hormonal and behavioral stress amelioration has been reported in relation to the
administration of icariin, a major flavonoid isolated from E. davidii, in stress-
induced rats and mice (Pan et al. 2010; Wu et al. 2011; Liu et al. 2015; Gong
et al. 2016). Wu et al. (2011) demonstrated that icariin markedly decreased stress-
induced downregulation of glucocorticoid receptors in mice subjected to “social
defeat” by conspecifics. The compound also displays antidepressant activity and is
used in Chinese traditional medicine for this purpose.

To the best of our knowledge, a dietary strategy for stress reduction has not yet
received attention in the animal self-medication literature. Further investigation of
the context of stress and the ingestion of plants like E. davidii may allow us to
expand our knowledge of the role of diet in this area as well (Table 12.2).
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Table 12.2 Medicinal properties of the 12 candidate “medicinal foods” in the diet of YA1 troop of
Tibetan macaques at Mt. Huangshan

Species (part ingested) [season
of use] form

Medicinal properties (see text for references and further
details)

Cephalotaxus fortunei
(leaf)
[winter] evergreen, tree

Antiparasitic antibacterial, antifungal, and antiviral properties.
Effective against pathogenicMycobacterium tuberculosis and
Staphylococcus aureus, including methicillin-resistant
(MRSA) strains and biofilm infection of S. aureus. Contains
abietane diterpenes showing remarkable activity against
Plasmodium falciparum (malaria), Trypanosoma brucei
(sleeping sickness in animals). Nonspecific antiprotozoal
activity likely due to high cytotoxicity. Cancer prevention
properties

Epimedium davidii
(leaf)
[spring] herbaceous, perennial

Enhancement of reproductive function (erectile, sperm count,
testosterone levels). Stress reduction and antidepressant
properties via downregulation of glucocorticoid receptor
activity and regulation of hippocampal neuroinflammation.
Anticancer activity, immunosuppressive action, and inhibition
of lymphocyte activation. Osteoprotective effect,
neuroprotective effect, cardiovascular protective effect, anti-
inflammation effect, and immunoprotective effect

Hedera nepalensis
(leaf)
[spring, autumn] evergreen
climber or creeper vine

Purgative action, sweat-inducing and stimulant properties.
Used to treat skin diseases. Cancer preventative and cytotoxic
properties. Important folk medicine for the treatment of dia-
betes. Contains saponins and is toxic. Ingestion induces gas-
trointestinal nervous system disturbances

Ilex purpurea
(leaf)
[winter, spring, autumn] ever-
green tree

One of the 50 fundamental herbs in Chinese medicine.
Antitumor properties. Used for treating burns, ulcers in the
lower extremities

Lespedeza bicolor
(leaf)
[spring, summer] deciduous
shrub

Antioxidant, anticancer, and bactericidal activity. Tradition-
ally used for coughs and colds, kidney and urethra problems,
fever, headache, weakness, and dizziness. Contains flavo-
noids, alkaloids, terpenes, organic acids, and stigmasterols

Liquidambar formosana
(leaf)
[spring] deciduous tree

Treatment of cancerous growths

Litsea coreana
(leaf)
[year-round] evergreen tree

Augments immunoglobulin M and G values and shows sig-
nificant inhibitory effects on pathogenic Bacillus anthracis,
Proteusbacillus vulgaris, Staphylococcus aureus, and Bacil-
lus subtilis. Anti-HSV-1 activity, anti-gastric carcinoma and
colon carcinoma HT-29 activity. Exhibits antibacterial,
hepatoprotective, hyperglycemic, anti-inflammatory, and
antioxidation activity. Contains polysaccharides, polyphe-
nols, essential oils, and numerous flavonoids

Loropetalum chinense
(leaf, stem)
[year-round] evergreen woody
shrub

An external application to wounds. A treatment for coughing
in patients with tuberculosis, dysentery, and enteritis. Pro-
motes wound healing, possesses antibacterial activity. Anti-
inflammatory and antioxidant activity. Adjusts fat metabo-
lism. Contains antitumoral activity and protects from cardio-
vascular disease

(continued)
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12.4 Future Research

This study was designed to evaluate the potential for self-medication in Tibetan
macaques. At present we cannot completely rule out the possibility that macaques
consumed some or all of these plants described above only to meet some micronu-
trient deficiency, or that the amounts consumed were insufficient to bring about
physiological change. However, the evidence presented in this chapter is compelling
enough to warrant further research.

Where do we go from here? In order to demonstrate therapeutic self-medication,
there are four basic requirements: (1) identify the disease or symptom(s) being
treated, (2) distinguish the use of a therapeutic agent from that of everyday food
items, (3) demonstrate a positive change in health condition following self-
medicative behavior, and (4) provide evidence for plant activity and or direct
pharmacological analysis of compounds extracted from these therapeutic agents
(Huffman 2010). The pharmacological activity reported here for 12 species is the
first stage of fulfilling requirement (4). This suggests that ingesting these plants may
elicit significant physiological benefit if ingested in sufficient amounts.

The broad spectrum of confirmed pharmacological activity reported here suggests
several avenues of research to pursue in the future and reason to believe that Tibetan
macaques self-medicate. Depending on the pharmacological activities of the plant in
question, future work needs to attempt to directly link the context of use with the
health status of the individual. This requires longitudinal investigation with attention
to (1) seasonal influences (e.g., birth, mating, infection seasonality), (2) presence or

Table 12.2 (continued)

Species (part ingested) [season
of use] form

Medicinal properties (see text for references and further
details)

Millettia dielsiana
(leaf)
[year-round] deciduous shrub

Used for prevention of cardiovascular and cerebrovascular
disease. Significant antioxidant activity

Sargentodoxa cuneata
(leaf)
[spring] deciduous climbing
shrub

Anthelmintic (hookworm, roundworm, filariasis) and
antibacterial activity. Stem extracts exhibit anti-enterovirus
activity against anti-Coxsackie virus B3, Coxsackie virus B5,
Poliovirus I, Echovirus 9, and Echovirus 29. Also possess
antirheumatic, carminative, diuretic, and tonic properties.
Treatment for sores, amenorrhea, metrorrhagia (irregular
uterine bleeding), traumatic injuries, rheumatoid arthritis, and
anemia

Syzygium buxifolium
(leaf)
[year-round] evergreen shrub

Taken as a febrifuge (reduce fever). Cooling effect when
rubbed on the bodies of smallpox patients

Vaccinium bracteatum
(leaf)
[year-round] evergreen shrub

Radical scavenging activity and protection against KBrO3-
mediated kidney damage. Anticancer and anti-inflammatory
activity. Contains isoorientin, orientin, vitexin, isovitexin,
isoquercitrin, quercetin-3-O-α-L-rhamnoside, and chrysoeriol-
7-O-β-D-glucopyranoside
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absence of large-scale disruptive social influences likely to induce psycho-
physiological stress (e.g., troop fission or the death of a leader or principle care-
giver), (3) reproductive state (e.g., pregnancy, estrus, reproductive history), and
(4) age and health status. Monitoring of identified individuals representative of all
age-sex classes, recording reinfection seasonality, infection intensity and behavioral
indicators of poor health, weakened body condition, poor appetite, plant food
selection patterns, etc. are required. These data will help to provide the necessary
context of medicinal plant use to strengthen the case for self-medication in Tibetan
macaques (e.g., see Huffman et al. 1996a, b; Huffman and Caton 2001; Alados and
Huffman 2000; MacIntosh et al. 2011; Burgunder et al. 2017). Only recently has the
effect of seasonal dietary change on micro- and mycobiota composition of Tibetan
macaques been investigated (Sun et al. 2016, 2018).

In closing, it should be noted that there are still other medicinal properties in the
medicinal diet that have not been discussed in detail. They need to be looked at more
closely in the future. These include the possible roles of anti-inflammation,
immunoprotection, antibiotic, antibacterial, and antiviral properties, in the passive
protection or treatment of seasonal afflictions brought on by cold-damp or hot-humid
weather conditions. Do troop members ingest these items more in some seasons than
others? Noteworthy too about these understudied properties of the diet are the
widespread anticancer (antitumoral), osteoprotective, cardiovascular protective,
and neuroprotective effects. Do older members of the troop ingest items with these
properties more often than younger ones?

In the aging Western society today, such diseases form the core of many of our
health problems, and it has been argued that the cause of this is due to the change in
our diets, shifting towards more processed foods and away from more natural food
sources (Johns 1990). The properties of the Tibetan macaque diet may provide us
with important insights into the long-term dietary strategy of primates occurring at
the interface of food and medicine.
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Appendix: Plant Secondary Metabolites in Plant Items
Ingested by Tibetan Macaques at Mt. Huangshan

Abietane (diterpenoid)

Alkaloids

Essential oils

Flavonoids

Icariin (prenylated flavonol glycoside)

Icariside II (Baohuoside I) and Baohuoside II, III, V, VI

Isoflavones

i6-ethoxyca lpogonium isoflavone A, durmillone, ichthynone, jamaicin, toxicaro l

Isoflavone, barbigerone, genistein

Organic acids

Polysaccharides

Polyphenols

Saponic glycosides (hederagenin)

Stigmasterols

Terpenes
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Chapter 13
Primate Infectious Disease Ecology:
Insights and Future Directions at the
Human-Macaque Interface

Krishna N. Balasubramaniam, Cédric Sueur, Michael A. Huffman,
and Andrew J. J. MacIntosh

13.1 Introduction

The expansion of human populations has increased interactions and conflict between
humans and nonhuman primates (hereafter primates) throughout their range.
Assessing the causal factors and thereby mitigating such conflict pose a major
challenge for anthropologists, primatologists, and conservation biologists. This is
because human-primate interactions are spatiotemporally variable in form and
frequency (reviewed in Dickman 2012; Paterson and Wallis 2005). For instance,
some of these interactions include (1) human-induced changes to primate habitat that
lead to the fragmentation and decline of primate populations [e.g., Zanzibar red
colobus monkeys (Procolobus kirkii): Siex 2005], (2) increased crop-raiding by
primates leading to transactional costs on humans [e.g., Buton macaques (Macaca
ochreata): Priston et al. 2012], (3) human-primate competition for space and
resources [e.g., chimpanzees (Pan troglodytes): Hockings et al. 2012], (4) injuries
to both humans and primates on account of direct aggression [e.g., rhesus macaques
(Macaca mulatta): Southwick and Siddiqi 1994, 1998, 2011], and (5) primate-
induced damage to human property and landscapes that generate transactional or
opportunity costs to humans (Barua et al. 2013).

