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Foreword by Jane Goodall

(Photo: Jane and Ayumu, November 2002)

This book describes, firstly, the unfolding of an imaginative and brilliantly con-
ceived research project; secondly, the development of the fascinating relation-
ship between the principal collaborators, Tetsuro Matsuzawa and Ai—a human
being and a chimpanzee (subsequently a third major player was recruited:
Ayumu, Ai’s son, born in 2000); and thirdly, the journey of Matsuzawa the
laboratory scientist into the African wilderness, where he adapted the lab
researchers’ methodology to a completely new environment: in the wild it is only
the methods of data collection that can be controlled; the movements and behav-
ior of the subjects cannot.

I first met Matsuzawa in 1986 at a conference “Understanding chimpanzees”
in Chicago, where I was most impressed with the paper he presented on the
accomplishments of a chimpanzee named Ai. The following year I met Ai herself.
When I first saw her she was in her enclosure with other chimpanzees. We made
eye contact, and I gave the soft panting grunts that chimpanzees utter when they
greet each other. She did not reply. An hour later I was crouched, looking through
a small pane of glass, so that I could watch her at her computer. Matsuzawa
warned me: “She hates to make a mistake, and especially if a stranger is watch-
ing. She will bristle up and charge towards you and hit the glass window. But
don’t worry — it’s bulletproof glass!”

For some time Ai made one correct response after another. Then came the
first mistake. Sure enough, Ai glared at me, bristled, and charged towards me.
But at the last moment she stopped, her hair sleeked, and, looking at me intently,
she pressed her lips to the glass. I kissed in return. She made a total of three mis-
takes, and each time the same result—a mutual kiss through glass. Matsuzawa
told me that had never happened before, and I don’t think it has happened since!
On my next visit I was allowed to spend an hour sitting with Ai in her room, just
the two of us. It was a memorable experience, looking into her wise eyes, groom-
ing her a little, playing for a while.

I first saw Ayumu when he was a small infant. When he was two and a half
years old I was allowed to go into his room but was warned that he was quite
rough with strangers. As I am familiar with boisterous chimpanzee youngsters
in our African sanctuaries (orphans whose mothers have been shot by hunters),
I was prepared to have my hair pulled and my hands and arms bitten through
my clothing. But it wasn’t like that at all. Ayumu was so gentle, grooming me,
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laughing softly as I tickled him, climbing all over me, and repeatedly kissing me.
It reminded me of my first contact with his mother. Afterwards I watched Ayumu
working with his computer. Like Ai, he seemed to have great concentration and
loved to press the right panels for a small reward.

This book reveals sometimes surprising aspects of chimpanzee intelligence,
discovered I believe because Matsuzawa’s sensitivity for his primate collabora-
tor allowed him to ask the right questions in the right way. His intuitive and sen-
sitive reading of chimpanzee nature, coupled with the meticulous methodology
and quick intellect of the true scientist, made him the perfect partner for Ai—
herself a remarkably intelligent chimpanzee. One of the reasons she is able to
master very complex tasks is because she has an incredible power of concentra-
tion, and because she truly wants to succeed. Indeed, if she gets a bad score after
one 20-minute test session, she may actually ask for another session so that she
can try to do better.

One incident illustrates how these qualities enhance her success. Ai was
working at a difficult task that involved memorizing a sequence of numbers on
one computer screen so that she could replicate it on a second screen. A film
crew was present, as well as myself. Ai, who is used to peace and quiet whilst she
works, began to lose her concentration as first one and then another member of
the team moved to get a better view, often bumping into the cage. She began to
make mistakes—and after a few minutes her hair began to bristle. I was sure she
was about to vent her frustration in a stamping display. Instead, she suddenly
stopped working altogether, her hair sleeked, she sat very still and seemed to be
staring at a point midway between the two screens. For at least 30 seconds, and
maybe longer, she remained motionless. Then she started to work again. For the
remainder of the session she paid no further attention to her noisy human
observers. It was exactly as though she had decided that she must either give up
or else pull herself together and get on with the job! At any rate, whatever that
pause meant, she made no further mistakes!

This book represents an important contribution to our overall understanding
of the intelligence of our closest living relatives, and the development of a variety
of mental and social skills, in some remarkable individuals. And it provides a
valuable bridge between research conducted in the controlled conditions of the
laboratory and that which takes place in the natural environment. Finally, it will,
I believe, help many to understand the role that can be played by empathy
between scientist and subject, especially when there is such a close evolutionary
relationship between the two.



Preface

Humans and chimpanzees last shared a common ancestor about 5 to 6 million
years ago. Single-nucleotide substitutions occur at a mean rate of 1.23% between
copies of the human and chimpanzee genome. Chimpanzees are our closest
living evolutionary relatives, and therefore it is reasonable to suggest that under-
standing them may provide us with clues to understanding human nature.
The present book focuses on cognition and its development in chimpanzees,
providing a window through which the reader can glimpse the cognitive world
of another species. Across the 28 chapters, a large variety of topics are covered,
including perception, cognition, emotion, memory, face recognition, folk
biology, categorization, concept formation, object manipulation, tool manu-
facture and use, decision making, learning, possible instances of teaching,
education by master-apprenticeship, communication, origin of speech, gaze
following, mutual gaze, smiling, social referencing, food sharing, neophobia,
mother-infant bonds, parental care, self-awareness, intentionality, imitative
processes, understanding others’ minds, cooperation, deception, altruism, reci-
procity, personality, social networks, culture, social learning, and ecological
constraints.

The approach advocated in this book clearly sets our work apart from previ-
ous studies. The so-called ape-language paradigm has focused on single home-
raised subjects: isolated apes were taught human-like skills and were forced to
adapt to human ways of communication and the human environment. In con-
trast, we study chimpanzees in a captive, yet much more natural, setting. Infants
are reared by their own mothers, and live within a community comprising three
generations of chimpanzees in an enriched outdoor environment. In our “par-
ticipation observation” method, the infants take part in tests run by human
experimenters with the assistance of chimpanzee mothers. These studies in the
laboratory have already illuminated developmental changes in chimpanzee cog-
nition over the first 5 years of life through intensive observation and many con-
trolled experiments.

In addition, in parallel with our laboratory work we also conduct field studies
in Africa with the aim of learning more about chimpanzees in their natural
habitat. Long-term research at Bossou, in Guinea, West Africa, has just entered
its fourth decade. Field experiments on tool use have created a logical bridge
between field observations and laboratory experiments—drawing together
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evidence from these distinct sources, we aim to elucidate chimpanzee cognition
as a whole.

Each human community has its own unique cultural traditions. According to
the Christian calendar, I am writing this in 2006, but in Japan the year is 2666,
which, incidentally, is also the year of the dog. The Japanese calendar begins with
the first emperor, Jimmu (660 B.C.), whose 125th successor rules today. West-
erners use 26 letters of the alphabet (plus some additional variants) to express
ideas and communicate with one another in written form. In contrast, Japanese
primary schoolchildren have to learn the basic 45 letters of the kana script to
express information phonetically, as well as 1006 kanji (Japanese and Chinese)
characters, each of which has a unique shape and meaning. The Japanese use a
pair of chopsticks to eat sashimi, but it does not follow that all humans use a
pair of sticks as a pinching device to eat raw fish. Each culture is unique, differ-
ent, but at the same time each shares some characteristics common to all human
cultures. Chimpanzees also have a rudimentary form of culture. Researchers now
recognize that, similarly to the human examples just given, each community of
wild chimpanzees has its unique set of behavioral traditions. For example, chim-
panzees in Gombe are well known to fish for termites, while those in Bossou do
not perform this behavior. Bossou chimpanzees eat termites that emerge from
their mound, but seldom use fishing tools to reach those that cannot be seen
from the outside. They do, however, have ways of obtaining other hidden foods:
Bossou chimpanzees use a pair of stones as hammer and anvil to crack open
hard-shelled oil-palm nuts. Gombe chimpanzees do not use stone tools for nut
cracking even though both oil-palm trees and stones are readily available. They
instead eat only the outer red, soft tissue of oil-palm nuts, leaving behind the
kernel concealed inside the hard shell. Each community of chimpanzees has its
own unique culture, not only in terms of tool use but also for such matters as
greetings and possibly dialects.

In many living organisms, genetic channels are important for the transmis-
sion of information from one generation to the next. However, in both humans
and chimpanzees, the cognitive-learning channel also plays an essential role in
the cross-generational transfer of knowledge, skills, and values. Chimpanzees
survive 40 to 50 years, or even longer. Infants continue to suckle for the first 4
to 5 years of life. Details of how, when, what, where, and from whom to whom
information is transmitted between generations is a fundamental issue for
understanding chimpanzee behavior. Chapters in this book focus on various
aspects of chimpanzee cognition and the developmental changes associated with
them. The core part of the book is the collaborative product of the three editors,
their postdoctoral assistants, graduate students, and Japanese and foreign
collaborators, working at the Primate Research Institute of Kyoto University
(KUPRI), Japan. The research project we refer to as “Cognitive Development in
Chimpanzees” (CDC) began in 2000, with the birth of three chimpanzee infants
in the KUPRI community.

This book has a sister volume entitled Primate Origins of Human Cognition
and Behavior, published in 2001 by Springer. It covers various topics related to
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comparative cognitive science in chimpanzees and more than 90 species of non-
human primates, in an attempt to synthesize fieldwork and laboratory work. I
encourage readers to consult the earlier book for a broader perspective and his-
torical background.

The following Internet sites provide useful information about our ongoing
projects:

Laboratory work: http://www.pri.kyoto-u.ac.jp/ai/index-E.htm

Fieldwork: http://www.pri.kyoto-u.ac.jp/chimp/index.html

References: http://www.pri.kyoto-u.ac.jp/koudou-shinkei/shikou/index.html
Green Corridor Project: http://www.phytoculture.co.jp/greenbelt-top-E.html
HOPE International Collaboration: http://www.pri.kyoto-u.ac.jp/hope/index.html
SAGA for conservation and welfare: http://www.saga-jp.org/

I deeply thank all the contributors for their efforts to make this book possi-
ble. Each of the authors may have his or her own long list of acknowledgments,
as all research requires help from many people. The three editors wish especially
to express their thanks to Kiyoko Murofushi, who began the chimpanzee project
(now known as the “Ai Project”) at the Primate Research Institute in 1978. We
also thank Toshio Asano, Shozo Kojima, Kisou Kubota, Tetsuya Kojima, Kazuo
Fujita, Nobuo Masataka, Shinichi Yoshikubo, Jyunichi Yamamoto, Takao Fushimi,
Shoji Itakura, Koji Hikami, Rikako Tonooka-Tomonaga, Noriko Inoue-
Nakamura, Kazuhide Hashiya, So Kanazawa, Akira Satoh, Shuji Suzuki, and
Akihiro Izumi for their collaboration in running the laboratory. Sumiharu
Nagumo developed computer programs to assist our cognitive research.
Masuhiro Suzuki tended the plants in the compounds and orchards for the chim-
panzees. Special thanks are due to the veterinarians and caretakers: Kiyoaki
Matsubayashi, Shunji Gotoh, Satoru Oda, Junzo Inagaki, Juri Suzuki, Yoshikazu
Ueno, Norikatsu Miwa, Nobuko Matsubayashi, Masamitu Abe, Yoshiro
Kamanaka, Mayumi Morimoto, Chihiro Katsuta-Hashimoto, Akino Kato, Akihisa
Kaneko, Kiyonori Kumazaki, Norihiko Maeda, Yoshitaka Fukiura, Shino
Yamauchi, Shohei Watanabe, and Takashi Kageyama. We also thank Michiko
Sakai for many years of secretarial work. We are grateful to the group of Gifu
University veterinary students who looked after the chimpanzees every Sunday
for the past 4 years: Akihisa Kaneko, Masato Kobayashi, Atsushi Kodama, Nami
Nakayama, Shino Tanaka, Tomoya Kaneko, and Mami Kondo.

The research project CDC 2000 was originally set up by the three editors
of this book together with two postdoctoral researchers, Masako Myowa-
Yamakoshi (Shiga Prefectural University at present) and Satoshi Hirata
(Hayashibara GARI), and help from the following people: Shozo Kojima, Akihiro
Izumi, Noriko Inoue-Nakamura, Tomomi Ochiai-Ohira, Chisato Douke-Inoue,
Cl4dudia Sousa, Maura Celli, Dora Biro, Ari Ueno, Yuu Mizuno, Makiko Uchikoshi,
Gaku Ohashi, Sanae Okamoto-Barth, Noe Nakashima, Tomoko Imura, Midori
Uozumi, Toyomi Matsuno, and Misato Hayashi. Many other collaborators have
made unique contributions to the project, and without their efforts and dedica-
tion we would not have been able to put together such a comprehensive picture
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of chimpanzee cognition. In particular, we appreciate the cooperation of our
collaborators from other disciplines, such as morphology, neuroscience,
and genomics: Osamu Takenaka, Akichika Mikami, Yuzuru Hamada, Takeshi
Nishimura, Kaoru Chatani, Hirohisa Hirai, Motoharu Hayashi, Keiko Shimizu,
and Miho Inoue-Murayama. The following researchers outside KUPRI are
involved in collaborative studies with us: Kazuo Fujita, Shoji Itakura, Kazuhide
Hashiya, Nobuyuki Kawai, Hideko Takeshita, Yukuo Konishi, Gentaro Taga, Rieko
Takaya, Tatsushi Tachibana, Satoru Ishikawa, Daisuke Kosugi, Yuko Kuwahata,
Chizuko Murai, So Kanazawa, Masami Yamaguchi, Naruki Morimura, Sumirena
Sekine, Toshiko Uei-Igarashi, Naoki Horimoto, Seiichi Morokuma, Shohei
Takeda, Orie Nakagawa, Reiko Oeda, Kikuko Tsutsui, Yusuke Moriguchi, Masako
Matsuzawa, and Aya Saitoh. Our collaborators abroad are also numerous: Iver
Iversen, Joel Fagot, James Anderson, Dorothy Fragaszy, Kim Bard, Elisabetta
Visalberghi, Celine Devos, Amelie Dreiss, Nadege Bacon, Carol Betsch, Dina
Stolpen, Pan Jing, Sanha Kim, Mariko Yamaguchi, Patrizia Pozi, and Jessica Crast.
The ongoing project continues to be assisted by Sana Inoue, Tomoko Takashima,
Etsuko Nogami, Suzuka Hori, Shinya Yamamoto, Yoshiaki Sato, and Laura
Martinez.

Fieldwork at Bossou over the past three decades has been carried out in col-
laboration with Institut de Recherche Environnementale de Bossou (IREB) and
Direction Nationale de la Recherche Scientifique et Technique (DNRST) of the
Republic of Guinea. We thank Kabine Kante, Fode Soumah, Coullibaly Bakary,
Jeremie Koman, Tamba Tagbino, Momoudou Diakite, and Makan Kourouma, as
well as other staff from these organizations. We also thank our local assistants
and the villagers at Bossou who have given us their support over the many years
since the project began in 1976. Special thanks are due to the two oldest guides
who have been working with us since the 1970s: Guano Goumy and Tino
Zogbila. The Bossou-Nimba project is currently run by the following members
of the KUPRI international team: Yukimaru Sugiyama, Tetsuro Matsuzawa, Gen
Yamakoshi, Hiroyuki Takemoto, Shiho Fujita, Satoshi Hirata, Gaku Ohashi,
Misato Hayashi, Kazunari Ushida, Shinya Yamamoto, Asami Kabasawa, Gentaro
Uenishi, Ryutaro Goto, Ryo Hasegawa, Tatyana Humle, Dora Biro, Cldudia Sousa,
Kathelijne Koops, Kim Hockings, Nicolas Granier, and Susana Carvalho.

Our research activity both in the wild and in the laboratory has been filmed
by ANC (Miho Nakamura and Tamotsu Aso), NHK, and the Mainichi Newspa-
per Company (Daisuke Yamada and Akihiro Hirata). Chukyo TV (Michiyo
Owaki) has also kept a long-term film record, through periodic visits to our lab-
oratory. We thank these people for their collaboration in documenting our
research. The color photos reproduced in the book were provided by Akihiro
Hirata (1c, 2ab, 3b-f, 4ab), Hiroki Sameshima (3a), Tomomi Ochiai (5ab), Gaku
Ohashi (7a-e,g), Tatyana Humle(6b, 7, 8b), and Tetsuro Matsuzawa (1ab, 6a, 8a).

Our studies in the laboratory and the field were financially supported by
grants from MEXT (12002009, 16002001 to Tetsuro Matsuzawa; 11710035,
13610086, 16300084 to Masaki Tomonaga; and 12710037, 15730334 to Masayuki
Tanaka) and from JSPS (21COE program for biodiversity Al4, and 21COE
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program for psychological studies D10). Additional support came from the
cooperative research program of KUPRI. The project HOPE (an anagram of
“Primate Origins of Human Evolution”), a core-to-core program financially sup-
ported by JSPS, began on February 1, 2004, and encouraged us to publish our
studies in English. HOPE aims to build an international network of collabora-
tions to promote the study of nonhuman primates with the aim of understand-
ing human nature. I thank the following scholars for their leadership and role
in setting up the collaboration: Michael Tomasello, Josep Call, Svante Pédbo,
Christophe Boesch, Jean-Jacques Hublin, Richard Wrangham, Marc Hauser,
Frans de Waal, William McGrew, and Elisabetta Visalberghi. Conservation in
Africa has been supported by the following agencies and organizations: Japan-
ese Embassy in Guinea, Japan Fund for Global Environment, U.S. Fish and
Wildlife Services, Conservation International (Primate Action Fund), Houston
Zoo (USA), CCCC-Japan, SAGA, GRASP-Japan, Phytoculture Control Co.,
Nippon Keidanren, and Toyota.

In closing, I would like to express our gratitude to our publisher, Springer. I
thank Tatiana and Dieter Czeschlik for their friendship and continued support.
Thanks are also due to Aiko Hiraguchi, Akemi Tanaka, and Motoko Takeda for
their editorial work, and to Susan Kreml and Winston Priest for the copyedit-
ing. Because this book is the result of a collaboration among such a large and
varied group of people, I hope that it will provide stimulating reading to all those
interested in human origins and our evolutionary neighbors.

Tetsuro Matsuzawa
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la. (Upper left): Pal (left) and Ayumu (right) on October 23, 2001
1b. (Upper right): Cleo (left) and Ayumu (right) on October 23, 2001

1c. (Lower): The Ayumu-Cleo-Pal trio on February 1, 2002






2a. First calligraphy of the New Year by the chimpanzee Ai. January 1, 2000
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2b. Participation observation based on the triadic relationship of the chimpanzee mother, the
infant, and the tester. Ai’s son, Ayumu, shown here at the age of 7 months, clings to Tetsuro
Matsuzawa. December 4, 2000



3a. Ai and her son, Ayumu, with T. 3b. Chloe and her daughter, Cleo, with
Matsuzawa. January 17, 2002 Masaki Tomonaga. February 20, 2002

3c. Pan and her daughter, Pal, with 3d. Testing a human child, Mimori, with
Masayuki Tanaka. May 16, 2002 her mother

3e. Pan and Pal, cracking macadamia nuts 3f. Ayumu at the age of 2 years and 3
months already has started honey fishing



4a. Ayumu watching Ai carrying out a matching-to-sample task at the computer. Ai knows
the names of 11 colors. As the lexigram (visual symbol) meaning “blue” is presented in
the bottom center of the screen, she chooses the corresponding kanji (Japanese-Chinese)
character

4b. At the age of 10 months Ayumu touches the image of an apple on the touch-sensitive
monitor



5a. Outdoor compound for the KUPRI community in April 2005. During the daytime, chim-
panzees spend about 80% of their time on the 15-m-high “triple towers”

5b. Pal at the age of 1 year and 8 months on the rope with an old female, Reiko. May 7, 2002



6a. Chimpanzees cracking oil-palm nuts at Bossou, Guinea. The infant closely watches her
mother cracking nuts

6b. The chimpanzee Jire (estimated age, 47 years) and her children, Jeje (7-year-old male born
in December 1997) and Joya (1-year-old female born in September 2004)



7a. Kai, an old woman (estimated age, 52 7b. Tua, the former alpha male of the
years), died in 2003 Bossou community

7c. Poni, an adolescent male, taking a nap 7d. Yolo, the current alpha male of the
on the ground Bossou community eating Myrianthus
arboreus

7e. Yo, the mother of Yolo

7g. Veve (left) and Jimato (right), both
infants, died in the flu-like epidemic of 2003



8a. Veve died on December 31, 2003, watched over by her mother, Vuavua, and grandmother,
Velu. The mother continued to carry Veve’s body even after it mummified

8b. The Nimba Mountains and savanna, located to the southeast of Bossou. To connect
the Bossou community with groups of chimpanzees in the Nimba Mountains, the Green
Corridor project was launched in 1997
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Sociocognitive Development in
Chimpanzees: A Synthesis of
Laboratory Work and Fieldwork

TETSURO MATSUZAWA

1 Comparative Cognitive Science

The human mind is a product of evolution, as are the body and society. What is
human nature? What is uniquely human? Where did we come from? To answer
these questions, I have been studying chimpanzees. The chimpanzee is the
closest living species to the human. More than 98.7% of the DNA sequence is the
same between the two species (The Chimpanzee Sequencing and Analysis Con-
sortium 2005).