In comparison to such readily discernible negative effects, one outcome of
conflict that is subtler and hence often goes undetected or unchecked is the
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acquisition and transmission of infectious diseases (Barua et al. 2013; Wolfe et al.
2007). Our shared evolutionary histories, along with physiological and behavioral
similarities, make many primate species natural reservoirs of human parasites
(Fiennes 1967; Nunn and Altizer 2006; Tutin 2000). Likewise, the acquisition of
parasites from humans has led to disease outbreaks among free-living primates
(Kaur and Singh 2009; Kaur et al. 2008, 2011; Nunn and Altizer 2006). From an
ecological standpoint, free-living primates may acquire parasites from humans in
many ways. For example, increasing epidemiological assessments continue to estab-
lish the sharing of parasites between humans and populations of socioecologically
flexible primates like baboons and macaques which have become increasingly
reliant on human-provisioned food or garbage in areas of overlap (Engel and
Jones-Engel 2011; Engel et al. 2008; Jones-Engel et al. 2005). Humans may also
indirectly influence primate exposure to parasites by altering the environment, which
may potentially subdivide primate populations and change their behavioral and
foraging strategies (Chapman et al. 2005, 2006a; Huffman and Chapman 2009).
Third, wild primates may also sometimes be exposed to “spillovers” of parasites
from international travelers during ecotourism and biological field research (Carne
et al. 2017; Engel et al. 2008; Jones-Engel et al. 2005; Marechal et al. 2011;
Muehlenbein and Ancrenaz 2010). Such a wide range of potential disease acquisi-
tion and transmission routes make human-primate interfaces hot spots for emerging
infectious diseases (EIDs) (Nunn et al. 2008; Wolfe et al. 2007). This is especially
significant in the light of the growing call for a global, transdisciplinary strategy to
deal with zoonoses in both humans and animals (the One Health, hereafter OH,
concept: Destoumieux-Garzon et al. 2018; Zinsstag et al. 2011, 2015). Finally,
human activities like agricultural and urban land development, tourism, and provi-
sioning, aside from directly influencing exposure as stated above, may also influence
variation in the susceptibility of primates to parasites once exposed, for example, by
altering levels of stress and immune function (Chapman et al. 2006b; Marechal et al.
2011, 2016; Muehlenbein and Ancrenaz 2010).

In this chapter, we focus on how human-macaque interfaces, being hot spots for
the transmission of a diverse array of parasites, present opportunities for human-
primate infectious disease ecology research. We first briefly outline the significance
and primary objectives behind research on primate infectious disease ecology,
highlighting the greater focus to date on research implementing such approaches
to study wild primates in comparison to research at human-primate interfaces. We
next reveal how macaques, and more broadly the variable nature of human-macaque
interfaces, present opportunities to study human-primate disease transmission from a
socioecological perspective (Engel and Jones-Engel 2011; Jones-Engel et al. 2005;
Nahallage and Huffman 2013). We then provide a detailed account of previous
studies we extracted from the online Global Mammal Parasite Database (Nunn and
Altizer 2005; Stephens et al. 2017) that have detected parasites at human-macaque
interfaces. Finally, we demonstrate how the implementation of novel conceptual
frameworks like the Coupled Natural and Human Systems (An and Lopez-Carr
2012; Destoumieux-Garzon et al. 2018; Liu et al. 2007) and One Health concepts
(Destoumieux-Garzon et al. 2018; Zinsstag et al. 2011, 2015), as well as the
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implementation of cutting-edge methodological approaches like Social Network
Analyses (e.g., Drewe and Perkins 2015; Pasquaretta et al. 2014; Rushmore et al.
2017; VanderWaal and Ezenwa 2016) and community-level bipartite or multimodal
Networks (e.g., Dormann et al. 2017; Gomez et al. 2013; Latapy et al. 2008), can
address some of the critical gaps in these studies to offer key future directions for
epidemiological research at these interfaces.

13.2 Primate Infectious Disease Ecology

An infectious disease is a disorder that is caused by an infectious agent, or in
ecological terms a “parasite,” that causes pathology in its host (MacIntosh 2016).
In the ecological realm, a “parasite” is considered any organism that lives within
(or on) another “host” organism, at some cost to the latter (MacIntosh 2016). For the
remainder of the chapter, we deal with enteric parasites or “endoparasites” (hereafter
just “parasites”), which live within the body of the host organism. These typically
fall under seven major types of organisms. Five of these, specifically bacteria,
viruses, rickettsia, prions, and fungi, are conventionally pathogenic microorganisms.
The last two, protozoa and helminths, include both pathogenic and non-pathogenic
species. All parasites typically disrupt the normal, homeostatic functioning of the
body, both directly as a result of their own activity and indirectly by stimulating the
host’s immune system to produce a defensive response. They may do so by their
sheer presence, by competing with host cells and symbiotic microbes, and, in
extreme cases, by releasing toxins that increase the severity of diseases. Depending
on their ecologies or life histories, parasites may enter hosts via their exposure to
contaminated environmental sources such as food, water, and soil (e.g., enteric
bacterial pathogens: Kilonzo et al. 2011; Sinton et al. 2007). They may also spread
rapidly through host populations via mechanisms such as (1) direct host-to-host
contact (e.g., respiratory viruses), (2) the sharing of common, contaminated envi-
ronmental space or resources (e.g., enteric bacteria such as Salmonella sp., Shigella
sp.), (3) exchange of body fluids (e.g. blood-borne pathogens like HIV and HPV), or
via (4) vector-borne transmission [e.g., mosquitoes spreading malarial parasites
(Plasmodium sp.)] (summarized in Engel and Jones-Engel 2011; Nunn and Altizer
2006).

Infectious disease ecology is a subfield that deals with the evolutionary and
environmental factors that influence the exposure, acquisition, and transmission
dynamics of parasites within and (more recently) between human and animal
populations (Grenfell and Dobson 1995; Hudson et al. 2002). As we have now
entered the Anthropocene epoch, human influence on the environment has generated
an increased awareness of the importance of both public health and the conservation
of natural ecosystems. So it is not surprising that over the last two decades in
particular we have seen an incredible surge in research related to infectious disease
ecology and evolution (reviewed in Huffman and Chapman 2009; Kappeler et al.
2015; MacIntosh and Frias 2016; Nunn 2012; Nunn and Altizer 2006), with
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interdisciplinary approaches drawing on theory and methods from several biological
sciences including anthropology, evolutionary genetics, behavioral ecology, epide-
miology, network theory, and statistics.

Nonhuman primates have served as especially useful model host systems in these
endeavors (summarized in Huffman and Chapman 2009; Nunn 2012; Nunn and
Altizer 2006). In addition to sharing evolutionary histories and, increasingly, eco-
logical space with humans, primates also exhibit diverse forms of social systems,
characterized by heterogeneity in group composition and size, dispersal patterns,
foraging strategies, mating systems, and social structures (Hinde 1976; Kappeler and
Van Schaik 2002; Sterck 1998; Thierry 2007a). For these reasons, they are physi-
ological, ecological, and behavioral model host systems for infectious disease
research (MacIntosh 2016). There is now consensus among scientists that the
evolutionary, ecological, and social diversity of free-living primates is impacted by
(or indeed impact) the risk of acquisition and transmission of parasites (Sueur et al.
2018).

Broadly, empirical research on primate infectious disease ecology to date has had
five major foci. First, in studies related to (1) parasite-host co-evolution, evolution-
ary anthropologists have attempted to establish links between the phylogenetic
relationships of parasites and their primate hosts (MacIntosh and Frias 2016; Nunn
2011; Nunn and Altizer 2006; Petrášová et al. 2011; Vallo et al. 2012). Second,
studies on (2) primate parasite socioecology, in addition to the relative role(s) of
resource abundance, predation pressure, and infanticidal risk, have also begun to
examine the role of parasites in shaping the evolution of primate group sizes and
social network structure (Chapman et al. 2009; Nunn et al. 2011; meta-analyses by
Griffin and Nunn 2012; Nunn et al. 2015; Patterson and Ruckstuhl 2013; Rifkin et al.
2012). Conversely, the idea that group-living and social structure may also impact
the diversity and prevalence of parasites in hosts (Drewe and Perkins 2015;
VanderWaal and Ezenwa 2016) has led to such socioecological approaches to also
focus on the identification of potential “super spreaders” or “social bottlenecks” of
infection (Balasubramaniam et al. 2016, 2018; Duboscq et al. 2016; Griffin and
Nunn 2012; MacIntosh et al. 2012; Romano et al. 2016). Other studies have used
agent-based models to predict the prevalence and transmission of parasites through
artificial primate groups and networks (Griffin and Nunn 2012; Nunn et al. 2015).
Yet social life does not always equate to disease transmission or threats to homeo-
stasis. Indeed, studies on both captive and wild primates that assess the links
between (3) infection risk and sociality, stress, and immune function have tested
the opposite paradigm, i.e., that possessing strong, diverse social connections, rather
than increasing the risk of pathogenic acquisition, may function to socially buffer
some primates against infection (Balasubramaniam et al. 2016; Duboscq et al. 2016;
Sapolsky et al. 2000; Young et al. 2014). More research has focused on the impact of
(4) parasites in primate conservation and management—while some deal with the
implications of introduced species on the prevalence and diversity of parasites in
indigenous primates (Petrášová et al. 2010, 2011), other research has attempted to
quantify differences in parasite richness or diversity in primates living in varying
degrees of human influence or in relation to their threatened status(es) (Bublitz et al.
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2015; Chapman et al. 2006a; Gillespie et al. 2005; Goldberg et al. 2007; Kowalewski
et al. 2011). Finally, emerging lines of research have focused on (5) primate counter-
strategies, including avoidance behaviors to minimize exposure to parasites
(Amoroso et al. 2017; Poirotte et al. 2017, 2019; Sarabian and MacIntosh 2015;
Sarabian et al. 2017), and self-medication that removes or minimizes the impact of
an infection on the host (Huffman 2016).

To date, much of the empirical work related to primate infectious disease ecology
has focused on wild or red-listed primate populations (reviewed in Frias and
MacIntosh 2018). Aside from habitat loss and fragmentation (Hussain et al. 2013),
red-listed populations also face the risk of extinction on account of infectious
diseases transmitted from humans or livestock (reviewed in Frias and MacIntosh
2018). In comparison, less research has focused on the relationship between host
socioecology and transmission of parasites between humans and free-living primates
at overlapping interfaces (Kaur and Singh 2009). This is despite the wide recognition
that humans and primates strongly influence each other’s biology, behavior, and
health (Fuentes 2012; Fuentes and Hockings 2010) and that such human-primate
interfaces are also potential sources of EIDs (Jones-Engel et al. 2005; Nunn et al.
2008; Wolfe et al. 2007).