The brain is the center of human cognition and behavior. Many disciplines,
such as neuroscience, physiology, anatomy, and molecular biology, are trying to
understand the structure and function of the brain. Other disciplines, such as
computer science, artificial intelligence, and robotics, are trying to create
systems functioning similarly to the human brain. Although these efforts are all
important, there might remain one important question: namely, why and how
the human brain evolved. This question is about the evolutionary basis of the
human mind, in other words, its history.

The brain is a soft tissue, so that it cannot remain in fossils as do bones and
teeth. Neanderthal man (Homo neanderthalensis) lived up to about 30,000 years
ago, and Beijing man (Homo erectus) lived several hundred thousand years ago.
If we could investigate these hominids, that would provide much information
about human nature and evolutionary changes. We can know about them to
some extent through the fossils and some other nearby remains. However, you
cannot easily access the mind from these relicts. You have to look at and compare
the living organisms to understand the unique character of the human species
(Fig. 1).

The human (Homo sapiens) is close to the two living species of the genus Pan,
chimpanzees (Pan troglodytes) and bonobos (Pan paniscus). The common char-
acters shared by Homo and Pan should have come from their ancestors. DNA
data and fossil records both suggest that there was a common ancestor of
humans and chimpanzees (including bonobos) about 5 to 6 million years ago.
The characters not found in chimpanzees but found in humans may be unique
human characters acquired in the process of hominization, the evolution of

Primate Research Institute, Kyoto University, 41 Kanrin, Inuyama, Aichi 484-8506, Japan
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5 4 3 2 1 I0 (million years)

Pan t. schweinfurthii

Pan t. troglodytes

Pan t. vellerosus

Pan t. verus

Pan paniscus
Ardipithecus ramidus
Australopith
Australopithecus afarensis
Australopithecus garhi
Australopithecus africanus

Australopithecus robustus
Tonith PP

ustralop us picus
Australopithecus boisei
Homo rudolfensis

Homo habilis

Homo ergaster

Homo erectus

Homo sapiens

Phylogeny of Pan species
and fossil hominids

Fig.1. Phylogeny of chimpanzees and fossil hominids. Data from the DNA analysis of humans
and chimpanzees (Morin et al. 1994; Gonder et al. 1997) are juxtaposed on the estimated time
range of the hominid fossil record (Asfaw et al. 1999; Aiello et al. 1999)

hominids departing from the human-chimpanzee ancestor. Applying the same
logic, the characters found in chimpanzees but not found in humans may be
unique chimpanzee characters developed during chimpanzee evolution. Of
course, it must be noted that theoretically there is a possibility of not unique
acquisition but rather unique loss in the species.

Humans to gibbons (in other words, humans and all the apes) comprise one
group of living primates, called hominoids. Hominoid means a human-like crea-
ture, in contrast to monkeys. Monkeys have tails but hominoids have no tail at
all. The chimpanzee has no tail, and the human also has no tail. Thus, the chim-
panzee is close to humans, not close to monkeys. Comparison of humans and
chimpanzees shows us the similarities and the differences. Then, we may ask
about their evolutionary origins in a broader context. Suppose that humans and
chimpanzees share a mental character. Where did it come from? To answer the
question, we have to know more about gorillas (Gorilla spp.) living in Africa, the
genus close to the common ancestor of humans and chimpanzees. Humans,
chimpanzees, and gorillas all originated from Africa. The common characteris-
tics among the three African hominoids, Homo, Pan, and Gorilla, should be com-
pared with orangutans (Pongo pygmaeus), the only Asian hominoid, which lives
in Borneo and Sumatra. This kind of comparative framework may be extended
to gibbons (smaller apes), macaques (Old World monkeys), capuchins (New
World monkeys), lemurs (prosimians), and so on.

Comparative cognitive science (Matsuzawa 2001) is a discipline that is looking
for the evolutionary origins of human cognition and behavior by comparing
living species. To understand human origins, you need to know about chim-
panzees, their mind, body, society, and genome. You also need to know humans
and chimpanzees among about 200 living species of primates, and primates
should be put in the context of about 4,500 living species of mammals (see
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Chapter 8 by Matsuzawa). For example, humans and chimpanzees, and most of
the primates, have color vision, the trait developed in primates that is lacking in
other mammals. We have hands and digits to manipulate objects. That is also a
character unique among primates (see Chapter 24 by Hayashi et al.). Originat-
ing from the nocturnal and terrestrial common ancestors of mammals, the
primate ancestors turned to being diurnal to see color and to being arboreal to
grasp branches. On the other hand, we still keep the common trait that has
descended from the mammalian ancestor. We raise our offspring by giving milk,
which provides the fundamental basis of the mother-infant relationship and is
rooted in our mammalian ancestors. You can compare a wide range of species
such as mammals, birds, reptiles, amphibians, fishes, insects, bacteria, plants, and
so on, and thus you will know more about the origin of the human mind, which
is a product of the divergence and convergence of evolutionary processes.

The chimpanzee is a bridge to other living organisms who are sharing the
earth with us. By understanding chimpanzees, you can understand the unique
position of humans and also their responsibility. The human is just one species
among the millions or tens of millions of species living on the earth. This bio-
diversity is very important, indeed, essential, for all the ecosystems of our earth,
and it is threatened by human activity. The study of chimpanzees must come
from intrinsic motivation to know this interesting creature, but it should also be
a good way to know more about ourselves and to reflect on the relationship of
the human species and other creatures.

This book aims to be the first one to describe the cognition and behavior of
chimpanzees in sociodevelopmental perspectives. This chapter provides the
background information for understanding the other chapters. The book has
three unique features.

The first feature is the developmental and sociocognitive perspective. We have
addressed the popular questions such as these: “Do chimpanzees have abilities
such as language capability?” “A 4-year-old human child can do it. How about
chimpanzees?” These questions clearly and naively neglect an important aspect:
Just like humans, chimpanzees have developmental changes. When you mention
the chimpanzees, you should not forget whether you are talking about neonates,
infants, juveniles, adults, or elders. Moreover, you should not forget their rearing
condition, cultural background, living situation, etc., just as with us. In contrast
to previous studies, the chimpanzee infants discussed in this book were reared
by their biological mothers. The mother-infant pairs are living in a community
of chimpanzees of three generations. An ape that was isolated from its con-
specifics and raised by humans cannot be a real ape.

The second concept is the synthesis of laboratory work and fieldwork. The
book contains chapters that concern the wild chimpanzees in Africa (see
Chapter 26 by Ohashi, Chapter 27 by Humle, and Chapter 28 by Biro et al,, this
volume). I believe that it is essential to combine laboratory work and fieldwork
to understand the chimpanzees. That study should not be a simple parallel effort
but should be a synthesis of the two approaches. We have introduced a “field
experiment,” an experimental manipulation in their natural habitat. We also
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introduced a method of research called “participation observation,” an engage-
ment or active enrollment with the captive community of chimpanzees. Putting
these ideas together, the unique approach of synthesizing field and laboratory
studies tried to understand the cognitive development of chimpanzees in its
social context.

The third approach is the broader perspective of looking at the mind from
the physical and biological basis. Beginning from the fetus, we tried to look at
the developmental changes (see Chapter 2 by Takeshita et al. and Chapter 3 by
Kawai). Spindle cells provide an important basis for the cognitive development
of both humans and chimpanzees (see Chapter 4 by Hayashi). We found neona-
tal smiling in chimpanzees (see Chapter 8 by Matsuzawa), and we also found the
descent of the larynx in chimpanzees (see Chapter 5 by Nishimura); we had pre-
viously believed that both these features are uniquely human. The origins of
early communication through smiling and early speech correlated with the
descent of the larynx should be further explored in the future. This is just one
example. We should try to understand the chimpanzee mind from a broader per-
spective, in which we should relate the cognitive development of chimpanzees
to its physical, neural, and genetic basis in addition to social context. Such a
broader perspective will provide us with understanding of chimpanzees as a
whole.

2 Chimpanzees: Their Life History

This section provides basic information on the life history of chimpanzees
(Goodall 1986; Heltne and Marquardt 1989; McGrew et al. 1996; Wrangham
et al. 1994). Chimpanzees live in the tropical rain forests and the surrounding
savannas in Africa. Chimpanzee populations probably once spanned most of
equatorial Africa, including at least 25 countries. They probably numbered more
than a million just 100 years ago. Today they occur in 22 countries, and an esti-
mate from the World Conservation Union (IUCN) in 2003 put their numbers in
Africa between 172,700 and 299,700 (Kormos et al. 2003). This sudden decrease
is linked to various human activities, such as deforestation, poaching, and
trading in bush-meat, as well as the transmission of diseases.

Chimpanzees are usually classified into four subspecies (Gonder et al. 1997).
From east to west, there are the east chimpanzee (Pan troglodytes schwein-
furthii), central chimpanzee (Pan troglodytes troglodytes), Nigerian chimpanzee
(Pan troglodytes vellurosus, which has only a small population), and west chim-
panzees (Pan troglodytes verus). East chimpanzees are relatively smaller, and the
face looks pale. West chimpanzees are relatively larger, and the face looks masked
because there are black portions surrounding the eyes, just like wearing a mask.
However, there is a huge difference of physical appearance among individuals,
so that even the experts cannot easily determine the subspecies. Thanks to
genetic analysis of blood, hairs, and feces, you can now easily identify the sub-
species. For example, there are 349 chimpanzees in 57 zoos and facilities in Japan
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at present (in 2005). About two-thirds are west chimpanzees, which are the ones
born in West Africa and shipped from places along the Guinean Gulf many years
ago, and their descendants. One-third of the chimpanzees in Japan are hybrids
of the subspecies of all possible combinations of the three major subspecies born
in the human environment.

Chimpanzees (Pan troglodytes) have a living different species, called bonobo
(Pan paniscus). Some hundreds of thousands of years ago, there were two species
of hominids existing at the same time, Homo sapiens and Homo erectus. A recent
study (Brown et al. 2004) reported that there was a third species, Homo flore-
siensis. This hominid was discovered from the Late Pleistocene of Flores,
Indonesia. It was an adult hominin with stature and endocranial volume approx-
imating 1 m and 380 cm’, respectively, equal to the smallest known australop-
ithecines and the living chimpanzees. Just as in the coexistence of different
hominin species, there are two Pan species living at present in Africa. However,
there is no overlap of their habitats. Bonobos are living only on the left bank of
Zaire River, the Republic of Congo, Central Africa, where there are no chim-
panzees or gorillas. Bonobos live in dense tropical forests. Once you recognize
bonobos, it is easy to discriminate them from chimpanzees: bonobos are slender
and their face is flatter. Their voice is tonal, rich in frequency modulation, in con-
trast to that of chimpanzees. The two species share a common ancestor, about 2
million years ago, and are equally close to humans.

There are currently six major research sites of chimpanzees in which long-
lasting observation has been continuing for more than three or four decades, or
even longer: Gombe (Goodall 1986) and Mahale (Nishida 1990) in Tanzania,
Budongo (Reynolds 2005) and Kibale (Kanyawara community: Wrangham et al.
1996, and Ngogo community: Watts and Mitani 2000) in Uganda, Tai (Boesch
and Boesch-Aschermann 2002) in Cote d’Ivoire, and Bossou (Matsuzawa 1994;
Sugiyama 2004) in Guinea. All the information on the ecology, their life history,
and their social life comes from the collective efforts of people who dedicated
their lives to understanding the chimpanzees in their natural habitats.

Chimpanzees are living in the forests and the surrounding areas. They live
in primary forests, secondary forests, gallery forests, and even in savanna. The
population density is one to three individuals per square kilometer on average.
According to a record in Bossou (Sugiyama and Koman 1992), the chimpanzees
live on about 200 plant species among about 600 species available in the forests.
They eat various parts of the plants such as fruit, leaves, flower, bark, stem, roots,
and gum. They also eat insects, eggs, birds, mammals, etc. Bossou chimpanzees
live on figs and other fruits. However, the food repertoire has huge differences
among the communities. For example, the Bossou chimpanzees seldom eat meat.
They seem to be like vegetarians. However, the chimpanzees in Tai, Kibale, and
Mahale often engage in hunting for meat. Behavioral assessment based on time
sampling revealed that Bossou chimpanzees use tools for getting food during
16% of their feeding time (Yamakoshi 1998), which is a much higher percentage
than people had expected. The chimpanzees really need these tools for their
survival.
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Chimpanzees live in a group called a community or unit group. Each com-
munity consists of multiple males and multiple females, about 20 to 100 indi-
viduals. There are infants (0 to less than 4 years old), juveniles (4 to less than 8
years old), adolescents (8 to less than 12 years old), adults (12 to less than 36
years old), and olds (elders, more than 36 years old). The age category may be
slightly different between the sexes and among the communities. The interbirth
interval of chimpanzees is about 5 years, meaning that a mother gives birth to
a single baby every 5 years on average. Twins are rare in comparison to humans.
Weaning occurs at about 4 years of age. The infants actually suckle the nipples
for such a long period. After weaning, the females restart the sexual menstrual
cycle (about 35 days per cycle, slightly longer than that of humans). By the way,
the menstrual cycle varies among mammals, for example, 21 days for horses and
4 days for mice; this means that the menstrual cycle neither follows the lunar
calendar nor depends on species body size. The gestation period is about 235
days in chimpanzees, in contrast to 280 days in humans. The chimpanzee baby
is born weighing a little less than 2kg, whereas a human baby is about 3kg at
birth. During the first 5 years, by which time the younger brother or sister will
be born, the infant chimpanzee is fully taken care of by the mother (Fig. 2).

Toward the age of 5, sex differences of behavior become apparent. Female
juveniles have a tendency to continue to stay with the mother and take care of
the younger siblings. Male juveniles have a tendency to follow males older than
themselves. Males often patrol the periphery of the territory and also follow the
estrous females, which have a huge pink swelling on their rump.

Chimpanzees have a patrilineal society, which means family lines from grand-
father, to father, to the son, and so on (Fig. 3). Patrilineal is pitted against matri-
lineal, that is, family lines from grandmother, to mother, and the daughter, and
so on. Most mammal societies are matrilineal; females remain in the natal com-

Fig. 2. Chimpanzee mother and her infant in the Bossou community. An infant chimpanzee
is taken care of by the mother in the first 5 years of life. (Photograph by T. Humle)
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Fig. 3. Chimpanzees have a patrilineal society. Three adult males of the Bossou community
are participating in grooming in tandem fashion. Grooming is an important aspect of their
social life. (Photograph by T. Humle)

munity while males move out. The Japanese monkey is one of the first primate
species whose society has been fully analyzed by fieldwork since 1948 (Hirata
et al. 2001a; Watanabe 2001). Solitary monkeys move independently from the
group of monkeys, called a troop. They are all males, who are in the process of
immigrating from the natal troop to the new one. In the case of chimpanzees,
males stay in the natal community while females immigrate around the age of
puberty. In the 30-year record of the Bossou community, all females born in the
community left before giving birth for the first time or after the first birth. There
are cases of females not immigrating, or who immigrated but returned, and so
on. However, in general, chimpanzees have a strong bias toward a patrilineal
society. In contrast, most mammalian species are matrilineal, which means that
males immigrate from the natal community to avoid incest. Most primate species
are also matrilineal, as are Japanese monkeys. You can find the patrilineal society
in chimpanzees and bonobos as well as a few other species, such as the
hamadryas baboon (Papio hamadryas), red colubus (Colobus badius), spider
monkeys (Ateles spp.), woolly monkey (Lagothrix lagotricha), and Muriqui
(woolly-spider monkey, Brachiteles aracnoides).

An estrous female chimpanzee gets widespread attention from males. All juve-
nile, adolescent, and adult males can access to her. Chimpanzee males start per-
forming the penile thrust to the female vagina from a very early age, such as 2
years old. The testis of chimpanzees is quite large in comparison to that of evo-
lutionarily close species, that is, humans, gorillas, and orangutans. It is believed
that not competition of individual chimpanzees but rather sperm competition
is going on.

In places where humans and chimpanzees are coexisting, chimpanzees often
eat human crops so that they are called pest animals. I have been studying chim-
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panzees at Bossou, Guinea, West Africa, since 1986. For 20 years, I have been there
once a year for 1 to 3 months. During the past two decades, the perception of
chimpanzees by the local people was stable. The chimpanzees at Bossou are a
totem for the villagers, which is the reason why the small community of about
20 chimpanzees has continued to survive in the forests next to a village crowded
with about 1,500 people. Since 1989, because of the civil war in Liberia, only
10km away from Bossou, the population of Bossou has doubled, as many
refugees entered the area. The conflict between humans and chimpanzees is
getting worse there. People need more land for survival. Contacts of chim-
panzees with people, including researchers, tourists, and the villagers, became
more frequent. For example, the Bossou community lost 5 of its 19 members to
a contagious respiratory disease at the end of 2003. Similar stories are taking
place all over Africa. Truly intensive efforts are necessary on our part to prevent
the extinction of the cultural variation among chimpanzee communities that we
have so recently begun to uncover.

In the last part of this section, I want to add some information about the phys-
ical aspect of chimpanzees. Chimpanzees are quadripedal, so that height is not
an adequate measure. However, when they happen to take the upright posture,
their height is about 120cm in an adult male and about 110cm in an adult
female. Body weight is about 40 to 60 kg in males and 30 to 50kg in females. The
chimpanzee has the A blood type (most common) and the O type, following the
ABO type classification in humans. We know that gorillas have type B only, but
the reason is still unknown (Saitou et al. 1997).

Humans, the apes, and Old World monkeys share the same dental eruption,
20 deciduous teeth and 32 permanent teeth. The dental formula is expressed as
“licmm” in infants and “IICPPMMM?” in adults, respectively. This shared char-
acter cannot be extended to the New World monkeys, which have 36 permanent
teeth in the “IICPPPMMM?” dental format (they have an extra premolar). Thus,
dental eruption can be a good measure to compare physical development or mat-
uration among the Old World monkeys such as Japanese monkeys, the apes,
including chimpanzees, and humans. Based on the unitary scale, you can match
the development and maturation of different species (Table 1).

3 Laboratory Work
3.1 The KUPRI Community in Japan

The Section of Language and Intelligence at Kyoto University’s Primate Research
Institute (KUPRI) has been focusing on the study of chimpanzee cognition both
in the laboratory and in the wild. Our laboratory studies have mainly concen-
trated on the cognitive behavior of a group of 15 chimpanzees living at KUPRI
(Table 2). In parallel, we have also been conducting a field study on wild chim-
panzees at Bossou-Nimba and neighboring areas in Guinea, West Africa. The
core of this book consists of compiling all our progress in chimpanzee research
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Table 1. Comparison of life history of humans, chimpanzees, and Japanese monkeys
based on dental eruption

Eruption of the teeth Monkeys? Chimpanzees Humans
First deciduous tooth (il) 1 week 2 months 8 months
Last deciduous tooth (m2) 6 months 1 year 2.5 years
First permanent tooth (M1) 1.5 years 3 years 6 years
Second molar (M2) 3.5 years 6.5 years 13 years
Third molar (M3) 6 years 11 years 20 years
Life span (years) 20-25 40-60 60-90
Body weight at birth (g) 500 1800 3000
Gestation period (days) 168 235 280

The dental formula is common to the three species: iicmm for the deciduous teeth and
IICPPMMM for the permanent teeth; thus, you can obtain the comparable age among the
species by matching the dental eruption

There is a tendency for early maturation in an earlier phase, as follows: monkeys >
chimpanzees > humans

*Japanese monkeys (Macaca fuscata)

Table 2. Chimpanzees in the Kyoto University’s Primate Research Institute (KUPRI)
community

Name Sex Birth date® Age® Mother Father =~ Born Arrival year  Age

Reiko f 1966 40 n.a. n.a. Africa 1968 2
Gon m 1966 40 n.a. n.a. Africa 1979 13
Puchi f 1966 40 n.a. n.a Africa 1979 13
Akira m 1976-6 29 n.a. n.a Africa 1978 2
Mari f 1976-6 29 n.a. n.a. Africa 1978 2
Ai f 1976-10 29 n.a. n.a. Africa 1977 1
Pendesa f 1977-2-2 28 Fujiko Kenchi JMC 1979 2
Chloe f 1980-12-12 25 Charlotte n.a. Paris 1985 4
Popo f 1982-3-7 23 Puchi Gon KUPRI 1982 0°
Reo m 1982-5-18 23 Reiko Gon KUPRI 1982 0
Pan f 1983-12-7 22 Puchi Gon KUPRI 1983 0°¢
Ayumu m 2000-4-24 5 Ai Akira KUPRI 2000 0
Cleo f 2000-6-19 5 Chloe Reo KUPRI 2000 0
Pal f 2000-8-9 5 Pan Akira KUPRI 2000 0
Pico f 2003-5-14 2 Puchi Reo KUPRI 2003 0

DNA analysis revealed that all chimpanzees are Pan troglodytes verus except Pendesa, a hybrid
of verus and troglodytes

*Birth date given as year-month-day

PAge is calculated in January 2006; italic type shows that age is estimated

‘Popo and Pan were human-reared because the mother rejected them at the time of delivery.
Pico was also abandoned by the mother, but she was returned to the mother after 10 days of
human rearing. Unfortunately, she died in June 9, 2005 at the age of 2 years because of an
inherited malformation of the bones of her back
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in recent years. Ongoing research covers various topics from perception, cogni-
tion, and memory to developmental and social aspects of the chimpanzee mind.
Readers can explore the full diversity of research underway in both Japan and
Africa.