13.3 Human-Macaque Interfaces

The genusMacaca is the most diverse, geographically widespread, and ecologically
successful group of primates (Cords 2013; Thierry 2007a, b). They constitute
23 extant species, which range from North Africa in the West (Barbary macaques:
M. sylvanus), across the Indian subcontinent [e.g., rhesus macaques (M. mulatta),
bonnet macaques (M. radiata)], China [e.g., rhesus macaques (M. mulatta), Tibetan
macaques (M. thibetana)], and Southeast Asia [e.g., long-tailed macaques
(M. fascicularis), Sulawesi macaque species (e.g., M. nigra, M. tonkeana)], and up
to Japan in the Far East [Japanese macaques (M. fuscata)] (Thierry 2007a, b). Across
this range, their ecological flexibility is evidenced by the fact that macaque species,
and indeed populations of the same species, inhabit a wide variety of habitats, from
tropical rainforests to snowcapped mountains and from dry scrub forests to urban-
ized human settlements (Cords 2013; Gumert et al. 2011; Thierry 2007a, b).

In nature, all macaque species show broadly similar social organization [but see
Sinha et al. (2005) for an exception]—they live in multi-male multi-female social
groups in which females are philopatric and males disperse from their natal groups
(Cords 2013; Thierry 2013). At the same time, they show a remarkable degree of
inter- and intraspecific variation in the structure of social relationships, ranging from
despotic, nepotistic societies with steep dominance hierarchies and modular, cen-
tralized, and kin-biased social networks (e.g., rhesus macaques, Japanese macaques)
to tolerant or egalitarian societies characterized by shallower dominance relation-
ships and dense, decentralized, and well-connected social networks (e.g., Sulawesi
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crested macaques: Balasubramaniam et al. 2012; Thierry et al. 2008; Sueur et al.
2011a).

More pertinently, macaques also vary in the extent to which they show adaptive
or maladaptive responses to human disturbance and anthropogenic landscapes, i.e.,
along a spectrum of overlap at human-macaque interfaces (Priston and McLennan
2013; Radhakrishna and Sinha 2011; Radhakrishna et al. 2013). At the upper end of
this spectrum lie rhesus and long-tailed macaques (Fig. 13.1a, b). Large populations
of these “weed” species, categorized as “Least Concern” by IUCN since 2010
(IUCN 2019), gravitate toward and even preferentially exploit human settlements
(Jaman and Huffman 2013; Southwick and Siddiqi 1994, 2011; Southwick et al.
1983). Long-tailed macaques are even listed among the IUCN Invasive Species
Specialist Group’s (ISSG) top 100 invasive species in the world (Lowe et al. 2000).
Thus, they inhabit a variety of human-macaque interfaces: from buffer zones of
ecotourism in national parks, to agricultural fields bordering rural villages, to
urbanized cities like Delhi, Dhaka, and Kuala Lumpur (Fig. 13.1a, b). Other species
like bonnet macaques and toque macaques (M. sinica) are not far behind, with both
wild and semi-urban populations that inhabit the smaller town-, temple-, and uni-
versity campus-interfaces of Southern India and Sri Lanka, respectively (Huffman
et al. 2013a; Nahallage and Huffman 2013; Nahallage et al. 2008; Radhakrishna

Fig. 13.1 Macaques at human-macaque interfaces, specifically (a) rhesus macaques in Himachal
Pradesh, Northern India; (b) long-tailed macaques in Kuala Lumpur, Malaysia; (c) toque macaques
in Colombo, Sri Lanka; (d) bonnet macaques in Kerala, Southern India. Photo credits: (a), (b) and
(d): K. N. Balasubramaniam; (c): M. A. Huffman
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et al. 2013; Ram et al. 2003; Sinha et al. 2005) (Fig. 13.1c, d). Yet some of these
species, like toque macaques, remain listed as “vulnerable” or “endangered” on
account of the negative effects of ecotourism and habitat loss throughout their
range (IUCN 2019). Finally, some less ecologically flexible species like lion-tailed
macaques (M. silenus), Tibetan macaques (M. thibetana), and Sulawesi crested
macaques (M. nigra) are still exposed to the negative impact of human activity in
the form of habitat loss affecting their socioecology (Kumara et al. 2014; Singh et al.
2001), ecotourism-related stressors and mortality rates (Berman et al. 2007;
Marechal et al. 2011), and hunting for bush-meat impacting mortality rates (Kyes
et al. 2012; Palacios et al. 2012; Riley 2007; Riley and Fuentes 2011). Indeed, many
of these species are classified as being “endangered” or “critically endangered” as a
result (IUCN 2019).

The rise of ethnoprimatology as a subfield of biological anthropology has
occurred simultaneously with the rise of primate infectious disease ecology. Specif-
ically, ethnoprimatology is related to understanding how humans and primates
impact each other’s niche construction, behavioral biology, and health-related out-
comes (Dore et al. 2017; Fuentes 2012; Fuentes and Hockings 2010). Unsurpris-
ingly, human-macaque interfaces in North Africa, India, Sri Lanka, and Southeast
Asia have been the primary foci of most ethnoprimatological research, with some
more recent studies in Africa also having been conducted on baboons (Fehlmann
et al. 2016; Kaplan et al. 2011; Hoffman and O’Riain 2012), chimpanzees (Hockings
et al. 2012), and lemurs (Loudon et al. 2017). To date, this work has revealed that the
nature, frequency, and severity of interactions and conflict at human-macaque
interfaces vary broadly by context (Radhakrishna and Sinha 2011; Radhakrishna
et al. 2013). For instance, across the Indian subcontinent, China, and Southeast Asia,
conflict is heavily influenced by whether macaques also play more positive roles
with resident and/or visiting human communities, e.g., monkeys as religious sym-
bols, pets, trade commodities, or tourist attractions (Jones-Engel et al. 2004;
Nahallage and Huffman 2013; Radhakrishna et al. 2013). At the same time, some
intrinsic characteristics of macaques, including the age-sex class‚ personalities of
individuals, and/or species-typical adaptive responses, have also been shown to
influence interface interactions (Beisner et al. 2014; Fuentes 2006; Marechal et al.
2011; Sha et al. 2009). Such variation in human- and macaque-specific features
across interfaces generates a broad variety of direct and indirect interactions, such as
(1) human provisioning of macaques, (2) macaques using anthropogenic landscape
features (e.g., buildings, fences, water tanks), (3) mutual contact- and non-contact
aggression, (4) the exchange of body fluids like blood and saliva, (5) the fragmen-
tation of macaque populations on account of the loss of natural habitat, (6) the
hunting and consumption of macaques by humans as bush-meat, and (7) the use of
macaques as pets, trade commodities, or tourist attractions (Fuentes et al. 2011;
Gumert et al. 2011; Hussain et al. 2013; Jones-Engel et al. 2004; Radhakrishna et al.
2013; Riley and Fuentes 2011; Riley 2003). Naturally, the dynamic nature of such
environments provides myriad mechanisms for the acquisition and transmission of
parasites (Engel and Jones-Engel 2011; Nunn 2012).
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13.4 Parasites at Human-Macaque Interfaces

To extract and review previous studies that report parasites among free-living
macaque populations at human-macaque interfaces, we relied on the Global Mam-
mal Parasite Database (or GMPD, Version 2.0: Stephens et al. 2017). The GMPD is
a compilation of studies that report disease-causing organisms—bacteria, viruses,
protozoa, helminths, and fungi—isolated from wild or free-living populations of
some of the major mammalian taxa, specifically ungulates, carnivores, and primates
(Nunn and Altizer 2005; Stephens et al. 2017). The database now contains 24,000
records, from over 2700 literature sources including journal articles, books and book
chapters, and reports at conference proceedings. Records may be filtered on the basis
of different parasite or host-specific characteristics, such as taxonomic categories,
geographic location, and mode of transmission.

A search of the GMPD database filtered by host genus (macaques) and type of
parasite (bacteria, viruses, helminths, and protozoa) revealed 570 records from
across 80 different studies. Figure 13.2 indicates the distribution of these records
by study period. Aside from the general geographic location, the GMPD does not
offer more specific filtering options that aid in the classification of studies in
accordance with socioecological conditions under which they were conducted. So,
we manually screened for “human-macaque interface” studies as those among the
above studies that reported one or more of the following: (1) the direct transmission
of these agents between humans and macaques in either direction (e.g., contact

Fig. 13.2 Records of parasites reported among free-living macaque populations from studies in the
Global Mammal Parasite Database (GMPD)
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aggression or provisioning, pet macaques released into free-living populations),
(2) the possible or potential transmission of such agents, or (3) the indirect impact
of humans or anthropogenic factors (e.g., habitat fragmentation, livestock, macaque
foraging on provisioned food) being identified to have influenced the acquisition of
these parasites among macaques. Since this chapter primarily deals with the
socioecological impact of human-macaque interfaces on disease risk, we also did
not include studies on the phylogenetic co-evolutionary roots of parasites and their
primate hosts.

These criteria led to the extraction of 161 (out of 570) macaque records, the vast
majority of which were dated post 2000 (130 out of 161: Fig. 13.2). These records
were spread across nine cited studies conducted on six different species of macaques.
In Table 13.1, we summarize information from these studies, providing details on the
parasites isolated, host macaque species, geographic location, prevalence and the
number of individuals sampled (where the information is available), and the type of
acquisition reported or speculated. Unsurprisingly, viral agents dominate this list
with 88 of the 161 entries (or 55%) from 4 citations. During the last two decades,
several zoonotic viruses have been described and studied in nonhuman primates in
Africa and Asia from evolutionary and virulence perspectives (e.g., Ebola in great
apes, reviewed in Leendertz et al. 2017; respiratory viruses in macaques, reviewed
below). From a socioecological standpoint, studies on macaques have revealed
strong associations between the frequency of intense human-macaque contact
behaviors that involve the exchange of body fluids (e.g., aggressive bites and
scratches) and the prevalence of respiratory viruses. Early work showed that wild-
caught rhesus macaques in Northern India that had the highest degrees of exposure
to human contact were also the most likely to show blood serum antibodies against
human respiratory viruses (Shah and Southwick 1965). Later work in Nepal revealed
correlations between the frequency of intense contact interactions with humans like
aggressive bites and scratches and the seroprevalence of respiratory viruses such as
the simian foamy virus (SFV), simian type-D virus, Cercopithecine herpesvirus-1
(CHV-1), and simian virus-40 (SV-40) (Jones-Engel et al. 2006) among rhesus
macaques living in human settlements. In comparison, the Barbary macaques of
Gibraltar, which engage in less intense aggression and have lower rates of contact
bites in comparison to the Asian rhesus populations, showed a markedly lower
seroprevalence (or were even seronegative) of these same respiratory viruses
(Engel et al. 2008). More recently, humans traveling with performing “pet” rhesus
macaques were found to indirectly influence the genetic structure and translocation
of macaque SFV across rhesus populations in Bangladesh (Feeroz et al. 2013).
Finally, other work not included in the GMPD has recorded the prevalence of
macaque-borne viral pathogens like SFV and retroviruses among humans that
regularly come into contact with these populations (Jones-Engel et al. 2005).

Gastrointestinal protozoa (36 entries out of 161, or 22%) and helminths (26 entries
out of 161, or 16%) were the next most commonly reported parasites among the
human-macaque interface studies examined. In nature, these are among the most
commonly occurring parasites in wild primates (Huffman and Chapman 2009; Nunn
and Altizer 2006). Yet, a few ecological assessments of human-perturbed landscapes
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have revealed that anthropogenic factors may indirectly influence their acquisition
among macaques [but see Lane et al. (2011) who report a decrease in such acqui-
sition]. In Sri Lanka, for instance, the prevalence of both gastrointestinal protozoan
parasites like Cryptosporidium sp., Entamoeba sp., and Balantidium coli and nem-
atodes like Enterobius sp. and Strongyloides sp. was more common among toque
macaques in more human-disturbed than pristine environments (Ekanayake et al.
2006). Further, Huffman et al. (2013a) speculate that increased human impact may in
part be responsible for why the prevalence of helminth parasites was lower among
toque macaques sampled at lower altitudes. Increased contact with anthropogenic
landscapes and human-provisioned food was strongly linked to the prevalence of
Strongyloides fuelleborni in wild long-tailed macaques in Thailand (Wenz-Mücke
et al. 2013). Among populations of critically endangered lion-tailed macaques in
Southern India, the anthropogenic fragmentation of their natural habitat was posi-
tively correlated to the diversity of gastrointestinal helminths and protozoan para-
sites (Hussain et al. 2013).

We extracted 10 records (6% of 161 records) of the protozoan parasite Plasmo-
dium sp., the causative agent of malaria, all from a single study that surveyed wild
populations of long-tailed and pig-tailed macaques (Macaca nemestrina) in Borneo
(Lee et al. 2011). This study revealed especially high prevalence of three Plasmo-
dium species—P. knowlesi, P. cynomolgi, and P. inui—among the macaque
populations. They also revealed that P. knowlesi, previously hypothesized as having
been transmitted to humans via anopheline vectors from overlapping macaque
populations, was derived from an ancestral malarial parasite that existed before
humans came to Southeast Asia. Since then, high prevalence of P. knowlesi has
been detected among free-living macaques at vegetation mosaics and forest frag-
ments in other parts of Southeast Asia, including Indonesia, Cambodia, Laos, and
Vietnam (Huffman et al. 2013b; Zhang et al. 2016). Malaria is now widely recog-
nized as being a threat at human-primate interfaces (Singh et al. 2004). In addition to
thriving macaque populations acting as natural reservoirs for these parasites, the
fragmented mosaic landscapes of Southeast Asia are also highly conducive to the
proliferation of mosquito vector complexes like Anopheles dirus and
A. leucosphyrus, which may transmit malaria into otherwise infection-naive
macaque and human populations (Moyes et al. 2014).

The least reported type of parasite was bacterial, with only one record speculating
that anthropogenic factors may be responsible for the prevalence of Escherichia coli
in toque macaques (Huffman et al. 2013a). This was more broadly reflective of the
general lack of studies that have focused on the detection of bacterial pathogens in
free-living primates (Kaur and Singh 2009; Nunn and Altizer 2006). Bacterial
pathogens like Salmonella sp., Shigella sp., and E. coli O157:H7 routinely cause
acute diarrheal infection among humans and domestic livestock (Gorski et al. 2011;
Rwego et al. 2008; Sinton et al. 2007; Suleyman et al. 2016). They have been
previously isolated from wild primate populations in Africa that live in human-
perturbed, fragmented habitats (chimpanzees: McLennan et al. 2017; lemurs of
Madagascar: Bublitz et al. 2015). Since they strongly overlap and rely heavily on
anthropogenic resources, urban and semi-urban macaques may be natural reservoirs
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of these agents, with the potential to disseminate them into overlapping human and
critically endangered wildlife populations. A preliminary study at human-rhesus
macaque interfaces in Northern India revealed that anthropogenic factors, such as
rates of human-macaque aggression and provisioning, were positively correlated
with the prevalence of enteric bacteria like Salmonella sp. and E. coli O157:H7
(Beisner et al. 2016). This finding should lead to future assessments of the relative
prevalence of enteric bacteria among humans, livestock, and other overlapping
macaque populations.

Our GMPD search yielded no studies on parasites in Tibetan macaques, which is
somewhat surprising. There is scope for future work to focus on parasite transmis-
sion at human-Tibetan macaque interfaces. At both Mt. Emei and Mt. Huangshan,
China, where they have been best studied (Zhao 1996; Li 1999), wild Tibetan
macaque groups are indeed exposed to anthropogenic factors, particularly tourism.
At Mt. Emei, a Buddhist community that is visited by tourists for its temples, there is
no regulation of tourist-macaque interactions. Tourists regularly hand-provision the
macaques, and there have been reports of tourists suffering fatal injuries from
macaque attacks (Zhao 2005). Such intense and frequent contact presents scope
for the transmission of parasites. On the other hand, a primate tourism program that
is currently in place at Mt. Huangshan restricts the scope for macaque-tourist
interactions. This program was laid down following a period between 1994 and
2004, when a group of Tibetan macaques at Mt. Huangshan was “managed” for
tourist activity by restricting their home range (Berman et al. 2007). Studies on this
group have revealed that intragroup aggression, attacks on infants, and infant
mortality rates were all much higher during periods when the group’s home range
was restricted for tourist viewing than in periods prior to such activity (Berman et al.
2007). Later work in the mid-2000s that was conducted following the period of
severe range restriction revealed that the macaques showed increased self-directed
behaviors (e.g., self-scratching, yawning, body shake) as well as stress-coping social
behaviors (e.g., allogrooming, body contact) when they were closer to tourists, in
comparison to when there were no tourists present (reviewed in Matheson et al.
2013). Such tourist activity, now more controlled, may have presented or may
continue to present a stressful environment to Tibetan macaques that may heighten
the acquisition and transmission of parasites.

13.5 The Future of Human-Macaque Disease Ecology

Our review of studies on human-macaque interfaces reveals the detection and
confirmation of a range of parasites. Yet many of these studies, based on either
symptomatic or mortality-based evidence of pathogenic infection in either humans
or macaques, have inferred that disease transmission has occurred without ever
having established that transmission did occur (VanderWaal and Ezenwa 2016;
VanderWaal et al. 2014). In other words, little or no work has assessed the precise
mechanisms and pathways of parasite transmission at human-macaque interfaces. In
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this section, we illustrate how implementing (A) the conceptual frameworks of
Coupled Natural and Human Systems and One Health, in combination with
(B) cutting-edge network analytical techniques, may significantly enhance our
current knowledge of infectious disease transmission at human-macaque interfaces.

(A) Unifying Conceptual Frameworks: Coupled Systems and One Health
Conflict at human-macaque interfaces may be spatiotemporally variable in form and
frequency and may affect parasite transmission in dynamic and sometimes
unpredictable ways. In this light, one of the biggest challenges facing research on
infectious disease ecology at these, and indeed all human-wildlife interfaces, is the
lack of a consensual theoretical or conceptual framework applicable across multiple
types of systems.

One framework that may prove useful in this regard stems from the broader
conceptualization that human interactions with nature and the environment may be
viewed as dynamic, coupled systems (Liu et al. 2007). Since its proposition, the
Coupled Natural and Human Systems (or CNHS) approach has presented a signif-
icant advancement in our understanding of human impact on abiotic and (more
recently) biotic factors. Traditionally, studies examining the interactions between
humans and natural phenomena have been largely reductionist in nature (summa-
rized in Liu et al. 2007). They have adopted principles from biology, anthropology,
geography, and environmental sciences, with an almost exclusive focus on how a
single component of the human system may influence a given property of a natural
system or vice versa. Further, they have tended to focus on short-term effects rather
than conduct long-term assessments of the feedback effects of such interactions on
both human and natural systems. Expanding significantly on these assessments, the
CNHS approach explicitly acknowledges that aspects of human systems and natural
systems are coupled or interlinked and must therefore be assessed as a collective
whole. Multiple, dynamic components of human and natural systems are expected to
influence the nature and types of interactions at interfaces, with such impact being
expected to reciprocally impact long-term indicators of the overall stability, sustain-
ability, and health of both human populations and natural components.

In its short history, studies implementing CNHS frameworks have primarily
focused on the impact of humans on inanimate, abiotic factors (e.g., landscape
ecology, climatic conditions: (Foley et al. 2005; Postel et al. 1996) and their long-
term effects (e.g., via environmental degradation, natural disasters: Dilley et al.
2005) on human population dynamics and ecology (Liu et al. 2007)). In comparison,
fewer studies have tackled the relationship between humans and animate natural
systems like wildlife populations (Dickman 2010, 2012). The well-documented
nature of interactions and conflict at human-macaque interfaces (reviewed above)
offer opportunities to address this gap. Or conversely, the CNHS framework maybe
useful to assess the mechanistic processes through which the variant nature of
human-macaque interfaces may favor or inhibit the transmission of parasites across
human and macaque systems.

As we allude to earlier, macaques may acquire parasites in many ways, including
direct physical contact with humans or during social interactions with infected
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conspecifics, changes in foraging strategies induced by anthropogenic landscapes, or
human-induced stressors increasing macaques’ susceptibility to infection.
Implementing the CNHS approach would entail examining the relative likelihood
(s) of these mechanisms and indeed whether specific (suites of) attributes of the
human system (e.g., community type, history of interactions with macaques, visitors
versus tourists) or the macaque system (e.g., age-sex class, group size, species-
typical social style) are linked with the degree to which one type of interface
interaction may be expected to prevail over another in influencing parasite acquisi-
tion. More tellingly, we reckon that the CNHS framework would finally take
research on human-macaque infectious disease research beyond mere descriptions
of parasites at interfaces. Expanding on these findings, a CNHS approach would
naturally lead to more long-term assessments of the impact of parasite diversity and
distribution on indicators of macaque and human population health (e.g., symptom-
atic evidence for disease outbreaks, stress-induced illness), reproductive success
(e.g., the number and fitness of offspring), and survival (e.g., population demo-
graphics and infant mortality rates).