The present book has a sister volume titled Primate Origins of Human Cog-
nition and Behavior, published in 2001 by Springer (Matsuzawa 2001). This
earlier volume, Primate Origins of Human Cognition and Behavior, dealt with a
wide range of species; actually, more than 90 species of primates were the target
of the chapters even though the main focus was on chimpanzees. The current
book focuses on chimpanzees, especially their cognitive development.

Laboratory study is based on the KUPRI community. It started in 1968, when
one infant female named Reiko was brought in for the study of bipedal loco-
motion. She was alone for 10 years; then, on November 30, 1977, a chimpanzee
named Ai arrived at KUPRI at the age of about 1 year. She was expected to
become the principal subject in a project that originally had the aim of devel-
oping into the first ape-language study in Japan. The project was led by Dr.
Kiyoko Murofushi, an associate professor of the Section of Psychology at the
time. She was flanked by three young assistant professors, Toshio Asano, Shozo
Kojima, and myself. On April 15,1978, Ai participated in a computer task inside
an experimental booth for the very first time. This event marked the beginning
of a long line of research, which has over the years produced a burgeoning list
of publications thanks to many collaborative researchers and chimpanzee par-
ticipants. The project is now known as the Ai project and still continues 28 years
later (Matsuzawa 2003).

The KUPRI community of chimpanzees has been growing steadily (Fig. 4). In
2005, it comprised a community of 15 chimpanzees of three generations, ranging
in age from 2 to 40 years old. There are three mother-infant pairs, with all three
babies born in the year 2000 (Fig. 5). Many chapters in the present book cover

Age-class composition of KUPRI community

10 B Old <46
Matured <36
[JAdolescent <12
6 FJuvenile <8
Cinfant <4

number of chimpanzees
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year

Fig. 4. Demography of chimpanzees in the Kyoto University’s Primate Research Institute
(KUPRI) community. The number of chimpanzees in each age category is plotted against
years since 1968 when the community started
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Fig. 5. Chimpanzee Ai gave birth to her son, named Ayumu, on April 24, 2000. This photo
was taken 9h after the delivery. You can still see the placenta and the cord. (Photograph by T.
Matsuzawa)

topics related to cognitive development in these infants. Our studies of cogni-
tive development in chimpanzees began in 2000 with the collaboration of three
professors in the section of Language and Intelligence (which was created from
the section of Psychology in 1993): Tetsuro Matsuzawa, Masaki Tomonaga, and
Masayuki Tanaka, the editors of this book. All three have been helped greatly
through the involvement of postdoctoral investigators, graduate students, visit-
ing scientists from other countries, and other supporting staff.

3.2 Participation Observation

Bearing in mind the lessons learned from both the laboratory and fieldwork, we
devised a new paradigm to study cognitive development in chimpanzees (see
Chapter 12 by Tomonaga; Tomonaga et al. 2004). The research method can be
likened to a form of “participation observation” (Fig. 6). The researchers are
closely involved in the daily lives of the chimpanzees by interacting with them
directly in their own space. The new paradigm is based on a triadic relationship
among a mother chimpanzee, an infant chimpanzee, and a human tester. Thanks
to a long-term relationship between the mother chimpanzee and the tester, the
latter is able to test the infant chimpanzee in a face-to-face situation, much like
a human infant cared for by its mother. We have thus been able to closely
examine the cognitive development in infant chimpanzees and make compar-
isons with humans.

The project shows clear contrast to previous studies of chimpanzee cognition.
There are many publications on chimpanzee cognition, most of which have
focused in human-reared chimpanzees in an isolated situation (Fouts 1997;
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Fig. 6. A scene of participation observation. A human tester can test an infant chimpanzee
who is reared by the biological mother. The mother can be an assistant to the human tester
because of their long-term friendship. The photo shows the mirror self-recognition test in an
infant chimpanzee. (Photograph by A. Hirata)

Gardner and Gardner 1969; Kellog and Kellog, 1933; Ladygina-Kohts 2002;
Povinelli 2003; Premack 1971; Premack and Woodruff 1978; Rumbaugh 1977;
Rumbaugh et al. 1973; Savage-Rumbaugh et al. 1993; Terrace 1979; Yerkes and
Yerkes 1929). Most of the “ape-language” studies are of a single subject, isolated
from their conspecifics and tested for human-like skills. These papers reported,
in other words, how the apes can adapt to the human environment because of
their intellectual flexibility. They did not illuminate cognition in the social
context as much. More recent studies have started to explore the social aspects
of chimpanzee cognition (Hare et al. 2000; Tomasello et al. 1993; de Waal 2005;
Whiten 2005; Whiten et al. 2005).

The main focus of the project since 2000 has been to illuminate cognitive
development as well as the cultural transmission of chimpanzee knowledge and
skills from one generation to the next. When, what, from whom to whom, and
how are knowledge and skills passed on? (Fig. 7). The Ai project has now entered
its third decade and has progressed from the study of a single individual to a
simulation of the chimpanzee community as a whole.

As T have described, the core part of the present book is the study of cogni-
tive development of the chimpanzees born in 2000. You can see here chapters
covering various topics such as associative learning in the fetus (Chapter 3 by
Kawai), neonatal imitation (Chapter 14 by Myowa-Yamakoshi), neonatal smiling
(Chapter 8 by Matsuzawa; Mizuno et al. 2006), eye-to-eye contact, gaze detec-
tion, understanding of pointing, joint attention (Chapter 10 by Okamoto-Barth
and Tomonaga), social referencing (Chapter 11 by Ueno), face recognition
(Chapter 9 by Myowa-Yamakoshi), contagious yawning (Chapter 15 by
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Fig.7. Stone-tool use by a chimpanzee in the KUPRI community. The mother, named Chloe,
is performing macadamia nut-cracking with stones, simulating oil-palm nut-cracking in the
wild. The daughter, named Cleo, is observing the performance. (Photograph by A. Hirata)

Anderson and Matsuzawa), food sharing (Chapter 11 by Ueno), spontaneous cat-
egorization (Chapter 18 by Murai), processing of shadow information (Chapter
19 by Imura et al.), object manipulation (Chapter 24 by Hayashi et al.), tool
use (Chapter 13 by Hirata), token use (Chapter 25 by Sousa), observation learn-
ing and the mothers’ influence (Chapter 13 by Hirata), and lack of triadic rela-
tion (Chapter 12 by Tomonaga). Please enjoy reading each of the chapters to
learn the new findings obtained in the project of cognitive development since
2000.

The three infants are around 5.5 years old at present (January 2006). They still
suckle sometimes and sleep by their mother’s side at night, but during the day
they spend their time with other members of the community. They still come to
the laboratory booth together with their mothers, but now have their own cog-
nitive task to work on, presented on a separate computer screen, or allow a
human tester testing the infant in a face-to-face situation. Our new “twin booth”
testing paradigm (Fig. 8), where mother and infant chimpanzees can be sepa-
rated in two adjacent booths, will illuminate new aspects of the chimpanzee
mind.
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b

Fig. 8. a An infant chimpanzee named Pal is going through the door separating one booth
from another. The twin booth allowed separating the infant from the mother based on their
free will. (Photograph by E. Nogami). b The twin booth allowed a human tester to give a cog-
nitive test to an infant chimpanzee in a face-to-face test situation. The mother is in the adja-
cent booth. Without interference by the mother, you can test the infant independently.
(Photograph by T. Matsuzawa)

3.3 Animal Welfare and Environmental Enrichment

Laboratory work should be founded on efforts toward environmental enrich-
ment for captive chimpanzees. We have been persistently striving to modify the
physical environment of our captive chimpanzees in terms of animal welfare and
environmental enrichment. There have been many publications and suggestions
on environmental enrichment in chimpanzees (Brent 2001; Novak and Petto
1991). Here I would like to focus on four unique aspects of our efforts. First, we
planted about 500 trees belonging to 60 species in our outdoor compound, which
measures about 700 square meters. Chimpanzees in the wild show strong feeding
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Fig. 9. Environmental enrichment of
physical aspects in the KUPRI com-
munity. We built 15-m-high climbing
frames in the outdoor compound. The
chimpanzees spend about 80% of their
time during the day on the frames and
20% of their time on the ground; this
allows a rich vegetation. You can see the
“outdoor booth” in front. (Photograph
by A. Hirata)

selectivity. For example, chimpanzees at Bossou, Guinea, feed on about 200
species of plants and trees among the 600 or so species available in their habitat
(Sugiyama and Koman 1992). Chimpanzees at KUPRI also show high selectivity
when feeding on trees. For example, they eat the leaves of cherry trees but not
those of plum. They feed on almost all deciduous trees, but only some of the
evergreens and none of the conifers. At present, our outdoor compound remains
covered by leafy green trees and grass all year round, even in the absence of
further planting efforts (Ochiai and Matsuzawa, unpublished data).

Second, we built 15-m-high climbing frames, our so-called “triple towers” (Fig.
9). The initial tower, built in 1995, was 8 m tall; to this we added further struc-
tures in 1998 to produce our current 15-m frames. Ten years on, there are nine
facilities including zoos and research institutes equipped with climbing frames
more than 10 m tall in Japan. The high climbing frames become standard equip-
ment in renovated facilities of the great apes. Chimpanzees in nature are half-
arboreal and half-terrestrial. Members of the KUPRI community make extensive
use of the climbing frames: according to our assessment (Ochiai and Matsuzawa,
unpublished data), they spend about 80% of the daytime in the frames and
only 20% on the ground. Thus, climbing frames keep the chimpanzees off the
ground and in turn contribute to the protection and growth of the surrounding
vegetation.
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Fig. 10. An outdoor booth was placed in the chimpanzee compound. Through the under-
ground tunnel, you can access the inside of the booth. The traditional idea of experiments
was reversed; the tester and equipment are kept inside the booth while the subject chim-
panzees are free outside of it. The photo shows that an old female named Reiko is fishing
honey from the bottle. (Photograph provided by T. Matsuzawa)

Third, we created a small stream in the outdoor compound. Water is recycled
by a pump, and the small stream provides a habitat for fish, amphibians, and
small insects, and has also attracted birds. Although chimpanzees in general
seldom play with water, the stream has enriched their environment by creating
a small biosphere within the compound.

Fourth, we built a small outdoor booth connected to our main building
through an underground tunnel (Fig. 10). In this way, we have reversed the tra-
ditional idea of the experimental room. Here, the experimenter and the appara-
tus are kept inside the booth while the subjects are free to roam outside (Celli
et al. 2004; Tonooka et al. 1997). The booth has provided a unique opportunity
for studying chimpanzees within their daily environment and as a social group.

In addition to enriching the physical environment, we have also made efforts
toward feeding enrichment. We have been providing various fruits and vegeta-
bles, aiming to present the chimpanzees with a total of more than 100 species
per year. In general, chimpanzees in captivity do not spend much time feeding
(just under 5% of the daytime in our assessment), whereas chimpanzees in the
wild customarily spend about 30% to 40% of the daytime in feeding. In a sense,
the goal of feeding enrichment is to lengthen feeding time in captive chim-
panzees. Thanks to our success at keeping the outdoor compound covered by
natural vegetation, the chimpanzees of KUPRI are free to eat various parts of
trees and other plants whenever they wish (Fig. 11).

Enrichment of the social environment has been achieved by keeping chim-
panzees in a diverse community. KUPRI is currently home to three generations
of chimpanzees, including mother-infant pairs and siblings. Two of our adult
males, Akira and Reo, are highly competitive; as a result we now separate the
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Fig. 11. Environmental enrichment of
the feeding aspect in the KUPRI com-
munity. Chimpanzees are free to eat
leaves and grass whenever they want.
This increases the time allocation of
feeding in their daytime activity budget.
(Photograph by A. Hirata)

other members into two groups, Akira’s and Reo’s. The two groups represent
something similar to two “parties” in a regional community in the wild. Females
can move from one party to the other, so that party composition undergoes
frequent changes and simulates the fission-fusion society in the natural
habitat.

In addition to these three kinds of environmental enrichment, physical,
feeding, and social, we have also attempted to enrich our chimpanzees’ “cogni-
tive environment.” Chimpanzees in the wild live in a very demanding environ-
ment: they must possess various sorts of knowledge to survive tough conditions.
They need a cognitive map to locate fruiting trees. They need to know when the
fruits are available. They need to know which part of a plant can be eaten and
which cannot. They need to be able to find detours to reach various goals, for
example, ripe fig fruits on a branch that is just out of reach. Chimpanzees in the
wild continually participate in such cognitively challenging tasks to obtain food.
The tasks draw on capabilities such as cognitive mapping, route finding, memory
search, decision making, and so forth.

Experimental tasks using computer systems in the laboratory are, of course,
primarily employed in the analysis of cognitive performance by chimpanzees.
However, I believe that the cognitive tasks themselves are a form of cognitive
enrichment for captive chimpanzees, in fact, the most important and most neg-
lected part of environmental enrichment (see Chapter 23 by Morimura). Chim-
panzees in captivity have no freedom to access food, the availability of which is
usually controlled by caretakers. For example, in many facilities, they may receive



20 T. Matsuzawa

food three times a day, in amounts sufficient to maintain a physically healthy
body. However, the most important point is freedom: free access to food.

The freedom to eat or not to eat should be one of the basic rights of captive
chimpanzees. The chimpanzees in the KUPRI laboratory are free: it is completely
up to each subject whether he or she will come to the booth to participate in a
cognitive task or not. If they prefer not to participate, they may stay outside. It
must be noted that choosing to participate in an experiment does not affect the
total amount of food given to a chimpanzee per day: daily rations are fixed. For
example, an apple given to a subject in the setting of a cognitive task is then
deducted from the remainder of the daily ration. Suppose that a chimpanzee
does decide to come to the booth. Again, it is up to them whether to start the
first trial of the test session or not. The subject can begin the trial by touching
the start key on the monitor. This means that nothing happens before the subject
touches the key of his or her own will. When the chimpanzee makes a correct
choice in the task, a small amount of food is delivered as a reward: half a raisin,
or a tiny piece of apple. The size of the food is not a problem, and as already
mentioned, the apple is taken from the daily ration and cut into pieces, such that
the total amount of food given is kept constant within a day. However, the
response-contingent delivery of food has a special value for the chimpanzee.
Based on their free will, they work on a cognitively challenging task and as a
result they are rewarded. This approach really does simulate situations in the
wild, where chimpanzees search for food in the forest: they must climb trees,
look for the best route, and finally obtain a piece of fruit.

I hope that our laboratory continues to succeed in illuminating the cognitive
capabilities of chimpanzees.I also hope that our efforts at environmental enrich-
ment will work to improve the lives of captive chimpanzees. The community of
15 individuals at KUPRI should provide an excellent model for the 349 chim-
panzees living in Japan, about 2,800 chimpanzees in North America [only 299 in
American Zoo and Aquarium Association (AZA)-registered zoos, and many in
roadside zoos, many as pets in private homes, and about 1,700 in biomedical
facilities], and others who are forced to live, for one reason or another, in places
other than the forests of Africa.

4 Fieldwork
4.1 Bossou-Nimba Community in Guinea

After working for several years with my chimpanzee partners in the laboratory,
the accumulation of knowledge about chimpanzee cognition elicited a naive
question in my mind. I had learned that the chimpanzee is astonishingly intel-
ligent in laboratory tests of cognition. But how was such intelligence actually uti-
lized in the natural habitat? In 1986, as I was taking a 2-year sabbatical leave in
David Premack’s laboratory at the University of Pennsylvania, I decided to go to
Africa. I visited my senior colleague from KUPRI, Dr. Yukimaru Sugiyama, who
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was at the time working in the tropical forests of Africa, exploring the ecology
and behavior of wild chimpanzees.

The majority of field studies reported in this volume were carried out in
Bossou, Guinea, West Africa (Fig. 12). Dr. Sugiyama first settled in Bossou in 1976
after the pioneering efforts by Dutch scientists (Kortlandt 1986; Kortlandt and
Holzhaus 1987). There has been a group of about 20 individuals for years (Fig.
13). Bossou has since become known as one of a handful of long-running field
research sites of wild chimpanzees in Africa: others include Gombe and Mahale
in Tanzania, Kibale and Budongo in Uganda, and Tai in Cote d’Ivoire. I joined

/ n 0L GUINEE '
) Tonkarata
» ; ’
o taem—————— ]
Toulémeu ® ¥ Qj\\(\/j i
Kmhod =) (/L) 7

& w mm‘.;j I. 7 Y y 2 A
r ﬁ:{/agé “/ y b :
=) Ggapa = A m‘
mﬁ%uer zm@ igm -
@ " LIBERIA
Mt Dafton o Zuclape

Fig.12. A map of the field study site, Bossou and Nimba mountains in the Republic of Guinea,
West Africa. (Map drawn by T. Humle, N. Granier, and L. Martinez)
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Fig.13. Demography of chimpanzees in the Bossou community. The number of chimpanzees
in each age category was plotted against years since 1976 when Japanese scientists started
long-term observation
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Fig.14. Stone-tool use by the wild chimpanzees in the Bossou community, Guinea. The chim-
panzees use a pair of stones as hammer and anvil to crack open oil-palm nuts. This practice
is a unique cultural tradition of this community. (Photograph by T. Matsuzawa)

the Bossou site as the second researcher, and later became project leader, after
Dr. Sugiyama’s retirement in 1999.

My colleagues and I have been focusing on tool use and cultural behavior in
chimpanzees (see Chapter 28 by Biro et al.). Chimpanzees at Bossou are well
known to use a pair of stones as hammer and anvil to crack open the hard shells
of oil palm nuts to obtain the edible kernel (Fig. 14). In addition to stone-tool
use, the Bossou chimpanzees’ repertoire of tool manufacture and use includes a
variety of unique examples such as pestle-pounding, algae-scooping, hyrax-
toying (Fig. 15), the use of folding leaves for drinking water, the use of leaves as
cushions, and so on (see Chapter 26 by Ohashi). Up to the present, the tool-use
behavior just described is limited to the Bossou community. It is well docu-
mented that each community of chimpanzees has developed its own cultural tra-
dition (Boesch and Tomasello 1998; McGrew 1992, 2004; Whiten et al. 1999;
Wrangham et al. 1994; Yamakoshi 2001). We need further examination of the cul-
tural behavior (Hirata et al. 2001b). For example, ant-dipping is known in several
communities across Africa. However, if you look at the target ant species, the
material of the tool, the length of the tool, and the technique of using the tool,
you will find a unique aspect to each community (see Chapter 27 by Humle;
Humle and Matsuzawa 2002).

4.2 Field Experiments

Thanks to the continued efforts of many young colleagues, we have continued
to find unique aspects of material and social culture in the Bossou community.



1 Sociocognitive Development in Chimpanzees 23
"L WW  Fig. 15. An adolescent female named Vuavua (8
years old) was observed toying with a western tree
hyrax (Dendrohyrax dorsalis,order Hyracoidea) at
Bossou, Guinea, on January 18, 2000. The Bossou
chimpanzee may capture animals but seldom eat
the meat, except that of pangolins. Young adoles-
cent females have been observed to practice moth-
ering behavior with a hyrax or a log doll. See the
details reported by Hirata et al. (2001b). (Photo-
graph by S. Hirata)
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In addition to the traditional method of fieldwork, we have also established a
unique way of studying chimpanzee cognition in the wild. We refer to this
approach as “field experiments” for tool use (Matsuzawa 1994; Biro et al. 2003;
see Chapter 28 by Biro et al.). We have created an open-air “laboratory” for ana-
lyzing many aspects of stone-tool use in close detail. In the core part of the chim-
panzees’ ranging area, on top of a hill named Gban, we set up a laboratory site
by laying out stones and nuts in a clearing. We then simply waited for chim-
panzees to pass by and use the objects provided. Here, stone-tool use could be
directly observed and video-recorded from behind a grass screen located about
15m away from the chimpanzees.

This field experiment has brought to light many novel findings, such as the
chimpanzees’ perfect hand preference in hammering. Right-handed individuals
always use their right hand for hammering, while left-handers use only the left.
This was the first example where perfect hand preference had been shown in
primates other than humans. There appears to be a critical age for acquiring
the skill: chimpanzees learn to nut-crack by the age of 4 to 5 (minimum 3,
maximum 7) years, while beyond this period they seem to have difficulty doing
so (Matsuzawa 1994).

In addition to hand preference, we have made several other interesting
findings. For example, each individual develops a clear preference of stone shape
and size. They transport both stones and nuts. Young chimpanzees carefully
observe the behavior of elder individuals, but not vice versa. Adult chimpanzees
are more conservative, reluctant to extend their feeding repertoire to newly
introduced species of nuts.

Our long-term observation has revealed a unique form of observational learn-
ing, which we have called “education by master-apprenticeship” (Matsuzawa
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2001), somehow close to the idea of BIOL (Bonding- and Identification-based
Observational Learning) by de Waal (de Waal 2001). This concept is character-
ized by infants’ prolonged exposure to a model from birth, no active teaching,
intrinsic motivation to create a copy of the model, and the mothers’ high level
of tolerance toward their infants. On the basis of these results, we look forward
to many more exciting findings in the future.

Since 1997, we have also been recording intensively the use of leaves for drink-
ing water at the same field experimental site. We drilled a hole in the trunk of a
large tree and filled the hollow with fresh water (see Chapter 28 by Biro et al.).
This setup created a unique opportunity to compare two different kinds of tool
use at the same site at the same time. As a result, it has become clear that the use
of leaves for drinking water is acquired at the age of about 2 years, much earlier
than stone-tool use. This difference may result from the complexity of the tools
involved: nut-cracking requires a set of tools, hammer and anvil, in comparison
to the single tool (leaves) needed for drinking. Nevertheless, there are also char-
acteristics that are common to the acquisition of both types of tool-use. Just as
do the chimpanzees in our laboratory simulation, infants like to carefully
observe the actions of their mothers and other older members of the commu-
nity, especially just before they begin using tools or just after they fail to use
them. Infants also have a strong tendency to use “leftover” tools, a set of stones
or a drinking tool that was once used and then discarded by elder community
members (see Chapter 13 by Hirata).

In addition to the scientific study of the chimpanzees at Bossou, particularly
their tool-use behavior, I have been working toward two additional develop-
ments: gradually extending our research area and organizing a growing inter-
national research team.

First, my colleagues and I began to explore neighboring forests such as those
of Nimba, Diecke, and Ziama (Biro et al. 2003; Humle and Matsuzawa 2001).
Nimba, especially, has become an important research site since 1993 when Gen
Yamakoshi and I first visited Yeale, a small village on the Cote d’Ivoire side
(Matsuzawa and Yamakoshi 1996). Here we discovered ground-nests and evi-
dence that showed that these chimpanzees cracked coula nuts instead of oil-
palm nuts. The lives of Nimba chimpanzees thus appeared to be quite different
from those at Bossou (Koops and Humle, personal communication). This
observation convinced us that unique cultural traditions existed within each
community of chimpanzees. The studies that followed, a combination of exten-
sive surveys and intensive field experiments, made clear that the propagation of
cultural traditions in tool use occurred both across generations and between
communities.

Second, I tried to open up the long-running research at Bossou to scientists
from other countries. The Bossou site is currently maintained by a truly inter-
national team. Past and present team members originate from countries as
diverse as France, the UK., the United States, the Netherlands, Portugal, Brazil,
and Austria, in addition to Japan. The Guinean government has also created
a new institute for environmental research at Bossou (Institut de Recherche
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Fig. 16. The building at the research site of Bossou, Guinea. It was originally built in 1995 in
the grass-roots aid program by the Japanese embassy in Guinea and the Japanese Ministry of
Foreign Affairs (to the left). Then, the annex (to the right) was built in 2000 by the Guinean
government to start a new institute called IREB (Institut Recherche Environmentale de
Bossou) for environmental research in Bossou and Nimba, the only world heritage site of
UNESCO (United Nations Educational, Scientific, and Cultural Organization) in Guinea. (Pho-
tograph by T. Matsuzawa)

Environnementale de Bossou, IREB). IREB was founded in October 2001, and
since that time Guinean researchers and students have also began to take
an important role in the study of chimpanzees in the Bossou-Nimba region
(Fig. 16).

4.3 Conservation: Green Corridor Project

If the foundations of laboratory work lie in environmental enrichment, then
fieldwork should have wildlife conservation at its core. As part of our continu-
ing work at Bossou, we have made considerable effort to protect the chimpanzees
and their forests.

Chimpanzees are endangered. This decrease is connected to various human
activities such as deforestation, poaching or bush-meat trading, and contagious
diseases. Bossou is no exception. The same story applies everywhere in Africa.
Long-term, concentrated efforts are necessary to prevent the extinction of chim-
panzee cultural variation.

Although legislation does not carry much weight in many African countries,
Bossou has been designated as a reserve by the Guinean government for many
years. However, the formally declared reserve area is only about 320 ha (3.2km?).
In contrast, the core part of the ranging area of Bossou chimpanzees is about 5
to 6km’. This means that the chimpanzees frequently intrude into human areas
and feed on many crops available in fields cultivated by humans (Fig. 17). They
eat rice, manioc, corn, banana, papaya, cacao, mango, sugar cane, pineapple,
orange, grapefruit, and so on, although they will not eat avocado, coffee, pepper,
and okra, for example. From the human point of view, Bossou chimpanzees are
pests raiding crops. There have been many instances of human-chimpanzee
conflict, as well as conflict between people who wish to protect the chimpanzees
and those who bear only hatred toward them.
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Fig. 17. A Bossou chimpanzee is passing in front of a house in the village. Bossou chim-
panzees coexist with humans. They often cross the roads in their home range, get into the
cultivated fields, and eat the crops. The local people, the Manon, respect the chimpanzees as
their totem

Despite these problems, chimpanzees continue to survive at Bossou and in the
nearby small hills. However, there are no chimpanzees at all in the forests around
neighboring villages even though the natural landscape is more or less the
same—why? The reason is that chimpanzees are considered totems by the
Manon people of Bossou. The founder families and their descendants have main-
tained respect toward the chimpanzees.

The Bossou community is at present isolated from neighboring groups. In
1982, Sugiyama noted the arrival of a single immigrant male to Bossou, yet no
comparable additions to the group have been observed since then. The number
of chimpanzees in Bossou has been stable, about 20, for decades (Sugiyama
2004). However, at the end of 2003 it suddenly decreased from 19 to 14, mainly
through the death of five community members brought on by a respiratory
disease that first appeared in November 2003. We can therefore infer the high
likelihood of genetic problems arising in the near future. To ensure the contin-
ued survival of the Bossou community, we realized that we needed to launch a
reforestation program, creating corridors to connect Bossou with neighboring
groups of chimpanzees.

The nearest community lives in the Nimba mountains, at a distance of approx-
imately 10km from the center of Bossou. Savanna vegetation extends along a
radius of at least 4km between Bossou and Seringbara, a small village in Nimba.
In the forest around Seringbara, we have identified a community of more than
30 chimpanzees (Koops and Humle, personal communication).

In January 1997, Japanese researchers in collaboration with local villagers
launched a project aimed at creating a “Green Passage” (Green Corridor Project
or Projet Corridor Vert) by planting trees in the savanna along a 300-m wide, 4-
km-long stretch of land extending between Bossou and Nimba (Fig. 18). The
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Fig. 18. Satellite image of the “green corridor” connecting the Bossou hills to the Nimba
mountains. In 1997, we started a tree-planting project to facilitate gene exchange of the adja-
cent chimpanzee communities. (Image provided by the satellite of Digital Globe)
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Fig. 19. The tree nursery for the green corridor. (Photograph by T. Humle)

project was funded by the Japanese embassy in Guinea and then by other
agencies. IREB is now highly involved in the green corridor project. The corri-
dor will make migration between the two groups, Bossou and Seringbara,
possible.

The project devised a unique method for planting trees. Local guides collected
chimpanzee feces, which were mixed with soil, then placed into a plastic sack
each seed they contained from which a young tree would develop (Fig. 19). This
method has two clear advantages. First, these trees will bear fruits that are con-
sumed by the chimpanzees. Second, seeds that have passed through the chim-
panzee digestive system actually have improved chances of germination.

Our initial efforts in 1997 consisted of creating a small botanical garden
(Projet Petite Jardin) as a pilot attempt for the Green Passage. The garden was
constructed on 0.36 ha (about 60 m X 60 m) in the peripheral savanna area of the
chimpanzee habitat. Several local assistants cleared the land and planted nursery
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Fig. 20. The regeneration of the forest in the green corridor. The highest tree reached 9m
high in January 2005 after the initial effort 7 years ago. (Photograph by T. Matsuzawa)

trees from 28 species. The total number of trees planted was 250. One and a half
years later (July 1998), the trees in the garden were inspected by Hirata and
Morimura (Hirata et al. 1998). The number of living trees had dropped to 125
(50.0% of those planted).

Eight years later, in January 2005, a second inspection was carried out. During
these 8 years, no further attempts at planting trees had been made in the area
marked. This assessment showed that 62 planted trees (24.8%) from 9 different
species survived in the savanna. Among them, the following 4 species were
notable: Uapaca heudelotii, Parkia bicolor, Craterispermun codatum (or
Craterispermun laurinum), and Albizia zygia. The tallest of the planted trees
reached 9m in height (Fig. 20). In addition to our trees, we also found 386
young trees of 30 species not planted by us. These trees had appeared and grown
naturally: their seeds were brought in by the wind, by birds, by other animals.
This observation means that a great variety of species of vegetation can coexist
even in such a small area. Among the newcomers, the following 3 species
dominated: Harungana madagascariensis, Nauclea latiforia, and Dychrostachys
glomerata.

Based on our efforts over the past 8 years, we can draw the following conclu-
sions. First, some of the trees we planted were able to survive savanna condi-
tions. We need to select those tree species for planting that can be utilized by the
chimpanzees and which can survive in the savanna. Second, many species of
savanna-growing trees appeared naturally, subsequent to our planting program
and follow-up efforts of guarding the area from fire. Actually, more than 86% of
the trees found in the garden arrived there naturally, by the natural regenera-
tion of the forest. This result means that planting itself does not constitute our
main contribution, but that ensuring protection of the area (from fire and other
destructive forces such as young trees being eaten by sheep and goats) is a more
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important factor in the success of the project. With the help of these lessons
learned, we may someday be able to transform parts of the savanna into forest
through carefully designed reforestation programs.

5 Looking Toward the Future

Five years have passed since the three infant chimpanzees were born at KUPRI
in 2000. Five years ago, I had no clear understanding or impressions about cog-
nitive development in infant chimpanzees. Now, 5 years later, I believe that I have
many clear memories of interesting scenes involving chimpanzee mothers and
their infants. These images also remind me of scenes I have witnessed in the
wild. Such facts and episodes may help us to paint a fuller picture of chimpanzee
cognitive development. This book as a whole may provide a basis for any
reader to construct his or her own story about chimpanzee cognition and its
development.

Chimpanzees survive for 40 or 50 years, perhaps even longer. A 5-year-old
chimpanzee corresponds to a human child approximately 7.5 years old. The
three infant chimpanzees at KUPRI are now ready to graduate to a new stage of
life: childhood. In the wild, chimpanzees 5 years of age gradually become inde-
pendent from their mothers and may soon have younger siblings. Eight-year-old
chimpanzees correspond to 12-year-old humans, which roughly marks the onset
of puberty in both species. Therefore, the next stage in chimpanzees, childhood,
spans the age from 5 to 8 years. We will continue to observe ontogenetic changes
in the three young members of the KUPRI community.

Ayumu, Ai’s son, began to learn Arabic numerals a year ago, at the age of 4
(Inoue and Matsuzawa, unpublished data). Before starting to practice, he had
been observing his mother’s performance on the computer since his birth. When
his turn came, he first began by touching the numeral 1 followed by 2; this hap-
pened in April 2004. Later, he learned to touch 1-2-3, then 1-2-3-4, and so on.
Gradually, he succeeded in touching all numerals from 1 through 9 in an ascend-
ing order just like his mother. Ayumu then proceeded to the next stage: memo-
rizing the numerals. Imagine that five numerals appear on the monitor. When
Ayumu touches the first numeral, the other numerals turn into white rectangles
(Kawai and Matsuzawa 2000), yet he is able to touch the rectangles in the correct
order. For this task, Ayumu has to memorize the numerals and their respective
positions before he makes his first touch. Ayumu’s performance in memorizing
five numerals at a glance now exceeds that of his mother, and also that of human
adults (Fig. 21a,b).

We may still have underestimated the cognitive capabilities of chimpanzees.
We do not yet have a full picture of their cognitive development. Ai is still
only 29 years old and has nearly half her life ahead of her. My hope is that my
colleagues and I will, through our parallel efforts in the laboratory and in
the wild, continue to contribute to our understanding of chimpanzee life as a
whole.
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Fig. 2la,b. A test of numeric
memory span (Kawai and Matsuzawa
2000) was applied to an infant chim-
panzee named Ayumu at the age of 5.
He can memorize the numerals, that
is, which numeral appeared in which
position, at a glance. He first touched
the smallest numeral “1”. Then, he
was trying to touch the white rectan-
gle that was “3”. He can reconstruct
the asending order in his memory.
(Photograph by T. Matsuzawa)
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A New Comparative Perspective on
Prenatal Motor Behaviors: Preliminary
Research with Four-Dimensional
Ultrasonography

Hipeko TAKESHITA!, MAsSAKO MYowA-YAaMaKosHI!, and SATOSHI HIRATA?

1 A Unique Characteristic in the Development of the
Basic Orientation System in Primate Neonates

Organisms adopt various postures and actions while adjusting their bodies to the
environment. Orientation to gravity, the surfaces, and media of the environment
is the most fundamental prerequisite for organisms to perform any functional
activities such as foraging and reproduction (Reed 1996). It is noteworthy that in
primates such a basic orientation system develops through mother-infant inter-
actions immediately after birth. For a primate neonate, the mother’s body func-
tions as an environmental substrate. The neonates sense the speed and direction
of actions through the movements of their mothers, to whom they cling and by
whom they are carried. The mothers support their neonates to maintain physical
contact with them, and the neonates explore and learn how to coordinate their
own postures and actions with those of their mothers while sensing any other
maternal stimuli, such as warmth, taste, and softness of the skin. The dynamic
organization of actions and perceptions that emerges from the mother-infant
interactions underlies the early development of motor behaviors in primates.

2 Immaturity in Postural Control and Its By-Products
in Human Neonates

When born, humans are immature in terms of locomotion, and they exhibit
incompetence when required to support the weight of their own bodies during
the first few months after birth. Although closely related primate species share
this developmental characteristic, it is most conspicuous in human neonates, as
is evident in the longitudinal comparative studies on postural reactions. Previous
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studies found that similar postural reactions are induced when primate neonates
are compelled to remain in unstable postures while separated from their mothers
(Takeshita et al. 1989, 2002; Matsuzawa 2001). These reactions develop in at least
three developmental stages that are common among primate species, as follows:
(1) in the first stage, both forelimbs and hindlimbs are flexed and do not function
to support the body; (2) in the second stage, the forelimbs are extended such that
they support the body; and (3) in the third stage, both forelimbs and hindlimbs
are extended such that they support the body together. In humans, reactions
develop in the second stage after 4 months of age. Of the ten primate species
studied, inclusive of apes, macaques, and capuchins, the relative length of the sum
of the first and second stages is the longest in humans.

Such immaturity in postural control necessitates that human mothers use
both hands to cradle the neonates and provide attentive care for longer periods
than the mothers of any other primate species do. However, human neonates are
not completely passive during interactions with their mothers, but they play an
active role to change their postures. For example, when separated from their
mothers, they cry to be cradled, and when their mothers do not cradle them in
the proper manner, they fret until they are repositioned. Neonatal vocalization
serves to evoke immediate maternal care and is incorporated into the early
development of the basic orientation system in humans. Facial expressions such
as neonatal smiling and neonatal imitation have a similar function (Meltzoff and
Moore 1977, 1983; Myowa-Yamakoshi et al. 2004; Tomonaga et al. 2004; see also
chapters by Matsuzawa, by Myowa-Yamakoshi, and by Tomonaga, this volume).

The emergence of general movements (GMs) and other specific motor behav-
iors such as hand-mouth contacts (HMCs), hand-hand contacts (HHCs), or
foot-foot contacts (FFCs) in the supine position also appear to be remarkable
by-products of immaturity in postural control in human neonates. GMs are
complex movements involving the head, trunk, arms, and legs in the supine posi-
tion in the absence of any stimulus; these movements emerge during early fetal
life and disappear approximately 5 months postterm. The duration of these
movements varies from a few seconds to some minutes (Prechtl and Hopkins
1986; Taga et al. 1999). HMCs are also known to originally emerge in fetuses from
the 12th week of postmenstrual age (de Vries et al. 1982). These movements are
also observed in preterm neonates; the frequency of HMCs and the complexity
of GMs decrease in the 2nd month of age. These U-shaped developmental
changes in the GMs and HMCs suggest the reorganization of the neural func-
tions (Taga et al. 1999; Takaya et al. 2003).

GMs and other specific motor behaviors involving the limbs, such as HMCs,
emerge when neonates are in the supine position, that is, when they are not
cradled by their mothers. While experiencing these motor behaviors, human
neonates explore and learn how to remain in the supine position through their
own postural control, independent of their mothers. The neonates manifest a
variety of limb movements to explore the immediate environment and their own
bodies, long before acquiring voluntary control of locomotion; this is a unique
characteristic of human motor development (Takeshita 1999). The propriocep-
tive, tactile, and visual experiences that they gain through these activities might
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promote a rudimentary perception of the “ecological” self (Neisser 1991, 1995;
Rochat 2001).

3 Coordinated Self-Oriented Actions by
Human Fetuses

Limb movements such as GMs and HMCs emerge during fetal life. Exploratory
behaviors such as grabbing the umbilical cord and pushing the uterine wall have
also been reported in human fetuses (Sparling et al. 1999). In the womb, the
fetuses do not cling to their mothers. These prenatal limb movements could be
the basis of those observed when the neonates lie in the supine position after
birth.

The recently introduced technique of four-dimensional (4-D) ultrasonogra-
phy has enabled the continuous monitoring of fetal faces and other surface fea-
tures of the fetus, such as fetal limbs (Kurjak et al. 2003, 2004, 2005) (Fig. 1). Our
recent study has demonstrated that human fetuses are already capable of
manifesting coordinated behaviors such as HMCs such that the mouth is open
before the hand makes contact with it (Myowa-Yamakoshi and Takeshita, in
preparation).

Twenty pregnant Japanese women with singleton fetuses and gestational age
of 19 to 35 weeks participated in the study. Using the 4-D ultrasound system
Accuvix XQ (Medison, Seoul, Korea) with a 4-7 MHz transabdominal transducer,
4-D images of the fetuses were displayed on the screen and videotaped during
the observational period. The videotapes were reviewed at 0.5-s intervals from
the time point identified as the moment when an HMC emerged, wherein the
fetal hand movements resulted in the contact of the thumb or fingers with the
mouth and lips, that is, the oral region (Kurjak et al. 2003). For the purpose of
analysis, we defined the HMCs as satisfying the following two criteria: (1) the
mouth was closed before the movement began, and (2) the upper limbs were
above the waist until the hand came into contact with the mouth.

Fig. 1. Facial expressions of a
fetus at 32 weeks of gestational
age (a) and yawning by a fetus
at 25 weeks of gestational age
(b: left to right)
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Fig. 2. A human fetus at 25 weeks of gesta-
tional age. The mouth of the fetus opens
before contact with the hand and the hand
makes contact with the mouth

We found 26 HMCs in 9 fetuses. Of these, 17 HMCs (65.4%, 8 fetuses) com-
prised those in which the mouth was opened wide before the hand came into
contact with it (Fig. 2), while this was not the case in the other 9 HMCs (34.6%,
1 fetus). The following four patterns of behavioral sequences were identified
before the HMCs began: (1) mouth opening (MO)-hand approaching the mouth
(HA)-hand-mouth contact (HMC), (2) MO-head approaching the hand
(HE)-HA-HMG, (3) HA-MO-HMC, and (4) HE-HA-MO-HMC. The most
characteristic sequence was the MO-HA-HMC pattern; it accounted for 10 of
the 17 HMCs (58.8%). All the patterns contained elements of both MO and HA.
We investigated these patterns to determine which element began earlier. Of the
17 HMCs, 13 (76.5%) were those in which the mouth was opened before the
approach of the hand.