Closely related to the CNHS framework is the One Health (OH) concept (derived
from the “One Medicine” concept: Schwabe 1984), or the idea that addressing the
challenges surrounding human health issues cannot be dissociated from environ-
mental health (or EcoHealth) or from veterinary medical practices associated with
treating wild and domestic animals (Destoumieux-Garzon et al. 2018; Zinsstag et al.
2011, 2015). The OH concept stems from the acknowledgment that the impact of
human population expansion on the environment generates negative health out-
comes, such as the occurrence of chronic, non-infectious diseases in humans,
human and animal exposure to environmental toxins and emerging pollutants like
plastics (Kannan et al. 2010; Waters et al. 2016), as well as the emergence of
infectious diseases at human-wildlife interfaces (Gomez et al. 2013; Hudson et al.
2002; Nunn et al. 2008; Wolfe et al. 2007). So, it constitutes a global strategy
highlighting the need for a holistic, transdisciplinary approach in dealing with the
health of humans, animals, and ecosystems (the One Health Initiative).

Since its proposition more than a decade ago, proponents of OH approaches have
(with varying degrees of success) proposed to deal with some of the barriers facing
infectious disease research (summarized in Destoumieux-Garzon et al. 2018). We
highlight three as being particularly relevant to human-macaque interfaces. The first
is a resolution of the extent to which the factors that influence human health
outcomes overlap with those that influence the health of natural ecosystems.
Human-macaque interfaces are useful to conduct such assessments. This is because
many (although not all) social and environmental factors that may potentially drive
parasite transmission from humans to macaques, such as direct physical contact,
contaminated food or water sources, and the exchange of body fluids, are also likely
to transmit agents from macaques to humans (Engel and Jones-Engel 2011; Engel
et al. 2008; Jones-Engel et al. 2005; Kaur and Singh 2009).

A second barrier is related to the promotion of interdisciplinary projects that
combine veterinary medical assessments to detect and diagnose infectious diseases,
with ecological and evolutionary approaches to understand the relationships between
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parasites and their hosts (MacIntosh and Frias 2016; Nesse et al. 2010; Nunn and
Altizer 2006). Among all the primates, macaques (particularly rhesus macaques and
long-tailed macaques) continue to be the most common genus used in captivity as
models for biomedical research (Hannibal et al. 2017; Phillips et al. 2014). Further,
as we review above, infectious disease research among free-living macaque
populations have had variant foci, ranging from the detection and diagnosis of
parasites (Engel and Jones-Engel 2011; Engel et al. 2008; Jones-Engel et al. 2004,
2005), through establishing co-evolutionary links between parasites and macaque
hosts (Huffman et al. 2013b), to assessing the social and environmental underpin-
nings of parasite prevalence and transmission (Duboscq et al. 2016; MacIntosh et al.
2010, 2012; Romano et al. 2016). The OH concept, along with our above-stated
argument that human-macaque interfaces are functionally interdependent, coupled
systems, would provide a means to bring such diverse foci under a single, unifying
framework (Destoumieux-Garzon et al. 2018).

Finally, a third direction involves placing a strong emphasis on complementing
strong medical and theoretical knowledge, with current advancements in methodo-
logical and data analytical approaches. Below we elaborate on how one set of
approaches—Network Analyses—may be especially significant for future research
on infectious disease ecology at human-macaque interfaces.

(B) Network-Based Analytical Approaches
In the last two or three decades, network-based analytical techniques have revolu-
tionized infectious disease epidemiology and ecology (Craft 2015; Craft and
Caillaud 2011; Drewe and Perkins 2015; Godfrey 2013; Keeling 2005; Moore and
Newman 2000; Newman 2002; VanderWaal and Ezenwa 2016). From a biological
perspective, networks are reconstructions of entities (nodes) that are connected to
each other based on one or more shared characteristics (edges) (Fig. 13.1a–c). For
instance, animal social and spatial networks capture relationships between individ-
uals in a social group linked together based on the frequency with which they interact
or the degree of spatial overlap, respectively (reviewed in Brent et al. 2011; Croft
et al. 2008; Farine andWhitehead 2015; Kasper and Voelkl 2009; Krause et al. 2007;
Lusseau and Newman, 2004; Newman 2004; Sueur et al. 2011b; Wey et al. 2008)
(Fig. 13.3a). Bipartite or multimodal networks add a level of complexity by
distinguishing two or more components or layers of organization within a system,
such that distinctions can be made between the edges that link nodes within the same
layer to nodes across layers (Dormann et al. 2017; Kane and Alavi 2008; Latapy
et al. 2008) (Fig. 13.3b, c). Third, links based on the degree of genotypic similarity of
gastrointestinal microbes isolated from potentially interacting hosts within the same
time frame may be used to reconstruct microbial sharing or transmission networks
(VanderWaal and Ezenwa 2016; VanderWaal et al. 2014). Finally, in the absence or
sparsity of real data, mathematical agent-based models and artificial networks have
proven exceptionally useful in modeling the transmission of parasites (Bente et al.
2009; Griffin and Nunn 2012; Nunn 2009; Romano et al. 2016). Such heterogeneity
in connectedness within and between the components of socioecological systems
may strongly influence the likelihood of parasite acquisition and transmission.
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Not surprisingly, network approaches, particularly social network analysis, have
already found a wide range of applications in infectious disease epidemiology (Craft
2015; Craft and Caillaud 2011; Drewe and Perkins 2015; Godfrey 2013; Keeling
2005; VanderWaal and Ezenwa 2016). We briefly review these applications and
related studies below. Recognizing the relative dearth in the implementation of
network approaches at human-macaque interfaces, we also highlight some context
(s) in which they may be implemented in human-macaque infectious disease eco-
logical research.

Social Networks and Parasite Acquisition In humans and other animals, hetero-
geneity in space use overlap or contact social behavior may strongly influence the
acquisition of parasites (reviewed in Drewe and Perkins 2015; Kappeler et al. 2015;
Silk et al. 2017). Such heterogeneity can be modeled using social network analysis
(Brent et al. 2011; Croft et al. 2008; Farine and Whitehead 2015; Krause et al. 2007;
Sueur et al. 2011b). The first applications of social network approaches in the
context of disease transmission were focused on humans, particularly in the spread
of sexually transmitted diseases (or STDs) (Klovdahl 1985) and later following the
detection of the severe acute respiratory syndrome (SARS) outbreak in 2003
(Meyers 2007). Since then, social networks across a wide range of taxa have been
used to identify central or well-connected individuals, which may be potential “super
spreaders” of parasites [e.g., lizards (Egernia stokesii): Godfrey et al. 2009; spider
monkeys (Ateles geoffroyi): Rimbach et al. 2015; meerkats (Suricata suricatta):
Drewe 2010; Japanese macaques: MacIntosh et al. 2012; reviewed in Drewe and
Perkins 2015; VanderWaal and Ezenwa 2016]. In wild Japanese macaques, for
instance, high-ranking individuals with more direct and indirect connections, or
eigenvector centrality (Newman 2006) in their social grooming networks, were
also shown to have greater species richness and infection intensities of nematode
parasites (MacIntosh et al. 2012). Yet having strong and diverse social connections,
rather than increasing parasite acquisition owing to contact-mediated transmission,
may actually decrease the likelihood of such acquisition by mitigating stressors or
enhancing immune function (e.g., Balasubramaniam et al. 2016; Cohen et al. 2015;

Fig. 13.3 Hypothetical social (a), bipartite (b), and multimodal (c) networks of the same individ-
uals. Green nodes might represent macaques and pink ones might be humans. Green links are
interactions between macaques, pink links are interactions between humans, and gray links are
interactions between macaques and humans (interspecies)
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Hennessy et al. 2009). Consistent with this “social buffering hypothesis,” work on
captive rhesus macaques revealed that individuals with the strongest and most
diverse social grooming and huddling connections were also the least prone to the
acquisition of environmental bacterial pathogens (Balasubramaniam et al. 2016).
Finally, aside from inter-individual differences in contact patterns, the higher order
structure of social networks may also influence parasite transmission in contrasting
ways. For instance, increased community modularity or substructuring in social
networks, on account of individuals interacting more with subsets of preferred
partners (Fushing et al. 2013; Newman 2006; Whitehead and Dufault 1999), may
enhance parasite transmission within subgroups while presenting “social bottle-
necks” to the group-wide spread of parasites (Griffin and Nunn 2012; Huang and
Li 2007; Nunn et al. 2011, 2015; Romano et al. 2018; Salathe and Jones 2010). On
the other hand, dense, well-connected networks, with a higher efficiency (the inverse
of the number of shortest paths in the network), may facilitate rather than hinder the
rapid transmission of parasites (Drewe and Perkins 2015; Griffin and Nunn 2012;
Pasquaretta et al. 2014).

Such dynamic relationships between social networks and parasite acquisition
suggest that broader socioecological contexts may determine the circumstances
under which social life may be beneficial versus detrimental to infectious disease
risk. The variant nature of the human-macaque interface may present such contexts
and thereby influence parasite acquisition by altering the structure and connected-
ness of macaque social networks. For instance, higher frequencies of interactions
with humans and/or changes to macaque movement or foraging behavior in land-
scapes altered by anthropogenic disturbance, by constraining the time available for
macaques to engage in social interactions (Dunbar 1992; Kaburu et al. 2019; Marty
et al. 2019), may lead to more modular, substructured social networks which may
present bottlenecks to parasite transmission. On the other hand, such interactions or
anthropogenic changes may present environmental stressors to the macaques (e.g.,
Barbary macaques: Carne et al. 2017; Marechal et al. 2011, 2016), in which
individuals possessing strong and diverse social networks may benefit by being
socially buffered against infection. In summary, future research may focus on
establishing the precise mechanism(s) of super spreading, social bottlenecking, or
stress-induced acquisition of parasites, through which social or contact network
connectedness may influence parasite transmission dynamics at human-macaque
interfaces.

Bipartite and Multimodal Networks Social networks have proven exceptionally
useful to model the acquisition and transmission of parasites. Yet by themselves,
they are somewhat limited in not capturing heterogeneity at higher organizational
scales, for instance, across interactions between different components of a social or
ecological system. This may be the reason why most epidemiological studies
implementing network approaches to model heterogeneity in contact patterns have
focused on either human systems or more recently wildlife systems (reviewed
above), but almost never at the human-wildlife interface. Bipartite and multimodal
networks, which establish connections between different interlinked components of
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a system, may prove especially useful in this regard (Dormann et al. 2017; Kane and
Alavi 2008; Latapy et al. 2008; Finn et al. 2019). Recently, bipartite networks are
beginning to feature in ecological and evolutionary research (reviewed in Bascompte
and Jordano 2014; Cagnolo et al. 2011; Dormann et al. 2017), as illustrated by their
being used to model marine food webs (Rezende et al. 2009), mutualistic interac-
tions between flowers and seed-dispersing animal pollinators (Spiesman and Gratton
2016; Stang et al. 2009; Vazquez et al. 2009), and, more pertinently, host-parasitoid
relationships (Laliberte and Tylianakis 2010; Poulin et al. 2013). For networks that
combine links both within and across system components, some researchers have
coined the term “multimodal networks,” aka “multilayer” or “multislice networks”
(Kane and Alavi 2008; Finn et al. 2019).

Their potential to model the connections of complex systems make bipartite and
multimodal networks highly relevant tools for infectious disease research at human-
wildlife interfaces. Yet to our knowledge, they have not been extensively used in this
context. In the context of primates and EIDs, Gomez et al. (2013) used a combina-
tion of bipartite network construction and social network analytical tools to identify
primate species that are likely to harbor EIDs. They constructed a bipartite network
that linked each primate species with each parasite isolated from them. From this,
they projected a unipartite “social” network in which primate species as nodes were
linked to each other by edges weighted by the number of parasites they shared. They
then revealed that species that were highly central in this “primate-parasite” network
were also the most likely to function as “super spreaders” of EIDs to humans or at
least most likely to share those EIDs with humans, suggesting potential conservation
implications as well. However, only one macaque species—the toque macaque—
was among the top 10 most central primates in this network. So, the extent to which
macaques pose threats as transmitters of EIDs remains unclear [and more generally
reflective of a knowledge gap in infectious disease research in East and Southeast
Asia (Hopkins and Nunn 2007)], though this is undoubtedly likely to vary across
contexts.

As reviewed in the previous section, humans and macaques engage in a variety of
interactions at interfaces, some forms of which have already been linked to the
acquisition and transmission of parasites (summarized in Table 13.1). To assess the
mechanistic bases of such transmission, we recommend that future studies,
implementing a CNHS approach, focus on constructing bipartite and multimodal
networks based on intra- and interspecies interactions and spatial overlap at human-
macaque interfaces. For such networks, the choice of system components may also
be informed by the characteristics of the parasite studied (Craft 2015). For instance,
the transmission of RNA respiratory and retroviruses between humans and
macaques may require intense contact events such as bites and scratches and the
exchange of body fluids like blood and saliva. Yet their fast mutation rates and short
generation times may make them difficult to detect. So, multimodal networks of mild
and severe contact aggressive interactions among and between humans and
macaques over shorter durations of time may be useful for these purposes. On the
other hand, the transmission of gastrointestinal helminths, protozoa, and enteric
bacteria may require just subtle interactions such as human provisioning of
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macaques, acquisition from soil and anthropogenic surfaces, and macaque social
grooming and contact huddling interactions, any or all of which would involve fecal-
oral transmission (Balasubramaniam et al. 2016; Beisner et al. 2014, 2016; MacIn-
tosh et al. 2012). Given that enteric bacteria may also survive longer in anthropo-
genic environments such as human-contaminated food, water sources and substrates
(Sinton et al. 2007), moist soil (Kilonzo et al. 2011), and livestock (Craft 2015;
Rwego et al. 2007; VanderWaal et al. 2014), unraveling their transmission routes
may involve the construction of “multipartite” networks connecting contact patterns
and spatial overlap between these biotic and abiotic factors. An even higher level of
complexity may be required to detect the transmission routes of vector-borne
malarial parasites like Plasmodium knowlesi (Abkallo et al. 2014; Huffman et al.
2013b; Lee et al. 2011). These may depend heavily on geospatial variation in the
distribution and overlap of humans, reservoir macaques, and other host wildlife
populations, anopheline vectors, and a host of environmental factors that may be
conducive to the completion of both vector and pathogen life histories (Lee et al.
2011; Moyes et al. 2014).

Microbial Transmission Networks More recently, the phylogenetic relationships of
symbiotic gut microbes isolated from animal hosts have been used to construct
microbial transmission networks (VanderWaal and Ezenwa 2016). Such networks
offer special advantages to detecting the potential transmission pathways of parasites
that spread through the fecal-oral route (Sears et al. 1950, 1956; Tenaillon et al.
2010). Symbiotic microbes like gastrointestinal E. coli are present in almost every
individual, have shared evolutionary histories with intestinal pathogens, and are
typically acquired via fecal-oral routes (Caugant et al. 1981; Sears et al. 1950, 1956).
So, if two individuals have genotypically similar or identical strains of E. coli, they
are likely to have either shared the strain via fecal-oral transmission, which may
occur either through direct social contact or through using a common environmental
source (Chiyo et al. 2014; Springer et al. 2016; VanderWaal et al. 2013, 2014).
Further, they rarely (if ever) alter the behavior of the host (VanderWaal et al. 2014),
which allows researchers to potentially detect subtle transmission events that may
signal the potential for a more devastating outbreak. Limited research to date has
revealed strong links between the degree of dyadic similarity in E. coli and the
frequency of animal space use overlap and/or social contact patterns
(Balasubramaniam et al. 2018; Chiyo et al. 2014; Springer et al. 2016; VanderWaal
et al. 2013, 2014). Recently, a study on captive rhesus macaques established that
macaques in the same social network communities were more likely to share strains
of E. coli among themselves than they were to macaques from other communities
(Balasubramaniam et al. 2018). Previous assessments at human-primate interfaces
have revealed that the population genetic structure of gut E. coli from great ape
populations living in human-perturbed habitats was more similar to E. coli from
humans and livestock than they were to bacteria. Such findings encourage future
efforts to construct microbial transmission networks between humans and
overlapping macaque populations, which may serve as models to gauge the potential
transmission pathways of parasites with greater precision. However, the lack of
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discernible mortality or sickness behaviors associated with acquiring
non-pathogenic microbes makes them models, rather than accurate forecasters, for
parasite transmission.

Agent-Based Modeling When data on biological systems are either unavailable or
incomplete, mathematical models offer ways of dealing with such inadequacies. In
simple terms, a model may be thought of as a simplified version of a study system
used to better understand it (Epstein and Axtell 1996; Minsky 1965). Thus, the
complexity of a model has to be lower than that of the study system; otherwise its
usefulness is lost. The main advantage of a computational model is that it can be
tested infinitely by recreating or simulating a situation in the same way many
(thousands of) times by adding, removing, or varying parameters and measuring
emergent characteristics. These results are then usually compared with findings from
empirical data to confirm or reject the tested hypotheses and accept (at least tempo-
rarily) the one for which the simulations best explain the data (Epstein and Axtell
1996; Minsky 1965). Furthermore, outcomes from these models may reveal complex
or unexpected effects which may be different from, or even go undetected, based on
a priori predictions. This might in turn provide a stronger basis to make other
predictions, including those related to the relative role(s) of different predictive
factors, in future assessments of biological systems (Epstein and Axtell 1996;
Minsky 1965).

Unsurprisingly, the bottom-up approaches of simulated models have made them
exceptionally useful tools to understand the acquisition and transmission of para-
sites. The first mathematical models of parasite transmission did not implement
social network approaches: virtual individuals moved and interacted randomly in
their environments (Wilensky and Stroup 1999). From individual characteristics
(e.g., age, sex, hierarchical rank) and basic interaction rules (social contact, spatial
proximity, conflicts, etc.), these tried to assess how the more global phenomena of
parasite prevalence and outbreak potential emerge in a system (Romano et al. 2016;
Rushmore et al. 2014). In these models, only the R0, the initial number of infected
agents and their interaction rates, mattered. R0 is the basic reproduction number used
to quantify the transmission potential of a parasite, defined as the number of
secondary infections caused by a single infected individual introduced into a popu-
lation made up entirely of susceptible individuals. However, following the acknowl-
edgment that individuals do not move or interact randomly, social networks have
been integrated into these models during the last decade or so (Griffin and Nunn
2012; Huang and Li 2007; McCabe and Nunn 2018; Nunn 2009).

Expanding beyond homogenous populations that contain only susceptible indi-
viduals that interact randomly, recent studies have integrated network approaches
with a classic set of individual-based models used in epidemiology that classify
individuals or “agents” into moving between susceptible infected and resistant
(or SIR) classes or compartments (Bansal et al. 2007; Brauer 2008; Grimm and
Railsback 2005; Kohler and Gumerman 2000). Such integrated network-based SIR
models now form the basis of many epidemiological assessments in primate systems
(Griffin and Nunn 2012; Kohler and Gumerman 2000; McCabe and Nunn, 2018;
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Rushmore et al. 2014). For instance, the likelihood of parasite transmission from A
to B may be a function of (1) whether A is already infected, (2) the likelihood of a
link between A and B in their social network, and (3) the per-contact transmission
probability “Beta.” Simulations are run until set criteria are reached, e.g., either the
extinction or saturation of infection throughout the group, at which time the average
outbreak size or Rinfinity is calculated (Diekmann et al. 1998; Keeling 1999). The
implemented social network might be theoretical (Sueur et al. 2012), based on
empirical data (Romano et al. 2016; Rushmore et al. 2014), or both (Griffin and
Nunn 2012) depending on the aims of the study.

In a comparative evolutionary analysis that used both natural primate datasets and
simulated networks, Griffin and Nunn (2012) used an SIR model to reveal how
increased community modularity in the social network, despite a larger group size,
negatively impacts parasite success. In a more applied example of the implementa-
tion of agent-based models, Rushmore et al. (2014) modeled the social network of a
wild population of chimpanzees in order to target specific individuals to vaccinate.
Based on their social centrality, they revealed that it was sufficient to target fewer,
more central individuals for the same result regarding controlling the spread of
infection. In this study, social network position was a model parameter, but it
might also be the study object if the model includes feedback loops between the
social network and parasite acquisition. Corner et al. (2003), for instance, not only
showed that social networks of Australian possums (Trichosurus vulpecula) have an
effect on the transmission rate of tuberculosis (TB) but also that the spread of TB had
a feedback effect on the social network: infected possums showed higher proximity
degree and betweenness centrality than non-infected possums. To our knowledge,
agent-based models have not been applied to assess parasite transmission at human-
macaque interfaces. In order to do so, we recommend that future research implement
the SIR approach, but focus on using multimodal network models in the place of
social networks which may account for an added level of complexity to model the
heterogeneity between human-macaque and macaque-macaque interactions.