To the best of our knowledge, this is the first study that noted several fetal
HMCs in which the mouth was opened wide before the hand came into contact
with it. Interestingly, such types of HMCs have been reported in human neonates
(Butterworth and Hopkins 1988; Rochat 2001). These HMCs may be referred as
an “anticipating” or “expecting” behavior based on the proprioceptive calibra-
tion of the body. It is possible that human fetuses have a prior perception of how
they should move their hands to make contact with their mouths. It is also pos-
sible that the fetuses might be just beginning to perceive their own bodies
through the experience gained from well-coordinated MO and HA movements.
In any case, we may observe a developmental continuity of hand-mouth coor-
dination from the prenatal to neonatal period.

Another important finding is the repetition of fetal HMCs. After the first
HMG, the fetus was often observed to repeat it 2.4 times on average, within 5-s
intervals. The most frequently observed case of repetition was that in which
fetuses repeated the HMCs 6 times. It is possible that such circular fetal behav-
ior is used by fetuses to explore the intersensorimotor relations of their bodies
and to enhance their learning of their “ecological” selves (Neisser 1991, 1995;
Rochat 2001).

4 Comparative Data from Chimpanzees

As the closest related species, it is likely that chimpanzees share these funda-
mental characteristics of early development of motor behaviors with humans.
Chimpanzee mothers often cradle their neonates with both hands and manifest
the “tripedal” walk while supporting the neonates with one of their forelimbs.
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The chimpanzee neonates also fuss to be cradled better when they are no longer
in a comfortable position. On most such occasions, the chimpanzee mothers
change their manner of cradling (Mizuno et al. 2004).

During a few months in the corresponding stage of postural reactions, that is,
in the first stage, when they are separated from their mothers, the chimpanzee
neonates manifest motor behaviors such as GMs and hand-foot contacts (HFCs)
that are similar to those observed among human neonates in the supine posi-
tion. However, differences have also been reported. In chimpanzees, HHCs,
which involve the firm clasping of one hand in the other, are sometimes observed
immediately after birth; these appear related to the grasping reflex. However,
a more-elaborate pattern of HHCs in the supine position, involving complex
movements that require the entwining of the fingers of one hand around those
of the other, are scarcely observed before 5 months after birth (Takeshita 1999).
On the other hand, in humans, this pattern of HHCs is frequently observed 3 to
4 months after birth. With regard to GMs, Takaya et al. (2002) found that in
humans, the complexity of forelimb movements is significantly greater than that
of hindlimb movements, whereas no significant difference was observed in the
complexity of the forelimb and hindlimb movements in chimpanzees, who man-
ifest GMs a few months after birth.

On considering the similarities and differences reported between both species
after birth, our research concern is to examine how motor behaviors develop in
the womb in chimpanzees. Because it is difficult to secure the participation of
pregnant chimpanzee subjects in the study without administering anesthesia,
fetal behavioral data for chimpanzees have rarely been obtained thus far,
although a few studies on other aspects of fetal development have been con-
ducted (Hayashi et al. 2001; Kawai et al. 2004; see also chapters by Hayashi and
by Kawali, this volume). We recently conducted another study that corresponded
to our research interest and enabled us to overcome this difficulty (Myowa-
Yamakoshi et al. 2005).

Tsubaki, a 9-year-old female chimpanzee who belongs to the Great Ape
Research Institute, Hayashibara Biochemical Laboratories, 952-2 Nu, Tamano,
Okayama 706-0316, Okayama, Japan, participated in the study. We introduced
the same 4-D ultrasound system to observe her fetus during 22 to 32 weeks of
gestational age (Fig. 3).

Before beginning the first test session, it was necessary to familiarize the
chimpanzee mother with the experimental settings in which she was required
to be in contact with the gel on the probe. This situation was made possible
because of the close relationship that the chimpanzee shared with one of the
keepers, who operated the probe, and several training sessions conducted
over more than 2 months. The training sessions had the following three stages:
(1) the gel was applied on the belly, (2) the probe with the gel was placed in
contact with the belly, and (3) the probe with the gel was then moved over the
belly. Each test session lasted for 6 to 20 min (mean, 10.5min) and was repeated
two or three times a week. Recordings were conducted for a total of 367 min (35
times).
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Fig. 3. A chimpanzee mother, Tsubaki, partici-
pated in the study with four-dimensional (4-D)
ultrasonography

Fig. 4. A chimpanzee fetus observed at
23 weeks of gestational age (a) and at 25
weeks of gestational age (b)

We found a distinct difference in the pattern of forelimb movements in the
chimpanzee fetus as compared with the data obtained from human fetuses
(Kurjak et al. 2004, 2005). The chimpanzee fetus showed frequent forelimb con-
tacts with the head (Fig. 4), whereas human fetuses showed relatively more fre-
quent forelimb contacts with other parts of the face, including the eyes, nose,
and mouth. HHCs were not observed in the fetal chimpanzee subject but were
observed in humans (Fig. 5).

We are unable to generalize the results based on a single subject. The study,
however, provided an important implication for developmental comparisons
between both species; that is, both fetal somatic and environmental constraints
might influence the feasibility of the body movements. The relative size of the
fetal forelimbs to the upper body in chimpanzees is considerably larger than that
in humans (Fig. 6). In contrast, in chimpanzees, the relative size of the womb in
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Fig. 5. Finger movements during a hand-hand contact (HHC) made by a human fetus at 25
weeks of gestational age. The change in the movements occurred during every second (left to
right)

Fig. 6. A human fetus at 21
weeks of gestational age (a) and
a chimpanzee fetus at 27 weeks
(a) of gestational age (b)

which the limbs could move appears to be smaller than that in humans. Two-
dimensional (2-D) images that were obtained by using 4-D ultrasonography sug-
gested that chimpanzees might have less amniotic fluid; one of its presumed
functions is to facilitate the generation of fetal motor behaviors.

5 Limb Movements for Exploring the Entities of the
Environment and Self

As already mentioned, human neonates are born with the ability to develop close
interactions with their mothers; this compensates for their immature postural
control at birth (Parker and McKinney 1999; Takeshita 1999; Falk 2004; see also
chapters by Matsuzawa, by Myowa-Yamakoshi, and by Tomonaga, this volume).
Facial expressions such as neonatal smiling (which is exclusively observed in the
state of active sleep) and neonatal imitation (facial responses that match
the facial stimuli provided by the adult demonstrator) appear to draw and hold
the attention of the mothers and serve to promote the early development of the
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basic orientation system. Although we do not yet know the precise mechanism
that enables such “social” interactions in the neonates immediately after birth,
facial expressions that are a part of these activities are observed to emerge and
continue during fetal life (Kurjak et al. 2003, 2004, 2005). Recent studies revealed
both neonatal smiling and neonatal imitation in chimpanzees (Mizuno et al.
2006; Myowa 1996; Myowa-Yamakoshi et al. 2004). Chimpanzees also manifest
immature postural control at birth. We were unable to obtain clear video images
of the movements in the oral regions because of the low quality of the 4-D ultra-
sonography, which was most likely the result of the low volume of amniotic fluid
in chimpanzees. However, facial movements corresponding to those of neonatal
smiling and neonatal imitation in human fetuses are likely to be found in chim-
panzee fetuses as well. In that case, human neonatal facial expressions that could
contribute to the development of mother-infant bonds might be considered to
have their evolutionary origin in immature birth, which is observed in both
species.

Another aspect that draws our attention is the variety of fetal limb movements
in humans. Human fetuses manifest varied limb movements in the uterine envi-
ronment. They often touch their own body parts with their hands; such double-
touch stimulus produced through their activities might develop their perception
of their “ecological” self (Rochat 2001). Rochat and Hespos (1997) demonstrated
that within 24 h of birth neonates are able to discriminate between self-produced
tactile stimulation (self-stimulation) and tactile stimulation from a non-self or
external origin (allostimulation). They observed the rooting responses of the
neonates following stimulation of either their right or left cheeks by either the
experimenter’s finger (allostimulation) or the spontaneous movement of one of
their hands to their faces (self-stimulation). The neonates displayed a greater
tendency to turn their heads and root toward the experimenter’s finger than
toward their own hands. This finding suggests that the ability to discriminate
their bodies from other entities is acquired in the womb. Human fetuses make
contact with the various entities in the uterine environment (e.g., the umbilical
cord, uterine wall, and amniotic fluid as well as their own body) by using their
hands. Active exploration through limb movements and interactions with the
entities in the environment begins in the womb itself. Repeated exploration
would lead to fetal learning of the “ecological” self in the course of fetal neural
development.

Interestingly, the relative number of limb movements observed in a chim-
panzee fetus subject was very low. The differences in fetal limb movements
between humans and chimpanzees might be attributed to the different courses
of postnatal development, especially the development of self-perception, which
is substantially important in human cognitive development.

Among the forelimb movements, HMCs and HHCs attract the most attention.
Both the mouth and hands are the primary sensorimotor organs used to explore
one’s own body as well as the external environment during the prenatal and
postnatal periods. Combination of the activities of the hand and mouth (HMCs)
and those of both hands (HHCs) would promote synergy between the roles of
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an active subject and a passive object in the activities involving an organ, the
mouth, and the hand. Thus, the most complex versions of double-touch activi-
ties and their routines would be obtained with HMCs or HHCs, which might
promote the rudimentary perception of the “ecological” self (Neisser 1991, 1995,
Rochat 2001).

Recently, Itakura et al. (2002) observed the same ability in a chimpanzee
neonate as that observed in humans by using the double-touch stimulus para-
digm (Rochat and Hespos 1997). It is necessary to accumulate much more
precise and detailed data of fetal motor behaviors in both species to acquire a
plausible scenario integrating the likely principal factors discussed here. We
believe that further comparative research of fetal motor behaviors will elucidate
the evolutionary and developmental origin of coordinated motor behavior,
higher social cognition, and complex composition of self-recognition among
humans.
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3

Cognitive Abilities Before Birth:
Learning and Long-Lasting Memory in
a Chimpanzee Fetus

NoBUYUKI KAwAI

1 Introduction: The Dawn of Research on
Prenatal Cognition

Everyone has a naive question about ontogenesis (“the ontogenetic origin”) of
our intelligence. When do we start to learn about events and memorize
them? To address this question, two species have been intensively investigated:
rats (Rattus norvegicus) and humans (Homo sapiens). In this chapter, I briefly
review the literature of prenatal and postnatal learning of the two species.
Then, I discuss our recent research on learning and memory by a chimpanzee
fetus.

Once not only laymen but also researchers believed that neonates did not have
most of the cognitive abilities of adults (Douglas 1975) because the immature
brains of altricial infants are under development for some years or even until
adolescent years (Paus et al. 1999). This notion corresponded with general
behavioral development, especially in humans. It takes almost 12 months before
a human infant begins bipedal locomotion and 6 months or more before an
infant utters a meaningful word. Therefore, it is not surprising that it was long
believed that a neonate is not yet prepared for many physical and cognitive
abilities.

In the late 1970s, however, the journal Science reported unexpected behavioral
and cognitive capabilities of rat and human newborns in succession: (1) infant
imitation (Melzoff and Moore 1977), (2) instrumental conditioning in 1-day-old
rats (Johanson and Hall 1979), (3) instrumental conditioning in human new-
borns (DeCasper and Fifer 1980), and (4) instrumental conditioning and its
memory in human newborns (Rovee-Collier et al. 1980). A curtain was opened
for research on cognition during infancy by these studies.

Graduate School of Information Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya
464-8601, Japan
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2 Learning Abilities in Prenatal and Postnatal Animals
2.1 Learning in Postnatal Animals

Although Pavlovian conditioning in newborn rats had been demonstrated in the
1960s (Caldwell and Werboff 1962), the obtained levels of performance were
weak. Caldwell and Werboff (1962) trained 1-day-old rat pups by giving a pair
of vibrotactile stimuli to the rat’s chest as the conditioned stimulus (CS) and an
electric shock (the unconditioned stimulus; US) to the forelimb 80 times. The
highest level of conditioned response (leg flexion by the CS) attained was only
32% for the two best groups. This level of performance was significantly below
that traditionally reported in the literature of Pavlovian conditioning of adult
rats (Hilgard and Marquis 1961).

Later, it found that newborn rats are ready to associate events when olfactory
and/or gustatory stimuli are employed. For instance, Rudy and Cheatle (1977)
found that 2-day-old rat pups exposed to a single paired presentation of lemon
scent and nausea induced by lithium chloride (LiCl) displayed a reduced pref-
erence for the lemon scent after 6 days of testing. Subsequent studies demon-
strated that even 1-day-old pups could readily establish conditioned odor
aversions (Cheatle and Rudy 1978). Even more, 1-day-old rat pups learned to
probe upward into a puddle when they were rewarded with small infusions of
milk into their mouths, namely, instrumental learning (Johanson and Hall 1979).
These results strongly suggest that newborn rats are born equipped with the
ability to recognize events and learn from them.

2.2 Prenatal Learning in Animals

There is no reason to distinguish cognitive ability between before and after birth.
It should be plausible to assume that the ability is available before birth. Smoth-
erman (1982) revealed that fetal rats are capable of rapidly acquiring olfactory
aversions. In that study, the flavor of apple juice introduced into the amniotic
fluid was paired with injections of LiCl into fetuses 2 days before the normal end
of gestation. When these infant rats were tested 10 days after birth, they demon-
strated marked aversion to the odor of apple juice (Smotherman and Robinson
1991). Appetitive conditioning has also been reported in the same species
(Robinson et al. 1993). Robinson et al. (1993) demonstrated that rat fetuses
exposed to chemosensory stimuli are capable of retaining associations
after birth. These studies indicate that the rat fetus seems well prepared to
process chemical stimuli (e.g., amniotic fluid and milk) that are critical to its
survival.
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2.3 Some Restrictions to Prenatal and Postnatal
Associative Learning in Rats: Limited Abilities in Early
Visual and Auditory Senses

Nevertheless, there seem to be some constraints in learning even during infancy.
In the early period of development, not all the stimulations establish learning.
Although significant odor aversion was produced in 2-day-old rats by both LiCl
and intraperitoneal shock US, foot shock was not effective until pups were 14
days old (Haroutunian and Campbell 1979).

Rats are born with immature sensory organs. Through quick development,
weaning in rats occurs at about postnatal day 21. The rat’s auditory and visual
systems, however, start to function after about postnatal day 14. The external
meatus opens the ear canal to sound at about 13 days of age (Kelly et al. 1987),
and the eyes open at 15 days (Spear and Rudy 1991). These completions of
organic maturation do not mean that rats are ready to learn by these sensory
systems. Learning by these systems is delayed a few days after functioning of
these sensory systems has begun. Hyson and Rudy (1984) report that it was not
until the rat pups were 14 days old that they were conditioned to that tone,
whereas pups 12 days old were able to detect the 2,000-Hz tone used as the CS.
Moye and Rudy (1985) found that even though the 15-day-old rat pups could
detect the flashing light CS, the light paired with shock did not elicit a condi-
tioned freezing response until the pups were 17 days old. This finding cannot be
attributed to the ineffectiveness of the shock in reinforcing the conditioning
because 15-day-old rats were conditioned to both auditory and olfactory stimuli
paired with the same shock. Therefore, the learning ability of perinatal rats relies
on the chemical (olfactory and/or gustatory) stimulation for which the mam-
malian fetus appears to be prepared. This result is not surprising, because the
fetus and newborn need to process chemical stimuli (amniotic fluid and milk,
etc.) in their intrauterine and perinatal life (Papini 2002) (Table 1).

3 Cognitive Abilities in Human Fetuses

3.1 The Human Newborn Is Sensitive to the Mother’s Voice
and Learns by Hearing the Voice

The human fetus and newborn are unique because they are sensitive to visual
and auditory stimuli from just after birth. Among all, newborns selectively
respond to the stimuli produced by humans (Melzoff and Moore 1977). Not only
are they sensitive, but also they can change their own behavior to listen to the
voice, namely, instrumental learning. Infants younger than 3 days can rapidly be
conditioned using sucking as the instrumental response and tape recordings of
the mother’s voice as the reinforcement (DeCasper and Fifer 1980). Not only do
very young infants have the ability to learn, but they are also able to distinguish
the sound of a human voice from other kinds of sounds, and they seem to prefer
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Table 1. The onset of sensory modalities and its availability in learning in rats

Age in days
Cognitive Perinatal
Sensation function fetus Birth 12 days 14 days 17 days
Olfaction/ Perception Yes Yes Yes Yes
gustation Learning Yes Yes Yes Yes
Audition Perception No Yes Yes Yes
Learning No No Yes Yes
Vision Perception No No Yes Yes
Learning No No No Yes

this sound (Butterfield and Siperstein 1974). Human neonates readily display a
preference for their mother’s voice as opposed to an unfamiliar female voice,
whereas they show no significant preference for their fathers’ voice (DeCasper
and Prescott 1984). These results suggest that the prenatal auditory experience
of the human infant influences postnatal auditory preferences.

3.2 The Human Fetus Shows Habituation to
Acoustic Stimuli

In fact, human newborns prefer the sound of a passage recited over the last 6
weeks of gestation to the sound of a passage from a novel (DeCasper and Spence
1986). Prenatal auditory experience exerts a change in fetal response per se
(Birnholz and Benacerraf 1983; Murphy and Smyth 1962). Typically, human
fetuses decrease their response when a sound or vibration is repeatedly
presented to them (Lecanuet et al. 1986). Such a decrement in response has
been interpreted to reflect habituation rather than receptor fatigue (Madison
et al. 1986) and implies that the human fetus also has a simple form of learning
ability.

3.3 Can the Human Fetus Learn Within the Uterus?

This result does not imply, however, that human fetuses are capable of more
complex learning, such as associative and moreover discriminative learning.
Associative learning can be distinguished from habituation, because habituation
is a behavioral and/or attentional change to a single stimulus, whereas associa-
tive learning requires the ability to associate more than two events that are char-
acterized in terms of a relationship between two or more environmental events.
In addition, habituation does not persist for a long period. For instance, a recent
study (van Heteren et al. 2000) reported that human fetuses demonstrated habit-
uation to vibroacoustic stimulation (VAS) in the uterus, but it was only main-
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tained for 24 h. Further, although the auditory system of human fetuses already
functions so that they can distinguish a slight difference between syllables
(Lecanuet et al. 1992), hearing ability does necessarily mean that the fetus is
ready to form auditory associations.

As already mentioned, although rat pups that were 10 and 12 days old could
detect a 2,000-Hz tone that served as the CS, they did not become conditioned
to that tone until they were 14 days old (Rudy and Hyson 1984). During the devel-
opment of a particular sensory system, there seems to be a period when the
system can detect and respond reflexively to a relevant stimulus source and yet
be unable to mediate associative learning involving that stimulus (Moye and
Rudy 1985; Rudy and Hyson 1984). Therefore, it is still unclear whether a human
fetus can form an association between events originating from outside the
uterus.

3.4 Does the High Sensitivity to Acoustic Stimuli by
Human Fetuses Evolve in the Human Lineage?

As mentioned, the human fetus responds to various sounds from outside the
uterus. Behavioral (Ramus et al. 2000) and neurophysiological (Pefia et al. 2003)
studies report that newborns already distinguish their own language from
unfamiliar ones. Is this advanced auditory sensitivity related to our greater
vocal communication after birth and only limited to the human fetus?

Other than humans, evidence that prenatal auditory experience can exert a
heavy influence on postnatal behavior has been limited to precocial mammals
(Vince 1979) and birds (Gottlieb 1976). So far, we have no information on
whether this well-developed auditory sensitivity is shared with other fetal pri-
mates. If a chimpanzee fetus can establish associative learning mediated by its
auditory system, then we can infer that our closest relative, the chimpanzee,
shares the superior auditory sensitivity of the human fetus. In other words, we
can infer that the advanced auditory sensitivity of human fetuses and newborns
has not evolved in the Homo lineage for our rich vocal communication.

3.5 Toward Decisive Evidence of Prenatal Learning in a
Natural Situation

To our knowledge, there has been no decisive evidence demonstrating fetal asso-
ciative learning in primates, including humans. Although substantial evidence
on associative learning capacity has been provided by studies on rat fetuses,
these involved directly stimulating the rat fetus via an incision in the maternal
abdomen. Of special interest here is whether a fetus that remains untouched
within the uterus can form an association between stimuli presented from an
extrauterine environment. To address this, we employed the fetus within a
captive chimpanzee as the subject. These particular primates not only afford
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many opportunities for daily experiments but allow a close comparison with
humans.

The primary purpose of the present study was to assess whether a chimpanzee
fetus could undergo associative learning. Because chimpanzees have long life
spans and it is not easy to increase their numbers in captivity, for practical
reasons our treatment had to be limited to a single fetal subject. For this limited
number of subjects, we employed differential conditioning as the control proce-
dure. We compared responsiveness to two tones, one of which was paired with
an unconditioned stimulus of VAS, which produces exaggerated responses in
fetuses, whereas the other tone was never paired with VAS. We hypothesized that
if an association were formed between a tone and the VAS, the subject would
demonstrate active movement to the tone, because fetal responses to the VAS are
essentially startled. Two other chimpanzee infants served as the control subjects
to assess their unconditioned potential to respond to the tones employed in the
conditioning.

4 Associative Learning and Long-Lasting Memory
Before Birth in a Chimpanzee

4.1 Conditioning with a Chimpanzee Fetus

We investigated whether a chimpanzee fetus can form associations between
external stimuli by using Pavlovian conditioning (Kawai et al. 2004). The condi-
tioning was initiated at 201 days gestational age (GA). An experimenter (MT)
well known to the chimpanzee mother (Pan) came into the same booth (cf.
Kawai and Matsuzawa 2000), and, after calming the pregnant chimpanzee, was
able to position the equipment on her lower abdomen. Before each condition-
ing, another experimenter (NK) outside the booth monitored the fetus ultra-
sonically through the mother’s abdominal wall and confirmed the fetus was
behaviorally active. Activity was defined as any substantial movement of the
arms, legs, or whole body for 1 min before each trial. If the fetus was not active,
conditioning was postponed until activity resumed. Once activity was con-
firmed, the speaker and stimulator were placed on the lower maternal abdomen,
then differential conditioning was applied to the fetus (Fig. 1). Two pure 1-s tones
were employed as conditioned stimuli (110db), with one tone (500 Hz; CS+)
always followed by a VAS of 80 Hz (110 Gal) applied near the fetus, while another
(1,000 Hz; CS—) was never followed by the VAS. The conditioning was conducted
for 156 trials in total until labor at 233 days GA.

The conditioned fetus was born as a result of natural delivery and reared by
her own mother. The tests were done on the 33rd and 58th days after birth along
with various other kinds of behavioral, cognitive, and developmental experi-
ments and observations (see other chapters in this volume). In the test session,
the conditioned infant (Pal) was taken by anesthetizing her mother and was
placed supine on a wide white bed in another room. She was then presented with
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Fig. 1. The pregnant chimpanzee and an experimenter to whom she was well habituated
during the conditioning treatment with speaker and stimulator placed on her lower abdomen

the CS from 10 cm above her head six times (-, +, +, —, +, —) with a 1-min inter-
trial interval (Fig. 2). The two other infant chimpanzees underwent this test in
exactly the same way. Pico was tested when 34 and 57 days old and Cleo was
tested when 121 days old. Behavior and vocalizations were recorded with a
digital video camera suspended 1 m above the subjects.

4.2 Data Analysis for the Test
4.2.1 Behavioral Measures: Body Movements

The degree of body movement was calculated graphically by subtracting adja-
cent frames at 100-ms intervals for the first 1s after each stimulus was presented
(Fig. 2). The original images were captured on digital video and saved in 256-
step gray-scale mode. We arbitrarily established a rectangular region of interest
(see Fig. 2) to cover the whole body of the infant for each session. We calculated
the absolute difference in brightness for corresponding pixels between adjacent
frames. If this value exceeded a predetermined threshold of 20, a black dot was
placed on the white background to establish an image of subtracted brightness.
The body movement index for each of those brightness-subtracted images was
the proportion of black dots to the total region of interest. The mean body move-
ment index for each trial was the average of ten brightness-subtracted images.

4.2.2 Behavioral Measures: Observer Rating

In addition, the video tape recording was edited into silent video clips of the first
5s after the CS so that observers could evaluate the activity of subjects. Five
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Fig.2. Successive frames from digital video recordings and the graphically subtracted images

experimentally blind observers rated the subjects’ activity according to a five-
point Likert scale (1 being “completely inactive” and 5 “very active”). These
ratings for behavioral activity were averaged. The observers were unfamiliar
with the chimpanzees and could not distinguish among the three subjects. The
clips were presented in random order with 7-s intervals.

4.3 Evidence of Fetal Learning by the Chimpanzee

Pal (the conditioned subject) was activated by the CS+, but not by the CS—, in
which the conditioned infant went through frenzied movements and cries (i.e.,
surprised) for CS+ but not for CS— presentations. This behavior was observed
in both tests at 33 and 58 days old. However, Pico and Cleo (the two chimpanzee
infants), who experienced no conditioning, did not show any response to either
CS.

These differences are evident in the two indices. Figure 3, which shows the
mean body-movement indices calculated graphically, shows that Pal (the condi-
tioned subject) demonstrated greater activity after the CS+ than the CS-,
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whereas the body movements of the control subjects were limited and indistin-
guishable between the two trials. Statistical analysis on body-movement indices
revealed that the conditioned infant reacted significantly more after CS+ than
after CS— presentations [F (1, 2) = 75.24, P < 0.05). The effects of age [F (1, 2)
= 1.62, n.s.] and interaction [F (1, 2) = 1.71, n.s.] were, however, not significant.
The activity of Pico (the control infant of the same age) was lower and indis-
tinguishable between CSs [F (1, 2) < 1, n.s.] The effects of age [F (1, 2) = 2.54,
n.s.) and interaction [F (1,2) < 1, n.s.) were also not significant. The activity level
of Cleo (the unconditioned 121-day-old chimpanzee infant) was also lower and
indistinguishable between CSs [#(4) = 0.12].

Exactly the same picture can be drawn by the behavior scores rated by exper-
imentally naive observers. Scores on the behavior of Pal (the conditioned
subject) after the CS+ period were evaluated as being more active than those
after the CS—, but Pico’s and Cleo’s behaviors (the control subjects) were rated
as less active and indistinguishable (Table 2). Pal’s mean CS+ and CS— scores
were 3.8 and 2.1, respectively, at 33 days, and 4.6 and 3.5 at 58 days. Those of Pico
(the same age control infant) were 2.2 and 2.3 at 34 days, for the CS+ and CS—,
respectively, and 2.9 and 2.7 at 57 days. Those of Cleo (the 121-day-old infant)
were 1.2 and 1.1 for the CS+ and CS—, respectively. Statistical analysis confirms
that only Pal’s behavior after the CS+ was active.

These results can be summarized as follows: (a) a chimpanzee fetus is capable
of associative learning mediated by its auditory system, and (b) its memory per-
sists for at least 2 months. This learning was assessed by comparing responses
to two CS. The conditioned chimpanzee demonstrated greater response to the
500-Hz tone, which had been paired with VAS during the prenatal period, than
to the 1,000-Hz tone that had never been paired with VAS. These differential
responses to the two tones suggest that the chimpanzee fetus distinguished them
in utero and was already capable to inhibit responding to the CS—.

One may argue that the fetus could only detect the 500-Hz tone. Although the
present study cannot exclude this possibility, intrauterine recordings indicate
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that sound frequencies below 1,000 Hz, which hardly attenuate acoustic energy,
are detected by the fetus (Armitage et al. 1980; Querler and Renard 1981). Fur-
thermore, some studies have reported that human fetuses respond to a 2,000-Hz
tone at 100dB (Dwornicka et al. 1964) and 110dB (Gelman et al. 1982). Regard-
less of the stimulus control tone of 1,000 Hz, it is certain that the 500-Hz tone
activated the conditioned infant. The exaggerated responses to the 500-Hz tone
by the conditioned infant cannot be attributed to any unconditioned potential
because it did not elicit any response in the unconditioned control infants. So
far, there have been no reports on fetal associative learning mediated by the audi-
tory system. The present demonstration of associative learning by a chimpanzee
fetus suggests that its auditory system is already functioning and ready for asso-
ciative learning. We expect that a near-term human fetus, which is sensitive to
auditory stimulation, would also demonstrate the ability to form associations if
the same procedure as used in the present study were followed.

4.4 Long-Lasting Memory in the Chimpanzee Infant

Interestingly, the associative learning demonstrated in our experiment (Kawai
et al. 2004) remained for at least 58 days. Such retention seems surprising, given
that studies with human infants report less-persistent memory during infancy
(Fagen and Rovee-Collier 1983; Rovee-Collier et al. 1980). In the case of the
human fetus, the longest retention interval of habituation is just 24h (van
Heteren et al. 2000)! Nevertheless, the relatively long-term memory noted in our
study may be the result of the biological significance of reinforcement. Rein-
forcement used in studies on human infant memory seems to be biologically less
significant than that used in associative learning by animals. In most studies on
human infant memory (cf. Grosset al. 2002), visual stimuli used as reinforcers
did not elicit unconditional responses. In contrast, the VAS we used in our study
usually evoked greater activity in the fetus within the uterus. Other studies on
nonhuman infant learning have also employed biologically significant stimuli as
reinforcers, such as milk (Johanson and Hall 1979, 1982), LiCl (Rudy and Cheatle
1977), and electric shock (Caldwell and Werboff 1962). Smotherman (1982)
reports that infant rats tested postnatally at 10 days maintained an association
acquired 2 days before the end of gestation. Consequently, it appears that the
more biologically significant the reinforcement, the longer the retention span.
It is worth to mention that Pal might retain the conditioning for a longer time.
We conducted extinction training at the age of 8 months. Pal came into the
experimental booth along with her mother, Pan, for the behavioral and cogni-
tive tests. The CS were presented from outside the booth. In the beginning, Pal
rushed back to her mother when the CS+ was presented. This result does not
mean that Pal was merely surprised by the loud sound because this kind of
behavior was not observed when the CS— (the same intensity) was presented. In
the latter trials, Pal paid attention to the CS without overt behavior. Then, she
came to ignore the CS. Although the purpose of the extinction was to extinguish
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the potential association and we did not expect her memory, behavioral changes
by the CS+ presentation suggest she retained the memory for 8 months.

4.5 Long-Term Effects of Early Experience
in Other Animals

So far, long-term effects of early experience have been documented for insects
(Alloway 1972) and amphibians (Hepper and Waldman 1992). For instance,
injecting orange extract into the eggs of frog embryos resulted in a preference
for locations doused with that odor in both tadpoles and adult frogs (Hepper
and Waldman 1992). More-complex learning can be trained in larvae of the
crested newt in a visual discrimination task by food reward (Hershkowitz and
Samuel 1973). The newt as adults responded to the visual stimulus previously
followed by food (which were now non-rewarded). Similarly, Miller and Berk
(1977) trained both tadpoles and frogs in a one-way avoidance situation. After
completion of the learning, a retention interval of 35 days was inserted, in which
period the tadpoles became adult. The learning was preserved regardless of the
biological status at the time of acquisition. These results suggest behavioral
habits induced by conditioning in immature amphibians can exert an effect on
behavior of adults, even after metamorphosis.

4.6 Infantile Amnesia and Brain Development: Limits of
Long-Term Effects of Early Memory

Nevertheless, we can hardly remember our own experiences in early life. This
phenomenon is known as “infantile amnesia” Comparative-developmental
studies suggest this phenomenon is caused by the immature brain. Campbell et
al. (1974) trained rats, an altricial species, and guinea pigs, a precorcial species,
in an escape-from-shock situation. In the case of rats ranging from 15 to 35 days
of age, the performance was the same as the original training after a 1-day reten-
tion interval. However, with a 14-day retention interval, performance was
degraded substantially for the young unweaned infants (less than 20 days of
age). In contrast, 5-day-old and 100-day-old guinea pigs learned rapidly, and
behavioral levels after a 75-day-long retention interval were well preserved when
original training had many trials and were indistinguishable between the two
age groups.

Infantile amnesia, however, does not necessarily mean that the forgotten
information is irreparably lost. It is possible, within certain limits, to reactivate
early memories otherwise forgotten (cf. Springer and Miller 1972). For instance,
human infants at the age of 3 months can learn to activate an overhead crib
mobile by operant foot kicking; however, forgetting had occurred after 1 week.
Nonreinforced exposure to a visual reminder of the event that existed in the
training session (i.e., mobile, etc.) reactivates their memory (Fagen and Rovee-
Collier 1983).
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This recovery by reactivation treatments suggests that forgetting in the early
period of life may not necessarily involve the destruction of relevant memories.
Rather, it may be caused by retrieval failure. The neural network responsible for
retrieving (and/or storing) memories may be overlaid by networks that develop
subsequently.

4.7 Brain Development and Cognitive Abilities
in the Fetus

Brain development correlates not only with memory but also with learning
ability in humans. Our recent study showed that not the chronological age of
human fetuses but the development of the central nervous system (CNS) deter-
mines the habituation ability to the VAS presented from a maternal abdomen.
Morokuma et al. (2004) divided 26 fetuses at 32 to 37 weeks of gestation into
three groups using combined criteria of gestational age (GA) and behavioral
indicators. First, based on GA at the time of testing, the fetuses were divided into
two groups, 32 to 34 weeks and 35 to 37 weeks of GA, because it is known that
the neurologically normal fetus shows RRM (repetitive mouthing movement) at
or above 35 weeks of gestation. Then, the fetuses less than 34 weeks of GA were
divided in terms of the positive or negative of three behavioral indicators:
EM/NEM (alternation of the eye movement/no eye movement periods),
REM/SEM (rapid and slow eye movement patterns), and RMM. Group II
(younger age) showed RMM (positive), but Group I in the same age group did
not show RMM. This difference between the same-age groups was regarded as
reflecting a difference in CNS development. As results, fetuses showed habitua-
tion from at least 32 weeks of gestation. Nevertheless, fetuses less developed
(Group I) from the behavioral standpoint took significantly more trials to
achieve habituation than developed fetuses even in the same gestational age.
These findings strongly suggest a relationship between brain development meas-
ured by behavior scores and habituation ability.

5 Conclusion: Toward Comparative and Physiological
Analysis of Cognitive Ability by Fetuses

The prenatal learning capacity of mammals has been documented, particularly
in rats and human. Our study adds a decisive evidence of prenatal learning in
the closest primate to humans, namely, the chimpanzee. The fact that the chim-
panzee fetus can distinguish the two tones provided from the maternal abdomen
and form an association within uterus indicates that the advanced auditory
sense in the human fetus has not evolved in human lineage. This result, however,
does not always mean early acoustic experience is not a prerequisite to human
rich vocal communication. Early experience (even a mere exposure) exerts an
obvious effect on adult behaviors, even when the brain is undergoing substan-
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tial changes in maturation during early development. The best evidence for this
is provided by human language acquisition.

The question is no longer whether fetal learning occurs, but how complex pre-
natal learning abilities are and how much early experiences influence adult
behavior. Furthermore, we have to assess the time at which a fetus begins to
acquire information. Our treatment of conditioning was initiated at 201 days GA
and continued until labor at 233 days GA. It is not certain that the fetus at 201
days GA was mature enough to establish learning or whether it was formed in
the latter prenatal age. Obviously, more detailed information ranging from
rodents to primates including human fetuses is needed to address the question
of the ontogenetic and phylogenetic origins of our cognition.
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Spindle Neurons in the Anterior
Cingulate Cortex of Humans and
Great Apes

MoTOHARU HAYASHI

1 Introduction

The anterior cingulate cortex (Brodmann’s areas 24 and 25), which is a part of
the limbic system, lies ventral and rostral to the corpus callosum. In addition to
regulating autonomic and endocrine functions, the area has been shown to be
involved in emotional learning, attention, error recognition, and pain. Further-
more, it is involved in vocalization, singing, and word processing, suggesting that
the area is of importance to higher brain functions such as communication and
language (for review, see Bush et al. 2000; Devinsky et al. 1995; Paus 2001; Posner
and Rothbart 1998; Vogt et al. 1992).

Recent anatomical studies have indicated that an unusual type of neuron
(spindle neuron) is present in layer Vb of the anterior cingulate cortex (ACC)
(Nimchinsky et al. 1995, 1999). The spindle neurons are characterized by large
vertical fusiform morphology and a type of projection neuron. These neurons
have been observed only in humans and great apes such as bonobos, common
chimpanzees, gorillas, and orangutans, whereas they are absent in gibbons as
well as in New World and Old World monkeys. Furthermore, the density of the
spindle neurons in layer V and the volume of the cell body have been found to
vary as a function of relative brain size (encephalization) across humans and
great apes.

In this chapter, I review the structures and functions of the ACC of humans
and primates and discuss the significance of the presence of the spindle neurons
in the ACC of a chimpanzee fetus. I also discuss the relationship between spindle
neurons and brain-derived neurotrophic factor (BDNF), which is one of the neu-
rotrophic factors in the vertebrate central nervous system (CNS).

2 Structures of the ACC

The cingulate cortex is a cerebral neocortical region located between the cingu-
late sulcus and the parieto-occipital sulcus (Fig. 1). Cytoarchitecturally, the cin-
gulate cortex has two different regions, the ACC (Brodmann’s areas 24 and 25)
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Fig. 1. Location of the anterior cingulate cortex (ACC) (areas 24 and 25) and the posterior
cingulate cortex (areas 23, 29, 30, and 3I) in human cerebral cortex based on Brodmann’s
(1909) map. Black area shows the position of the corpus callosum

and the posterior cingulate cortex (Brodmann’s areas 23, 29, 30, and 31).
The ACC is distinct from the posterior cingulate cortex in that it lacks layer
IV. Studies on cortical afferents and efferents in rhesus monkeys (Vogt and
Pandya 1987; Vogt et al. 1987) have indicated that most cortical input to the ACC
originates in the prefrontal cortex, temporal cortex, cingulate cortex, insula,
amygdala, hippocampus, and thalamus. Most corticocortical connections arise
from layers III and V, and projections primarily terminate in layers I to III of the
ACC.

One of the most interesting features of the connections is the strong
structural connection with the lateral prefrontal cortex. In fact, recent func-
tional magnetic resonance imaging (fMRI) studies have indicated coacti-
vations of the ACC and the lateral prefrontal cortex during the performance
of a variety of tasks, including the Stroop task (i.e., naming the colors of
words printed in nonmatching colored ink) (MacDonald et al. 2000; Pardo et al.
1990).

3 Functions of the ACC

With respect to the possible functions of the ACC (Devinsky et al. 1995;
Paus 2001), changes in blood pressure as well as heart and respiratory rates
have been observed by electrical stimulation in the ACC, indicating that the
ACC plays a role in autonomic regulation. Furthermore, this brain region
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is of importance in the regulation of endocrine functions: control of the
secretion of gonadal hormones, erection of the penis, and aggressive
behavior.

Positron emission tomography (PET) studies have shown a significant change
in pain-evoked activity within the human ACC (Rainville et al. 1997). Hutchison
et al. (1999) have found that single neurons in the human ACC respond selec-
tively to painful thermal and mechanical stimulation. Moreover, feelings of
sadness or happiness change elevations in blood flow within the human ACC
(Barrett et al. 2004; George et al. 1995). Metabolic activity is significantly reduced
in the ACC of depressed patients (Rogers et al. 2004). These results indicate that
this brain area participates in the coding of emotion. As already mentioned, the
ACC is activated during the performance of various tasks, including the Stroop
task. Interestingly, significant increases in cerebral blood flow in the ACC are
more likely to occur during the performance of difficult tasks (Paus et al. 1998),
suggesting that the ACC is of importance in error recognition, correction, and
problem solving. Sanders et al. (2002) have recently proposed that cognitive
deficits such as disturbances in attention, working memory, and verbal produc-
tion in schizophrenia may be linked to the dysfunction of the ACC in these
patients.

One of the most interesting functions of the ACC seems to be its involvement
in vocalization, speech, and communication. For example, bilateral lesions of the
human ACC have been found to result in akinetic mutism (Barris and Schuman
1953). In the squirrel monkey, cackling and growling calls are induced by elec-
trical stimulation in the ACC (Jurgens and Ploog 1970). In addition, during
single-word processing (Petersen et al. 1988) and singing (Perry et al. 1999),
strong activations of the human ACC have been observed. Interestingly, single
photon emission computed tomography shows an asymmetrical blood flow in
the ACC of stutterers (Pool et al. 1991).

Concerning neuroactive molecules in the ACC, the densest innervation
of dopaminergic fibers in the human ACC (Gaspar et al. 1989) suggests that
dopamine may be an important neurotransmitter for the functions of this brain
area. In fact, Ross and Stewart (1981) have reported that a patient with akinetic
mutism responded to treatment with dopamine receptor. The activation of
dopamine may facilitate information within the ACC and participate in vocal-
ization and speech as well as have emotional implications.

Furthermore, recent genetic study has indicated that the forkhead-domain
gene (FOXP2) is mutated in the case of severe speech and language disorder (Lai
et al. 2001). It is therefore interesting to determine how FOXP2 is expressed
in the ACC during the processes of speech and language. Because humans and
chimpanzees are 98.7% identical in their genomic DNA sequences (Enard et al.
2002; The Chimpanzee Sequencing and Analysis Consortium 2005), a compara-
tive study of the gene expression patterns of FOXP2 in the ACC of great apes
and humans will also be of importance.
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4 Spindle Neurons in the ACC
4.1 Discovery of Spindle Neurons

The presence of spindle neurons in the human cingulate gyrus was first reported
by Betz (1881). The neurons are spindle shaped and abundant in layer V. Rose
(1927) observed these kinds of neurons in the cingulate cortex of the common
chimpanzee. Recently, Nimchinsky et al. (1995) precisely analyzed these unique
neurons in the human ACC using modern neuroanatomical methods. The
neurons are demonstrated in layer Vb of the ACC (area 24), and the presence of
a single apical and basal dendrite creates the shape of a spindle. The axon
descends toward the white matter. The neurons do not contain any of the
calcium-binding proteins parbalbumin, calbindin, and calretinin, which are neu-
ronal markers for a subpopulation of GABAnergic neurons. These observations
suggest that the spindle neurons are projection neurons and may be modified
pyramidal neurons. Notably, the neurons are fairly vulnerable in the patients of
Alzheimer’s disease, with a loss of approximately 60%.