13.6 Conclusions

Our goals in writing this chapter were threefold. First, we wanted to convey how,
despite a recent surge in primate infectious disease ecological research during the
last two decades, relatively few efforts have focused on the impact of humans and
anthropogenic factors on disease risk in wild primates. Second, we hope to have
illustrated how our current knowledge of human-macaque interactions in particular
present “starting points” from which long-term, in-depth assessments of the ecology
of parasite acquisition and transmission at human-primate interfaces may be
conducted. We believe that such efforts would need to integrate ethnoprimatology
and infectious disease ecology in order to be successful. Finally, we hope to have
convinced readers of how research on infectious disease ecology at human-macaque
interfaces are also in need of the implementation of both novel conceptual
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frameworks (e.g., One Health, Coupled Systems) and cutting-edge analytical
approaches (e.g., Network Analyses, mathematical modeling). Such approaches
not only bolster the scope of epidemiological research but are also imperative for
the conservation and management of both threatened and potentially problematic
free-living primate (and indeed other wildlife) populations.
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Chapter 14
MRI Technology for Behavioral
and Cognitive Studies in Macaques In Vivo

Yong Zhu and Paul A. Garber

14.1 Introduction

Primate behavior, especially social behavior, might seem a strange place to begin in
trying to advance our understanding of the brain or human mind (Opstal 1996;
Critchley and Harrion 2013). Primate brains differ in structural details, proportion
among functional areas, as well as in overall size, implying specific adaptations to
the challenges posed by particular ecological and social environments across that
species’ evolutionary history. Given that brains require a disproportionate amount of
nutrients and energy relative to other body organs (Aiello and Wheeler 1995), an
understanding of the functional implications of evolutionary changes in brain orga-
nization is critical for evaluating relationships between cognition, decision-making,
and behavior (Rilling 2006) (Fig. 14.1).

The recent decade has seen an explosion of interest and information about brain
connectivity and functions over a wide range of spatial scales, including macro-
scopic, microscopic, and mesoscopic levels (Essen et al. 2016). Noninvasive imag-
ing studies with magnetic resonance imaging (MRI) technologies have been used for
over 30 years (Vanduffel 2018) and have made fundamental contributions to our
understanding of animal behavior and cognition, especially in our understanding of
the relationships between brain structures and brain function. For example, the
brain’s default mode network (DMN) consists of discrete, bilateral, and symmetrical
cortical areas in the medial and lateral parietal, medial prefrontal, and medial and
lateral temporal cortices of the human, nonhuman primate, cat, and rodent brains
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Fig. 14.1 Analyzing the relationship between brains and behavior (Mars et al. 2014). (a) In a
multivariate comparative approach, each brain is viewed as a unique combination of variables,
including whether the animal is active during night or day; whether it uses tools regularly,
occasionally, or not at all; what its diet is; or how complex its social life is. By using a whole-
brain and multivariate approach, it is possible for us to investigate how differences in specific
aspects of brain organization are related to different ecological and social variables. (b) MRI of
whole-brain (postmortem) samples allows a number of measures to be collected, for which
comparative analysis techniques have now been developed and validated
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(Raichle 2015). The DMN consistently decreases its activity when compared with
the activity of other brain areas during relaxed states. Using fMRI in macaques,
researchers have detected that a cortical network, activated during shifts in cognitive
activity, largely overlapped with the DMN and therefore have proposed that cogni-
tive shifting in primates generally recruits activity in DMN regions (Arsenault et al.
2018). Prior to 1991, it was virtually impossible to map brain activation rapidly and
noninvasively with full brain coverage and relatively high spatial and temporal
resolution (Bandettini 2009). The use of fMRI along with positron emission tomog-
raphy (PET), has revolutionized cognitive neuroscience (Logothetis 2008). Using
these noninvasive techniques, we can ask research questions such as the relationship
between brain and behavior in primates, which could not have been studied
otherwise.

Nonhuman primates (NHPs), especially macaques, have been used traditionally
as a model for studying many aspects of human behavior, health, and biology. This
includes social structure, social behavior, and social cognition. In this chapter, we
describe recent advances in MRI technology (including the state-of-the-art high field
MRI), review several fMRI and PET studies on macaques, and indicate how these
studies have contributed new insights into an understanding of nonhuman and
human primate cognition and behavior.

14.2 Magnetic Resonance Imaging (MRI)

14.2.1 Background of MRI

MRI is a painless, noninvasive tool commonly used to diagnose disease progression,
injury, or other ailments. Since its discovery in 1945, nuclear magnetic resonance
(NMRI) has been used extensively as an analytic tool in chemistry and physics. In
the early 1970s, interest in localized tissue measurements and the realization that
highly accurate internal images could be obtained expanded the potential applica-
tions of NMRI in medical research. By the 1980s, the quality of NMRI in humans
had been improved to the point that the radiological community considered MRI as
the next high technology imaging modality.

Today, we refer to “NMRI” as MRI. The use of word “nuclear” in the acronym was
dropped to avoid a negative association with the potential exposure to nuclear
radiation. Its working principle is based on the fact that certain atomic nuclei are
able to absorb and emit radio-frequency energy when placed in an external magnetic
field. In both its clinical application and in MRI research, hydrogen atoms are most
often used to generate a detectable radio-frequency signal that is received by antennas
in close proximity to the anatomical structure being examined. Hydrogen atoms are
naturally abundant, particularly in water and fat. For this reason, most MRI scans
essentially map the location of water and fat in the body. Pulses of radio waves excite
the nuclear spin energy transition, and magnetic field gradients localize the signal in
space. By varying the parameters of the pulse sequence, different contrasts may be
generated between tissues based on the relaxation properties of the hydrogen atoms.
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14.2.2 The Advantages of MRI

Compared with other medical imaging techniques such as X-ray imaging, ultrasonic
imaging, and computed tomography (CT), MRI is a painless and noninvasive
method to view human or animal tissue and obtain anatomical and functional
diagnostic information. While the hazards of X-rays are now well-controlled in
most medical contexts, MRI may still be seen as a better choice than CT. MRI
scanners are designed to visualize non-bony parts or “soft tissue” areas such as
muscles, ligaments, and tendons. In particular, the brain, spinal cord, and nerves are
seen much more clearly with MRI than with regular X-rays and CT scans.

What are the advantages of an MRI scan? To summarize, there are several as
follows:

1. High accuracy
In clinical diagnostics and studies, MRI is used as the preferred medical

examination tool owing to its high accuracy in the detection of serious ailments
such as tumors and cancers. In research, it can be used in structural and functional
connectivity studies. In addition, the MRI scan parameters can be adjusted for a
more comprehensive view of the area of interest.

2. Less confining
An MRI scanner has a design that makes it less confining for the patient or

research subject. It is possible to assign tasks to the subject in the scanner, for
example, evaluate light or sound stimulation, and this facilitates directly linking
behavior and functional anatomy.

3. Noninvasive
MRI does not involve X-rays or the use of ionizing radiation, distinguishing it

from CT or CAT scans. This removes all ethical concerns regarding harm that
could be done to patients or study subject. This permits the ethical use of fMRI
research studies because normal subjects face no risk of harm or injury.

With these four main advantages, MRI represents a powerful tool well suited
for studying in vivo behavioral responses, especially functional studies that link
neuroanatomy and cognitive behavior in primates.

14.2.3 State of the Art at High Field MRI

As far as MRI is concerned, the need to achieve the highest possible magnetic field in
clinical settings has been a major motivation for scientists and engineers to improve
the imaging technology. As a result, MRI scanners have evolved from the first
generation (0.5 Tesla or 0.5 T) to the conventional (1.0–1.5 T) scanner and then to
the high field (3 T) scanners in clinical applications. Most recently, ultra-high field
MRI scanners ranging from 7 to 11.7 T have been designed. Generally speaking, the
higher the magnetic field, the better the resolution of the images.

Using MRI, a higher magnetic field intensity leads to a higher signal-to-noise
ratio (SNR), resulting in a higher image resolution. However, higher magnetic field
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intensity can lead to a smaller caliber machine (the diameter of the machine that
allows the animal to be scanned) meaning that animals larger than macaques (e.g.,
gorilla) could not be examined. For example, the 3 T MRI scanner in clinical
applications usually has a 70 cm caliber, suited for human or gorilla body scans.
The 9.4 T MRI scanner with a caliber ranging from 30 to 40 cm is suitable for NHPs
ranging in size from a mouse lemur to a macaque. The 9.4 T MRI scanner obtains
enhanced image resolution compared to the 3 TMRI scanner. Therefore, considering
the image resolution, a 9.4 TMRI scanner is the most suitable for studying mammals
ranging from rodents to most species of NHPs.

There are many 9.4 T MRI scanners currently in use. For example, a 9.4 T MRI
scanner with a 40 cm diameter bore (Agilent, US) is operated at the High Magnetic
Field Laboratory (HMFL), Chinese Academy of Sciences, Hefei. This scanner is
dedicated to the study of larger mammals (e.g., dog, sheep, and macaque). Another
9.4 T/30 cm MRI scanner (Bruker, Germany) is operated at the Shanghai Institute of
Biological Sciences of the Chinese Academy of Sciences. This scanner focuses on
scientific research requiring a high magnetic field. At the University of Chicago,
Chicago, Illinois, a 9.4 T/30 cmMRI facility is used for basic science research within
the Department of Radiology. The goal is to advance state-of-the-art animal imaging
technology at the anatomical and functional level (https://mris.uchicago.edu/). Many
experimental studies of NHPs that focus on research questions including brain
development, brain structural changes, and functional studies of different brain
regions have been conducted using other types of 9.4 T MRI scanners such as the
9.4 T/35 cm scanner in Germany (Goebel et al. 2009) and France (Même et al. 2015)
and the 9.4 T/39 cm scanner at University College London Centre for Advanced
Biomedical Imaging, London (Ramasawmy et al. 2016).

Some primate studies have been carried out on 1.5 T or 3 T scanners (Nelissen
and Vanduffel 2017), with a sub-optimal resolution in the range of 2–3 mm. In vivo
studies of structural brain imaging at 7 T have been reported in the rhesus macaque
(Macaca mulatta), with resolution from 0.3 to 0.5 mm (Zitella et al. 2015). A much
finer image resolution (under 100 μm) is needed to pick up minor changes, such as in
brain aging that would be required to examine questions of ontogenetic changes in
social behavior related to aging. However, only a limited number of primate studies
have used 9.4 T MRI scanners, which would generate in vivo data with a resolution
on the order of 0.1 mm. This level of resolution is needed to examine questions
related to the substructure of the hippocampus. Because dynamic brain alterations
can be detected on a much finer scale, high field MRI greatly facilitates studies
integrating primate brain structure and behavioral change.

14.3 In Vivo MRI Study in Macaques

Investigations into the structure and function of the NHP brain have significantly
contributed to our overall understanding of cognition.
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14.3.1 Structural MRI in Brain Imaging Study

To understand the anatomical localization and functional activity in different cortical
areas, it is necessary to obtain an accurate map of neural architectonic areas. In most
MRI studies, primates are anesthetized when scanned. The latest research, published
in the journal NeuroImage, has created an anatomical MRI brain template derived
from 31 rhesus macaques (the macaques were juveniles and adults between 3.2 and
13.2 years old). The template also includes tissue maps, surfaces, and transformation
scripts to assist in data analysis (Seidlitz et al. 2018). These data can be used to
determine the variance of cortical topographies in the same individual over time and
also compare cortical differences between infants, juveniles, and adults. This can be
used as a framework for examining correlational relationships between changes in
behavior and behavioral and brain development.