Nimchinsky et al. (1999) have reported that spindle neurons are present in the
ACC of great apes such as bonobos (Pan paniscus), common chimpanzees (Pan
troglodytes), gorillas (Gorilla gorilla gorilla), and orangutans (Pongo pygmaeus)
but are absent in gibbons (Hylobates lar) and in other primate species and
mammals. Moreover, the volume of spindle neurons varies with brain volume,
and the neurons are most abundant in humans and decline in density as follows:
bonobos > common chimpanzees > gorillas > orangutans. With regard to the
function of spindle neurons, an interesting speculation regards their participa-
tion in vocalization, speech, and communication, which are highly developed in
humans and great apes (Matsuzawa 2001). Further functional study of these
unique neurons is necessary in future experiments.

4.2 Development of Spindle Neurons

After obtaining a postmortem brain from a chimpanzee fetus (stillbirth in July
1998, male, 1.5 kg; the father was Akira and the mother was Ai) at embryonic day
224 (gestation to approximately embryonic day 230) from our institute, we
attempted to determine whether spindle neurons are present in the ACC during
the embryonic stage (Hayashi et al. 2001a). The brain was fixed with 4%
paraformaldehyde and 0.5% glutaraldehyde. The region of the ACC (Brodmann’s
area 24b) was sectioned frontally at 40 um, and the sections were stained with
0.1% cresyl violet for Nissle staining.

Figure 2 shows a spindle neuron and a pyramidal neuron in layer Vb of the
fetal ACC. The diameters of the spindle and pyramidal neurons were approxi-
mately 10 to 15um and 10 to 20 um, respectively. The distributions of Nissle-
stained cells and spindle neurons in the ACC are shown in Fig. 3. The spindle
neurons constituted 5.3% * 1.3% (+SD) of the total population of neurons in
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Fig. 2. A spindle neuron (A) and a pyramidal neuron (B) in the ACC of a chimpanzee fetus
(embryonic day 224, stillbirth, male)

Fig. 3. A Distribution of Nissle-stained cells in the ACC of the chimpanzee fetus. B Location
and distribution of the spindle neurons in layer Vb of the ACC. Black ellipses show the posi-
tion of the spindle neurons; triangles indicate the position of Nissle-stained neurons. (From
Hayashi et al. 2001a, with permission)

layer Vb. The spindle neurons occurred in clusters of two to three in layer Vb.
Interestingly, in humans, spindle neurons have not been detected in late-term
fetal brain or at birth, but first appear at 4 months after birth (Allman et al. 2001,
2002). The late appearance of the neurons in humans may result from the later
development of the human brain compared to that of chimpanzees. We have
recently observed spindle neurons in an adult female chimpanzee (Fig. 4). The
neurons were present with 5.2% £ 0.6% (£SD) of the total population of neurons
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Fig. 4. A spindle neuron (arrow) and pyramidal
neurons (arrowheads) in the ACC of adult chim-
panzee (38 years old, female)

in layer Vb, which agrees with the value in the chimpanzee fetus in the present
study.

4.3 Spindle Neurons and Brain-Derived
Neurotrophic Factor

To date, we have been interested in the molecular mechanisms of the develop-
ment and aging of the primate brain, particularly the cerebral cortex, which has
expanded during evolution (Hayashi 1992, 1996, 2002). Within various signal
molecules, we have focused on neurotrophic factors (neurotrophins), which are
nerve growth factor family molecules such as BDNFE, NT-3, and NT-4/5. Among
them, brain-derived neurotrophic factor (BDNF) has been shown to influence
various aspects of the development of the vertebrate nervous system, including
neuronal survival and differentiation, the growth of axons and dendrites, and
the formation and maintenance of synapses (Bibel and Barde 2000; McAllister
2001; Thoenen 2000).

Mori et al. (2004) have reported high levels of BDNF in the hippocampus and
association cortices of adult macaque monkeys. In addition, the highest levels
in the cerebral cortex occur at 2 months postnatal, which correlates with the time
of synapse formation. In contrast, during the aging process, significant decreases
in BDNF mRNA and protein in the monkey CNS have been reported (Hayashi
et al. 1997, 2001b). These results suggest that BDNF controls the development,
maintenance, and aging of the primate CNS. The recent most important finding
is that BDNF is involved in hippocampal episodic memories in humans (Egan
et al. 2003). We have, thus, examined whether the spindle neurons in the fetal
chimpanzee are BDNF immunoreactive.
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Fig. 5. A Brain-derived neurotrophic factor (BDNF)-immunoreactive pyramidal neurons
(arrows) in layer Vb of the ACC of the chimpanzee fetus. Arrows in B and C indicate the apical
dendrites; arrowheads in B point to the basal dendrites; double arrow in C indicates an axon.
Bars 20 um. (From Hayashi et al. 2001a, with permission)

The 40-um sections from the ACC of the fetus were incubated for 48 h with
rabbit polyclonal antibody (BDNF-N20, sc546; Santa Cruz Biotechnology, Santa
Cruz, CA, USA). The immunoreactivity was visualized by the avidin-biotin-
complex peroxidase method using an avidin-biotin-complex kit (Vectastain
Elite ABC kit; Vector Laboratories, Burlingame, CA, USA).

As indicated in Fig. 5, BDNF-immunoreactive pyramidal neurons were found
to exist in layer Vb of the ACC. Besides the cell body, the apical and basal den-
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drites and axons were BDNF immunopositive. These results correspond to the
previous finding that BDNF is both anterogradely and retrogradely transported
in the CNS (Mufson et al. 1999). Furthermore, BDNF was detected only in the
pyramidal neurons, and there were no BDNF-immunoreactive spindle neurons.
In the cerebral cortex of adult humans and macaque monkeys, BDNF has pri-
marily been observed in pyramidal neurons (Kawamoto et al. 1999; Ferrer et al.
1999). In addition, the BDNF content is significantly reduced in the CNS of pa-
tients with Alzheimer’s disease (Connor et al. 1997; Ferrer et al. 1999; Peng et al.
2005). Therefore, spindle neurons are possibly vulnerable in patients with
Alzheimer’s disease because they are BDNF immunonegative and also because
of the decline of BDNF in the CNS in these patients.

Recently, Kawai et al. (2004) has reported that a chimpanzee fetus is capable
of associative learning mediated by its auditory system. Furthermore, Takeshita
et al. (see Chapter 2, this volume) have observed limb movements in a chim-
panzee fetus using four-dimensional ultrasonography. These findings indicate
the neuronal system has already been functioning during the embryonic stage
of this animal. Furthermore, our present study (Hayashi et al. 2001a) has shown
that the characteristics of the presence of both spindle neurons and BDNF
containing pyramidal neurons in the ACC have already been determined intrin-
sically in the embryonic chimpanzee. Interestingly, gene expression of BDNF
is increased by various stimuli such as learning (Kesslak et al. 1998; Tokuyama
et al. 2000), environmental enrichment (Falkenberg et al. 1992), and maternal
care (Liu et al. 2000). In contrast, immobilization stress has been shown to
decrease BDNF expression in the rat hippocampus (Smith et al. 1995). These
results strongly suggest that the intrauterine environment is of particular impor-
tance for the gene expression of BDNF, which may affect development of the fetal
CNS.

5 Conclusion

In the present chapter, I have described the presence of spindle neurons in the
ACC of the full-term chimpanzee fetus. The distributions of the neurons were
found to be similar to those found in the adult stage, suggesting that the
generation of neurons in the ACC may be genetically determined during the
embryonic stage. The most important functions of this brain area are its involve-
ment in attention, error recognition, and communication. A recent MRI study
has also shown the possibility of ACC in personality (Pujol et al. 2002). More-
over, the area is postulated to be of importance in the maturation of self-
regulatory behavior and emotional control from early childhood to adulthood
(Posner and Rothbart 1998). These intelligent functions are highly developed in
humans and great apes (Matsuzawa 2001). Therefore, in the future, it will be of
particular interest to clarify how the spindle neurons participate in these higher
brain functions and how these neurons grow and degenerate during ontogenetic
development.
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5

Descent of the Larynx in Chimpanzees:
Mosaic and Multiple-Step Evolution of
the Foundations for Human Speech

TAKESHI NISHIMURA

1 Introduction

Extant humans are unique in sharing language, which has doubtlessly con-
tributed to the unfolding of humanity and civilizations, and which has a complex
and multilayered configuration not found in any other animal. The evolutionary
emergence of this human capacity has long been debated in many scientific
fields, including linguistics, information science, and neuroscience (see Chris-
tiansen and Kirby 2003). These studies have evaluated how preexisting biologi-
cal and cognitive foundations, for example, the capacity for imitation and
learning, might have led to the emergence of language. The evolution of these
foundations per se has been also examined in nonhuman animals based on bio-
logical evolutionary concepts, using methods in cognitive science, ethology, and
neuroscience (see other chapters in this volume). Thus, the evolution of language
remains one of the most enigmatic issues in studies on human evolution and is
a challenge that attracts many scholars.

The evolution of human vocalizations, viz speech, has attracted much inter-
est for understanding the evolution of language. No human groups lack verbal
speech whereby concepts can be communicated, although some groups lack
media such as writing. Human speech shares a distinct feature in that humans
can regularly utter several phonemes—including vowels and consonants—
sequentially and rapidly in a single exhalation. Humans are uniquely endowed
with this faculty. In contrast, nonhuman mammals usually utter a single
phoneme in a single exhalation, although there may be gradual changes in
amplitude and pitch. Here, it must be noted that speech per se is not the same
as language and does not necessarily reflect the high intelligence of humans.
Although speech is just a kind of vocalization, this sophisticated feature of
human speech allows us to turn much information that is encoded by language
in the brain into sounds and to communicate it with others rapidly and
efficiently. It is the best media for this efficient exchange of information,
which is one of the functions of language and which has been essential for the
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unfolding of human uniqueness. Even if language and speech arose in-
dependently in the human lineage, understanding the evolution of speech will
thus shed light on the evolution of the language with which we are endowed
today.

Language per se leaves no fossil or archaeological trace, which has prevented
morphologists and paleoanthropologists from examining the issue of language
evolution directly. However, these disciplines have made major contributions to
the scientific understanding of when speech might have evolved (Lieberman
and Crelin 1971; Lieberman et al. 1972; Laitman et al. 1979; Laitman and Heim-
buch 1982; Arensburg et al. 1989; Kay et al. 1998; MacLarnon and Hewitt 1999).
Speech can be explained in acoustic terms, and its unique acoustic feature is
achieved by sophisticated manipulation of the physical foundations: the vocal
apparatus. Human speech makes use of the same peripheral machinery as
other mammalian vocalizations. However, several important and unique
anatomical modifications enable humans to produce the sounds of speech
(Lieberman et al. 1969; Lieberman 1984; Fitch and Hauser 1995; Fitch 2000). Such
modifications have been evaluated in comparative studies of extant primates and
fossil humans, and most of them are believed to have arisen primarily with
advantages for speech (Lieberman 1984). It is generally believed that the anatom-
ical foundations for speech arose during a single evolutionary shift. Many pale-
oanthropological and morphological studies have been based on this concept
and have involved searches for “a” morphological basis for the faculty of speech.
This is often the case for studies on the evolution of language, in that the bio-
logical or cognitive foundations of human language are believed to have arisen
primarily with advantages to language, and not to any other faculties. The dis-
tinct unique feature of language could have led to this simplistic view. In this
chapter, I review the developmental changes in the vocal apparatus of chim-
panzees. I also challenge these traditional views and propose a new concept: a
mosaic and multiple-step model of the morphological foundations for the evo-
lution of speech and their secondary adaptations for speech in the human
lineage.

2 Anatomical Foundations of Speech

Humans and nonhuman mammals principally make use of the same machinery
for speech and vocalization: the lungs for generating sound power, the larynx
and vocal tract for phonation and articulation, and the ears for perception.
Together, speech physiology and acoustic theory reveal that humans share a
unique anatomy of the vocal apparatus that underlies its sophisticated manipu-
lation for speech production. The interested reader can consult Chiba and
Kajiyama (1941), Fant (1960), Stevens (1998), or Titze (1994) for the details of
the theory; see Lieberman and Blumstein (1988) or Fitch and Hauser (2003) for
an intuitive description. Based on these works, the physiology and anatomical
foundations for speech are as follows.
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2.1 Physiology of Vocalization

Sounds uttered from the mouths of mammals, including humans, are classified
into two main types: voiced and unvoiced sounds. The former are accompanied
by vibrations of the vocal folds of the glottis, producing, for example, vowels or
the pant-hoots of chimpanzees. The latter are not associated with vocal fold
vibration and include, for example, consonants or smacking sounds. The voiced
sounds form the platform for vocal communication. These sounds are essentially
produced by a common set of physiological and anatomical mechanisms in most
mammal vocalizations, including human speech (Fig. 1): exhalation from the
lung, phonation in the glottis of the larynx, and articulation in the supralaryn-
geal vocal tract (hereafter, SVT).

The power for creating sounds is via the exhaled airflow produced by com-
pression of the pulmonary volume (lungs). The airflow reaches the glottis of the
larynx, which is composed of bilateral vocal folds. The airflow runs up through
the narrow channels between the vocal folds, causing them to vibrate. The vibra-
tions produce sequential air puffs, which comprise the sound sources (Fig. 1).
These are conventionally called “laryngeal sounds” or “glottal sources,” but they
are not sounds heard by us. This physiological mechanism is termed “phona-
tion,” and it determines most of the tonal characters such as intensity, loudness,
and fundamental frequency (“pitch”).

The SVT, from the glottis to the lips, functions as the resonator for the laryn-
geal sounds to generate voiced sounds with some bands of the formant fre-
quencies (see Fig. 1). This mechanism is called “articulation.” The distribution
pattern of the formants defines the phoneme of the voiced sounds heard by us,
including, for example, the different kinds of vowels in human speech. These are

(RP)

S

(LS)

Fig.1. Diagram for the acoustic theory in vocalizations. The sound sources, laryngeal sounds
(LS), are produced by the vibrations of vocal folds (VF) in the larynx. The supralaryngeal
vocal tract (SVT, colored in gray) functions as the resonator for the laryngeal sounds, to gen-
erate the voiced sounds (VS) uttered from the mouth. The resonant properties (RP) of the
tract are a function of the sequential cross-sectional areas of the tract. The areas are modified
by the movements of the tongue (T), hyoid bone (HB), and mandible (M)
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determined by the resonant properties of the SVT, and these properties are a
function of the sequential cross-sectional areas of the tract (Fig. 1). The areas
are modified by the movements of the tongue, the hyoid, and the jaw. Nonhu-
man mammals have constraints to sequential and rapid modifications in the
cross-sectional areas of the SVT (Lieberman et al. 1969; Lieberman 1984; Fitch
2000), although they can change the phonetic parameters—amplitude and
pitch—in a single exhalation. In contrast, humans are endowed with the facul-
ties for extensive manipulation to change the distribution of the formant fre-
quencies sequentially even in a short single exhalation, forming complex
phonemes.

2.2 Two-Tube System of the Vocal Tract

Sequential and rapid modifications of the shape of the SVT are indispensable to
the production of human speech, but this is not the case in the vocalizations of
nonhuman mammals. Although some neurological modifications underlie such
sophisticated manipulations in humans, anatomical constraints on the SVT
also prevent nonhuman mammals from such faculties (Lieberman et al. 1969;
Lieberman 1984; Fitch 2000).

The SVT in most mammals, including humans, is principally composed of two
cavities: the horizontal oral cavity extending from the lips to the velum and the
vertical pharyngeal cavity from the velum to the glottis (see Fig. 2). In nonhu-
man mammals, the oral cavity is very long, but the pharyngeal cavity is much
shorter or small, and the epiglottis, which is attached to the thyroid cartilage of
the laryngeal skeleton, is locked to the velum to prevent the latter cavity from
facing the movable tongue (Fig. 2a) (Negus 1949; Wind 1970; Lieberman 1984;
Laitman and Reidenberg 1993; Dyce et al. 1996). The tongue is long in the hor-
izontal direction. Although this anatomy allows the oral cavity to function as a
single resonator, it prevents the pharyngeal cavity from doing much in that
capacity (Lieberman 1984; Fitch 2000; Fitch and Hauser 2003). In addition,
tongue anatomy restricts the extent to which nonhuman mammals can
efficiently modify even the surface shape of the oral cavity (Takemoto and Ishida
1995). Thus, the single-tube system imposes physical constraints on the range of
vocal behavior possible in nonhuman mammals.

Humans, in contrast, are endowed with a unique anatomical foundation: the
“two-tube system” of the SVT. Humans form equally long oral and pharyngeal
cavities in adults (Fig. 2c) (Lieberman 1984; Crelin 1987; Zemlin 1988). The
human epiglottis is separated from the velum which secures the long oropha-
ryngeal region facing the dorsal surface of the tongue (Lieberman 1984; Crelin
1987; Zemlin 1988). The tongue is round to fit this configuration, and its inter-
nal musculature makes the surface highly mobile (Takemoto 2001). In anatom-
ical terms, these features allow the shapes of the oral and pharyngeal cavities to
be modified sequentially, rapidly, and semiindependently of each other. It means
that this system facilitates humans producing complex resonance property,
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Fig. 2. Midsagittal diagrams of the head and neck in nonhuman primates, human neonates,
and adults. a Nonhuman primates. The oral cavity (dark gray) is very long, but the pharyn-
geal cavity (light gray) is much shorter. Their epiglottis (Eg) is locked to the velum (V). b
Neonate humans. The SVT configuration is similar to that in nonhuman primates. ¢ Adult
humans. The SVT forms the two-tube configuration with equally long oral and pharyngeal
cavities. The epiglottis is separated from the velum which secures the long oropharyngeal
region. VF, vocal fold

giving an acoustical advantage to produce a wide range of acoustically different
phonemes even in a short single exhalation, sequentially and rapidly. Thus, the
two-tube system contributes greatly to speech production in humans: it acts as
the “linguistic hardware.”

2.3 Descent of the Larynx in Humans

Some important anatomical constraints of nonhuman mammals preclude the
two-tube system required for true speech. In humans, this system is believed to
depend on the lower position of the larynx to the palate along the neck and on
the flatter face relative to any other mammal (Lieberman 1987). These features
form longer vertical pharyngeal and shorter horizontal oral cavities in humans,
respectively. However, in human neonates the larynx is positioned close to the
palate as with other mammals, even though the face is flat (Fig. 2b) (Wind 1970;
Crelin 1973, 1987; Zemlin 1988). Although this high position of the larynx makes
little vertical pharyngeal space possible at birth, the human larynx descends
rapidly relative to the palate in the infant and early juvenile periods (Wind 1970;
Crelin 1973, 1987; Zemlin 1988), to arrive at the adult level of the pharyngeal
cavity at about 9 years of age (Lieberman DE et al. 2001). This descent also makes
the epiglottis descend relative to the velum, thereby lengthening the oropha-
ryngeal region (Crelin 1973, 1987; Sasaki et al. 1977). Thus, in human ontogeny,
this descent of the larynx primarily contributes to development of the two-tube
system with a great advantage to speech development.

The laryngeal skeleton, composed of the laryngeal cartilages, is suspended
from the hyoid bone and the hyoid is in turn suspended from the mandible and
cranial base, through various muscles and ligaments (Fig. 3) (Crelin 1987;
Zemlin 1988; Williams 1995). They are not directly articulated with any skeletal
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Fig. 3. Schema of the hyo-laryngeal complex
and functional related structures. The laryngeal
skeleton (L) is suspended from the hyoid (HB),
and the hyoid is in turn suspended from the
mandible (M) and cranial base (CB), through
various muscles and ligaments (gray lines). PP,
palatal plane; VF, vocal folds

structures, which means that anatomically the descent of the larynx is accom-
plished both through the descent of the laryngeal skeleton relative to the hyoid
and through that of the hyoid relative to the palate (Fig. 3). This process has been
evaluated using X-ray photographs and magnetic resonance imaging (MRI) in
humans (Westhorpe 1987; Fliigel and Rohen 1991; Fitch and Giedd 1999; Vor-
perian et al. 1999; Lieberman DE et al. 2001). According to these studies, in
infancy there is a rapid double descent of the human laryngeal skeleton relative
to the hyoid and of the hyoid relative to the palate. Both these processes then
slow down to continue until 9 years of age. In early infancy (by 18 months of
age), human infants develop to the point where they can utter several different
phonemes, including vowels and consonants, sequentially in a single exhalation,
although the full acoustical features of speech are achieved later (Oller 1980;
Stark 1980). Thus, the great dual descent of the laryngeal skeleton and hyoid
likely underlie speech development in early infancy and later.