Unlike morphological studies using postmortem tissue samples, MRI allows the
noninvasive, in vivo assessment of many different brain parameters including the
topography and volume of gray and white matter in brain structures. At the level of
the cerebral hemisphere, gray matter is mainly distributed in the periphery (cortex)
while the white matter is located deep within the cortex.

Phillips and Sherwood (2008) described growth patterns in total brain volume,
cortical gray and white matter volume, frontal lobe gray and white matter volume,
and corpus callosum area in 29 brown capuchin monkeys (Sapajus nigritus, for-
merly Cebus apella) ranging in age from 4 days to 20 years. Of the total subjects,
12 were adults (�5 years) and 17 were juveniles (between 4 days to 5 years). The
results revealed that nonlinear age-related changes in total brain volume, cortical
white matter volume, and frontal white matter volume occur from birth to 5 years of
age (subadult period of development). The implications of these results is the rapid
increase of frontal lobe white matter during the first few years of life corresponds
with opportunities for social learning and acquiring technical skills related to object
manipulation, prey search, possibly tool use, and other complex foraging behaviors
(Phillips and Sherwood 2008). Similarly, Wisco et al. (2008) studied the age-related
white and gray matter volume changes in eight young adult (5–12 years), six middle-
aged adult (16–19 years) and eight old adult (24–30 years) rhesus macaques. The
results found an overall decrease in the total forebrain (5.01%), forebrain paren-
chyma (5.24%), forebrain white matter (11.53%), forebrain gray matter (2.08%),
caudate nucleus (11.79%), and globus pallidus (18.26%) with increasing age.
Corresponding behavioral data for five of the younger, five of the middle-aged,
and seven of the old adults on the delayed non-matching to sample (DNMS) task, the
delayed recognition span task (DRST), and the cognitive impairment index (CII)
found no correlation between these cognitive measures and ROI volume changes.

In a recent study, Scott et al. (2016) longitudinally assessed normative brain
growth patterns using MRI in rhesus macaques. Cohort A consisted of 24 individuals
(12 males, 12 females) and cohort B of 21 individuals (11 male, 10 female). They
scanned the macaques at 1, 4, 8, 13, 26, 39, and 52 weeks of age. Cohort A had
additional scans at 156 weeks (3 years) and 260 weeks (5 years) (Fig. 14.2). The
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results showed that total brain volume at 1 week was approximately 64% of that of
the adult. Brain volume was larger in male rhesus macaques compared to females.
While brain volume generally increased between any two imaging time points, there
was a transient plateau of brain growth between 26 and 39 weeks in both males and
females (Scott et al. 2016). This study serves as a starting point for more extensive
analyses into the relationship between structural development of the brain and
behavioral development of the rhesus macaques. The image database is available
to behavioral scientists for addressing additional questions examining the relation-
ship between changes in behavior and changes in neural development, including the
emergence of sex and species typical behavior.

To evaluate hippocampal development in rhesus macaques, Hunsaker et al.
(2014) obtained longitudinal structural MRI scans at 9 time points between
1 week and 260 weeks (5 years) of age in 24 rhesus macaques (12 males, 12 females)
(Fig. 14.3). The results showed that the hippocampus reached 50% of its adult
volume by 13 weeks of age and full adult volume by 52 weeks in both males and
females. The hippocampus appears to be slightly larger at 3 years than at 5 years of
age, and damage to the hippocampus deficit can result in permanent changes in
behavior such as learning and memory, as well as neurocognitive function. Male
rhesus macaques have a 5% larger hippocampi than females from 8 weeks of age
onward. Neuroimaging studies in rhesus macaques can provide critical information
about the relationships between MRI volumetric changes and behavior during
individual development.

Fig. 14.2 Brain MRI at each study time point (Scott et al. 2016). Age-specific, horizontally
oriented templates are shown for each study time point. Each template represents an average
brain image constructed from individual subject scans. Images display enhanced signal-to-noise
and optimal shape characteristics relative to individual scans (scale bar represents 1 cm)

14 MRI Technology for Behavioral and Cognitive Studies in Macaques In Vivo 293



Fig. 14.3 MRI for hippocampal tracings at different ages (Hunsaker et al. 2014). Sample hippo-
campal tracings from a single male rhesus macaque. Shown are scans at 1 week, 4 week, 26 weeks,
39 weeks, and 260 weeks of age. Note the difference in white matter at the different ages. All scans
are shown at the same scale for direct visual comparison. Note the general shape of the traced
hippocampus and size relative to the rest of brain at different ages (scale bar ¼ 1 cm)
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Liu et al. (2015) examined brain development in 14 male rhesus macaques from
6 to 16 months of age. The results showed rapid growth (6.21%) in brain volume
during early development between 6 and 10 months of age compared to a 2.81%
growth rate between 10 and 16 months of age. Early expansion is mainly the result of
a significant increase in white matter volume, while the later decline can be partly
explained by a significant decrease of gray matter volume after 10 months of age.
Compared with macaque brain development, human brain volume increases by
100% during the first year of life and then maintains cubic growth into adolescence.
The pattern of human brain growth differs from the rhesus macaque in that humans
have a less mature brain at birth (approximately 25% of adult size) and a longer
period of early rapid brain growth during the first year of life (Phillips and Sherwood
2008).

14.3.2 Functional MRI in Brain Imaging Study

Functional magnetic resonance imaging (fMRI) has been used extensively in com-
parative sensory and cognitive experiments associated with brain activation mapping
in NHPs and humans (Logothetis et al. 1999; Nakahara et al. 2002; Mantini et al.
2012). Moreover given that the subject is alert, one can study relationships between
behavior, decision-making, and neural activity in real time. What exactly does fMRI
tell us? We know that its signals arise from changes in local brain hemodynamics
that, in turn, result in alterations in neuronal activity. However, exactly how neuronal
activity, hemodynamics, fMRI signals, and decision-making are related is still
unclear. It has been assumed that the fMRI signal is proportional to the local average
neuronal activity, but many factors can influence this relationship (Heeger and Ress
2002).

For comparative studies of human and nonhuman primates, subjects are exposed
to the same set of images as their brains are scanned using fMRI. The time course of
fMRI activity during viewing is extracted from “seed” regions in human participants
and correlated with the fMRI signal in NHP, or vice versa, with an adjustment made
for interspecific differences in vascular hemodynamics. After statistical
thresholding, which is a method of image processing, the resulting maps for each
species show areas that are stimulated and potentially homologous with the targeted
seed region in the other species (Wager and Yarkoni 2012) (Fig. 14.4). fMRI has
been used to study the primate visual system (Logothetis et al. 1999; Nakahara et al.
2002; Russ and Leopold 2015), the auditory system (Mantini et al. 2012; Ortiz-Rios
et al. 2015), and the motor system (Bauman et al. 2013), again principally in
macaques. We present the results of some of these studies below.

Ortiz-Rios et al. (2015) investigated how species-specific vocalizations are
represented in auditory and auditory-related regions of the brain using fMRI in
rhesus macaques. The results indicated that these vocalizations preferentially acti-
vated the auditory ventral stream and in particular areas of the anterolateral belt and
parabelt.
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A major limitation of fMRI studies of nonhuman primates is the difficulty of
training monkeys and apes to remain calm when placed in the restraining devices
required to limit movement during scanning. Srihasam et al. (2010) developed a
technique for holding subjects’ heads motionless during scanning using a custom-
fitted plastic helmet, chin strap, and mild suction supplied by a vacuum blower. This
vacuum helmet method appeared to have few adverse effects on subject physical
health (although the monkeys were stressed) even after repeated use for several
months.

14.4 Conclusion

Studies of the brain of nonhuman primates are vital for understanding aggressive and
cooperative interactions (Rilling 2014). Noninvasive imaging technologies, such as
fMRI, are an important research tool that provide data that field primatologists can
use to better understand how age, sex, and species differences in neural develop-
ment, social experience, and neurohormones affect behavior and cognitive pro-
cesses. For example, differences in patterns and rates of brain growth may help
explain taxonomic differences in maternal pre- and postnatal offspring investment;
differences in the manner in which species encode, store, and integrate temporal,
spatial, and quantitative information in deciding where to feed; and species-specific
differences in cooperative behavior. For example, oxytocin, a neurohormone syn-
thesized in the hypothalamus, can increase cooperative behavior and reduce fear of
cheaters in humans by stimulating brain regions that associate cooperative interac-
tions with feelings of pleasure or reward (Rilling 2014). In the case of wild

Fig. 14.4 Humans and monkeys watch the same film as their brains are scanned with fMRI (Wager
and Yarjoni 2012). The time course of fMRI activity during viewing is extracted from “seed”
regions in human participants and correlated with the fMRI signal in monkeys, and vice versa, with
an adjustment made for interspecific differences in vascular hemodynamics

296 Y. Zhu and P. A. Garber



chimpanzees, Wittig et al. (2014) found that during periods of food sharing, levels of
urinary oxytocin concentration increased significantly compared to periods when
chimpanzees fed alone. Moreover this effect was evident in chimpanzees who shared
food with close partners and in chimpanzees who shared food with nonpartners
(Wittig et al. 2014). Similarly, Crockford et al. (2013) found that oxytocin levels in
wild chimpanzees increased equally when individuals groomed kin or nonkin. Thus,
there exists an important neurohormonal mechanism for promoting social coopera-
tion between both related and nonrelated group members. In the case of common
marmosets (Callithrix jacchus), a small-bodied New World monkey, Finkenwirth
et al. (2016) examined relationships between nonmaternal infant caregiving and
urinary oxytocin levels. In this species, both male and female helpers were found to
exhibit significantly higher levels of urinary oxytocin when caring for offspring than
during periods when not providing infant care. Finally, different species of macaques
vary in dominance style from highly aggressive to highly affiliative. Although early
experience may contribute to the ways in which individuals interact with others, a
study by Rosenblum et al. (2002) reported that bonnet macaques (M. radiata), which
are highly affiliative, were characterized by higher levels of oxytocin than pig-tailed
macaques (M. nemistrina) which are highly aggressive. Combined, these studies
highlight the integrated role of neurohormones, neuroreceptors, and social experi-
ence in understanding primate social interactions and behavior.

Neurodevelopmental research is expected to expand in the future, offering new
insights and understanding into links between neural anatomy and behavior, both
within and between species. For example, neurodevelopmental studies may allow us
to understand how the brain neuronal functions organize and mature during different
stages of development. This will allow researchers to address questions linking
behavior, ontogeny, and social cognition in primates.
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