3 Development of the Vocal Apparatus
in Chimpanzees

Human speech is essentially attributable to the unique anatomy of the speech
apparatus. While the face stays flat in growth, the laryngeal position descends
rapidly in infancy, and this contributes greatly to the final placement of the
human SVT in human “ontogeny.” However, these facts do not support the “evo-
lutionary” hypothesis that the descent arose to establish the two-tube system,
leading to the origin of speech. This issue has been resolved by comparative
studies on development in vocal apparatus anatomy between humans and their
close phyletic relatives using new medical imaging methods.

3.1 Approaches to Unveil the Hidden Apparatus

There have been few comparative studies on developmental changes in the mor-
phology and physiology of the vocal apparatus in humans and nonhuman
mammals (Taylor et al. 1976; Fliigel and Rohen 1991). As already described, the
vocal apparatus is composed mainly of cartilaginous skeleton, muscles, and lig-
aments and is surrounded by the bony elements of the cranium and mandible.
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Fig. 4. Magnetic resonance images of a living subject (a) and embalmed cadaver (b) of adult
male chimpanzees. The latter shows shrinkage and distortion in the soft tissues; for example,
in the latter, the hyo-laryngeal complex is slightly pulled up relative to the palate, so the
epiglottis (Eg) is touching the velum (V). The skin had been removed in this cadaver speci-
men. Scale 5cm

Historically, this hampered anatomical and physiological examination of the
intact vocal apparatus in living subjects. For example, radiography and cinera-
diography had been used conventionally for this kind of study, but these
methods are not useful for imaging soft tissues or objects surrounded by bony
structures. In addition, X-ray exposure restricts detailed and repetitive exami-
nations on living subjects. Most studies approached this challenge by gross
anatomical dissection and radiography of cadavers. However, these approaches
are often associated with the potential risk of shrinkage and distortion in the
tissues, which inevitably influence the results (Fig.4). These technical limitations
severely constrained comparative studies of the anatomical and physiological
development of the vocal apparatus.

Newer medical imaging techniques such as computed tomography (CT) and
MRI have now been introduced to the fields of physical anthropology and pri-
matology and have allowed significant breakthroughs (Nishimura et al. 1999).
These modalities provide tomograms for a region of interest in living subjects
with no destruction of tissue and with minimum invasiveness. In particular, MRI
has a great advantage for imaging the soft tissues with no risk of X-ray expo-
sure to subjects, and it permits repetitive scans. Thus, these new imaging tech-
niques allow us to evaluate the developmental changes in the vocal apparatus
longitudinally using the same living subjects. They have contributed and will
contribute greatly to our understanding of the processes in humans and non-
human animals.

3.2 Descent of the Larynx in Living Chimpanzees

Although there are a few studies on the developmental changes of the vocal
apparatus in some nonhuman mammals, it remains mostly unclear when, how,
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and why the unique features in humans evolved. Using MRI, we have succeeded
in evaluating the developmental changes in the SVT shape in chimpanzees and
in making a detailed comparison with established human data (Lieberman DE
et al. 2001), which has largely solved this enigmatic issue (Nishimura et al. 2003;
Nishimura 2005).

In one of the studies (Nishimura et al. 2003), three chimpanzee infants named
Ayumu, Cleo, and Pal, at the Primate Research Institute of Kyoto University,
Japan, were scanned in the first 2 years of life. This study showed that their larynx
also descended relative to the palate to change the proportions of the SVT during
infancy, as in human infants. In chimpanzees, the vertical pharyngeal cavity
(SVTy) grows rapidly in the first year of life and then slows (Fig. 5b). A similar
developmental pattern is observed in human infants (Fig. 5b). Thus, the larynx
rapidly descends relative to the palate during early infancy in both humans and
chimpanzees. During that period, this descent of the chimpanzee larynx also
makes the epiglottis descend relative to the velum, and it completely loses
contact with the velum in early infancy, as in humans (Fig. 5c). Nevertheless,
there are some differences between chimpanzees and humans in the changes
in the spatial relations between the palate, hyoid, and laryngeal skeleton. In
humans, descent of the larynx is achieved by the descent of the laryngeal skele-
ton relative to the hyoid bone (Fig. 5d) and by the descent of the hyoid relative
to the palate, even in infancy (Fig. 5e). In contrast, in chimpanzee infants, it is
caused primarily by the descent of the laryngeal skeleton relative to the hyoid
bone (Fig. 5d), and it is not accomplished by a descent of the hyoid relative to
the palate (Fig. 5e). Thus, although chimpanzees and humans show similar
growth patterns in the SVTy during infancy, they share the descent of the laryn-
geal skeleton relative to the hyoid, but not the descent of the hyoid in that period
(Nishimura et al. 2003).

In the chimpanzees, the horizontal oral cavity (SVTy) grows similarly to that
in humans during infancy, although the length per se is longer in chimpanzees
than in humans (see Fig. 5b). In both chimpanzees and humans, the growth of
the SVTy is slower than that of the SVTy in that period (Fig. 5f). Thus, in chim-
panzee infants, despite no descent of the hyoid, the descent of the laryngeal
skeleton results in a proportional change to the SVT similar to that in human
infants; the SVT develops toward a configuration where the SVTy length is equal
to that of the SVTy (Fig. 5f; Nishimura et al. 2003).

The MRI study (Nishimura et al. 2003) did not show developmental changes
of the SVT in juvenile chimpanzees. On the other hand, another MRI study
(Nishimura 2005), using a cross-sectional ontogenetic series of embalmed spec-
imens, showed that although in the juvenile period the SVTy grows slightly, the
SVTy grows greatly in chimpanzees compared with humans (Fig. 6a); this clearly
differentiates the proportion of the SVT in chimpanzees from that in humans
(Fig. 6b). Thus, descent of the chimpanzee larynx may depend primarily on the
descent of the laryngeal skeleton relative to the hyoid, and the lack of the descent
of the hyoid in chimpanzees leads to the different architecture of the SVT in
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Fig.5. Developmental changes in the shape of the SVT in living chimpanzees and humans. a
Diagram of the dimensions of the SVT. b Growth of the SVTy (continuous line) and the SVTy
(dotted line). ¢ Growth of the laryngopharyngeal (Ip; continuous line) and oropharyngeal (op;
dotted line) parts of the vertical pharyngeal cavity. d Distance from the hyoid to the vocal
folds (HB-VF). e Distance from the hyoid to the palate (HB-PP). f Age-related changes in the
ratio of SVTy to SVTy lengths. See Lieberman DE et al. (2001) and Nishimura et al. (2003) for
detailed explanations of methods and for definitions of the dimensions. [Measurements in
chimpanzees and humans are from Nishimura et al. (2003) and Lieberman DE et al. (2001),
respectively, with permission]

humans and chimpanzees (Nishimura et al. 2003; Nishimura 2005). Unfortu-
nately, artifacts of embalming precluded the study by Nishimura (2005) from
examining the developmental changes in the spatial relations between the palate,
hyoid, and laryngeal skeleton in the juvenile period. Nevertheless, we plan to
continue to use MRI to examine living subjects and to evaluate this issue, which
should provide valuable information for discussing the proximate mechanisms
leading to the unique conformation of the human SVT.
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Fig.6. Developmental changes in the shape of the SVT in a cross-sectional ontogenetic series
of embalmed specimens of chimpanzees and living humans. a Growth of the SVTy (continu-
ous line) and the SVTy (dotted line). b Age-related changes in the ratio of SVTy to SVTy
lengths. Roman numerals represent the dental ages defined in Nishimura (2005). See Fig. 5 for
a diagram of the dimensions of the SVT, and Lieberman DE et al. (2001) and Nishimura (2005)
for detailed explanations of methods and for definitions of the dimensions. [Modified from
Nishimura 2005. Measurements in chimpanzees and humans are from Nishimura (2005) and
Lieberman DE et al. (2001), respectively, with permission]

3.3 Evolution of the Descent of the Larynx and the
Two-Tube System

The new imaging methods succeeded in showing that chimpanzee infants share
with human infants a rapid descent of the laryngeal skeleton relative to the
hyoid, to change the proportions of the SVT. Thus, the latest this developmental
descent must have arisen is in the last common ancestor of chimpanzees and
humans. According to the anatomical examination of the hyo-laryngeal complex
(Nishimura 2003a), all nonhuman hominoids have at least one feature in
common with humans: the laryngeal skeleton is well separated from and assured
of mobility independent of the hyoid (Fig. 7a,b). By contrast, both Old World and
New World monkeys have anatomical features that contrast sharply with homi-
noids: the laryngeal skeleton is locked into and tied tightly with the hyoid so
that the hyo-laryngeal complex acts as a functional unit (Fig. 7c). Anatomically,
the hominoid type of the complex is likely to develop by the descent of the laryn-
geal skeleton relative to the hyoid, which strongly suggests that this descent prob-
ably arose in a common ancestor of all extant hominoids (Nishimura 2003a;
Nishimura et al. 2003), although the developmental changes in the SVT are yet
to be explored in other hominoids apart from chimpanzees and humans.

The rapid descent of the hyoid relative to the palate has not been identified
in nonhuman primates to date, which may mean that this descent arose in the
human lineage, in combination with modifications in the development of the
mandible (Nishimura 2005). The hyoid is tightly anchored to the mandible by
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Fig.7. Schema of the hyo-laryngeal complex from the left perspective. a Human. The laryn-
geal skeleton (L) is well separated from and connected through the long lateral thyrohyoid
ligament (LTH) with the hyoid (H). There is a wide space between them, and the former is
allowed to move independently of the latter. b White-handed gibbon, Hylobates lar (top), and
chimpanzee, Pan troglodytes (bottom). All nonhuman hominoids have the feature in common
with humans. ¢ White-fronted capuchin, Cebus albifrons (top), and stump-tailed macaque,
Macaca arctoides (bottom). The laryngeal skeleton is locked into and tied tightly with the
hyoid. The hyo-laryngeal complex acts as a functional unit, to restrict the independence of
their movements. NW, New World; OW, Old World. [Modified from Nishimura (2003), with
permission]

muscles, ligaments, and membranes (see Fig. 3; Crelin 1987; Zemlin 1988;
Williams 1995). This morphological restriction possibly maintains the spatial
relationship between the two during growth in humans. In fact, in humans the
hyoid descends relative to the palate, along with the superior-inferior growth of
the mandibular ramus (Lieberman DE and McCarthy 1999; Lieberman DE et al.
2001). Taking into consideration similar anatomical characteristics in this region
in chimpanzees (Swindler and Wood 1973), this process may also be the case for
chimpanzees (Nishimura 2005). Mandibular ramus height is shorter relative to
the horizontal dimension of the mandible body—including the ramus width—
in adult chimpanzees than in adult humans (Swindler and Wood 1973; Johnson
et al. 1976; Aiello and Dean 1998). This adult configuration is explained mostly
by remodeling of bone on the surface of the mandible during growth (Enlow
and Harris 1964; Atkinson and Woodhead 1968; Johnson et al. 1976; Bromage
1992; see also Enlow 1990). Thus, if the hyoid descent is not shared by chim-
panzees, mandibular growth may underlie the evolution of the hyoid descent,
resulting in the unique two-tube system of the SVT in the human lineage
(Nishimura 2005).

In conclusion, the descent of the larynx arose at least in part before the diver-
gence of human from chimpanzee lineages. The descent of the laryngeal skele-
ton relative to the hyoid, which may occur principally during infancy, arose at
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Fig. 8. Evolutionary model in the development of the two-tube system. a Humans. The laryn-
geal skeleton and hyoid descend relative to the hyoid and palate, respectively. The former and
latter occur principally during the infant (left) and juvenile (right) periods, respectively. The
face remains flat in growth. b Nonhuman hominoids. The laryngeal skeleton descends rela-
tive to the hyoid principally during infancy, but the hyoid position is kept at the newborn
level. Nevertheless, in the juvenile period, the greater growth of the face develops the long
horizontal oral cavity to form the single-tube system. ¢ New World and Old World monkeys.
The position of the laryngeal skeleton and hyoid bone are kept at the newborn level. In the
juvenile period, the greater growth of the face develops the long horizontal oral cavity to form
the single-tube system

latest in the last common ancestor of the extant hominoids (Fig. 8). On the other
hand, the descent of the hyoid relative to the palate may have arisen in the human
lineage. If it is true, the descent of the larynx must have evolved in at least two
steps, one in the common ancestor of extant hominoids and one in the human
lineage (Fig. 8; Nishimura 2003a,b, 2005; Nishimura et al. 2003), which means
that the two-tube system of the human SVT did not evolve in a single step in
human evolution.
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4 Functional Adaptations for Speech Foundations

The vocal apparatus is associated with various functions, such as breathing, deg-
lutition, and air-trapping in locomotion, besides phonation and articulation
(Negus 1949; Lieberman 1984; Williams 1995; Hayama 1996; Schwenk 1999). The
descent of the larynx at least partially arose before the divergence of human
lineage, so it evolved with some advantages to functions other than speech. Thus,
it seems likely that its evolutionary progression would have been affected
inevitably by some of these associated activities. It is therefore improbable that
any single selective advantage could have accounted for laryngeal descent.
Unfortunately, there is insufficient information to elucidate these factors, for
example, the comparative physiology of feeding, swallowing, or respiration (see
Schwenk 1999). I now survey possible modifications in swallowing and acoustic
physiologies that may have been caused by spatial rearrangements in the hyo-
laryngeal apparatus and discuss functional adaptations underlying the descent
of the larynx.

4.1 Modifications in the Swallowing Mechanism

The larynx comprises the orifice of the trachea, and it originally appeared during
the evolution of vertebrate animals with pulmonary respiration, to shut off the
approach into the trachea to prevent aspiration: accidental entrance of swal-
lowed food or liquid boluses into the trachea (Negus 1949; Wind 1970; Harrison
1995). In mammals, the pharynx and larynx evolved to transfer the swallowed
food or liquid bolus from the ventral oral cavity to the dorsal esophagus and the
breathed air from the dorsal nasal cavity to the ventral trachea (Negus 1949;
Wind 1970; Smith 1992; Harrison 1995). Thus, spatial rearrangements in the
hyo-laryngeal complex may have affected or been affected by modifications in
the physiological mechanism of swallowing.

In humans, the descent of the larynx makes the epiglottis lose contact with
the velum in early infancy, between 4 and 6 months of age (Crelin 1973; Sasaki
et al. 1979). This conformational change anatomically increases the risk of
accidental aspiration during swallowing (Lieberman 1984; Laitman and Crelin
1980). Accompanying this conformational change, the adult mode of swallowing
develops in human infants to decrease this risk (Sasaki et al. 1979). In this
process, the hyoid ascends, the larynx approximates the hyoid, the epiglottis
bends, and the laryngeal orifice closes (Ekberg 1982, 1986; Ekberg and
Sigurjénsson 1982). In humans, when a food or liquid bolus enters through the
pharynx into the esophagus, the laryngeal skeleton always moves anterosuperi-
orly toward the hyoid (Fig. 9); this applies stress to the connective tissue between
the hyoid and epiglottis, which stress rotates the epiglottis back from an upright
to a transverse position (Fink et al. 1979; Ekberg and Sigurjénsson 1982;
Vandaele et al. 1995; Reidenbach 1997). This movement enables the epiglottis to
close the laryngeal orifice (see Fig. 9). These mechanisms in humans ensure that
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Fig. 9. Human adult mode of swallow-
ing: a respiratory phase; b pharyngeal
stage of deglutition. The laryngeal
skeleton (L) moves anterosuperiorly
towards the hyoid (HB), which applies
stress to the connective tissue (*,
shaded region) between the hyoid and
epiglottis (Eg). This stress rotates the
epiglottis back from an upright (a) to a
transverse (b) position, to ensure that
the swallowed bolus (SB) passes over
the rotated epiglottis to the esophagus.
T, tongue; V, velum; VF, vocal fold

the swallowed bolus of food or liquid passes over the rotated epiglottis to the
esophagus without causing choking. This mode of swallowing requires an ade-
quate space and independent mobility between the laryngeal skeleton and the
hyoid. The laryngeal skeleton descends relative to the hyoid to secure the space
and weaken the physical linkages between them. Thus, this descent possibly con-
tributed greatly to the development of the human adult mode of swallowing
(Nishimura 2003a).

In nonhominoid primates, the larynx does not descend relative to the palate,
so the epiglottis always touches the velum and remains in the intranarial posi-
tion even in the adult (Negus 1949; Geist 1965; Laitman et al. 1977; Crompton
et al. 1997). Although the mechanism is controversial (Negus 1949; Laitman
et al. 1977; Larson and Herring 1996; Crompton et al. 1997; Dyce et al. 1996), in
these animals a masticated food or liquid bolus is believed to pass through deep
lateral channels—the piriform recesses—on either side of the laryngeal orifice
(Fig. 10). Even while swallowing, their epiglottis is kept erect to ensure that the
masticated bolus flows from the oral cavity to the recesses: in some cases, it acts
like as a snorkel to the nasal cavity for maintaining breathing (Fig. 10). It is pos-
sibly caused, in part, by morphological constraints on their hyo-laryngeal
complex. The laryngeal skeleton is very close to and tied with the hyoid, and this
prevents independent mobility relative to the hyoid (Nishimura 2003a). In fact,
this mode of swallowing is observed in human infancy, but is modified to the
adult mode along with the descent of the larynx (Sasaki et al. 1979). Thus, in
nonhominoid anthropoids, lack of the descent of the laryngeal skeleton restricts
any flexible mobility of the laryngeal skeleton and hyoid, as observed in the
human adult mode of swallowing (Nishimura 2003a).

The descent of the laryngeal skeleton relative to the hyoid has been identified
in chimpanzees and is probably shared with other hominoids (Nishimura et al.
2003). It results in a conformation of the hyo-laryngeal complex in the nonhu-
man hominoids that is similar to that in humans (Nishimura 2003a). Thus, even
nonhuman hominoids share the physical basis for the human adult mode of



5 Larynx in Evolution of Human Speech 89

Fig. 10. Nonhuman mode of swallowing: a respiratory phase; b pharyngeal stage of degluti-
tion. The laryngeal skeleton (L) is locked to the hyoid (HB), and the epiglottis (Eg) touches
the velum (V) and remains in the intranarial position even while swallowing. The epiglottis
ensures that a swallowed bolus (SB) passes from the oral cavity through deep piriform recesses
on either side of the laryngeal orifice. It acts like a snorkel to maintain a breathing tract
(**, gray line) from the nasal cavity to trachea. T, tongue; VF, vocal fold

swallowing and they possibly swallow in a similar manner. However, there is no
information on the mode of deglutition in nonhuman hominoids that would
allow us to evaluate the foregoing interpretation. There have been many studies
on the movement of the epiglottis in nonhuman mammals (Laitman et al. 1977;
Larson and Herring 1996; Crompton et al. 1997) and on the transfer of food
through the oral cavity, using cineradiography or X-ray television (Franks et al.
1984; Thexton and McGarrick 1989; German et al. 1992; Hiiemae et al. 1995).
However, to my knowledge there are no detailed examinations on the interac-
tion of the hyoid and laryngeal skeleton while swallowing in nonhuman
mammals. Thus, such information is expected to help us understand the func-
tional background of variations in the hyo-laryngeal configuration and the
evolution of the descent of the larynx.

4.2 Physical Basis for Phonation and Articulation

Observations on the descent of the larynx in chimpanzees also shed light on the
evolution of the physical foundations of phonation and articulation (Nishimura
2003b; Nishimura et al. 2003). While speaking, humans can utter sequential
phonemes planned in the brain, even in a single short exhalation. In humans,
the laryngeal sounds depend only slightly on the resonance properties of the
SVT (Chiba and Kajiyama 1942; Fant 1960; Fitch 2003). Moreover, phonation
and articulation must be elaborately and flexibly modified for human speech
(Lieberman 1984; Fitch 2000,2003). Thus, humans can declaim a given vocal line
at many different pitches. The larynx is the physical foundation for phonation,
for example, modification of pitch, and the hyoid provides the basis for the
tongue movements that participate in articulation (see the second section in this
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chapter). The descent of the laryngeal skeleton relative to the hyoid ensures that
the physical linkages between them are weakened (Nishimura 2003a). Thus, this
descent probably contributes to increased flexibility between the activities of
phonation and articulation.

The independence of phonation and articulation applies to the vocalizations
of nonhuman mammals, including primates, in terms of bioacoustics (Fitch
1997, 2003; Fitch and Hauser 2003). Intentional utterance also applies to them
(Hihara et al. 2003). However, they do not imply that the acoustical features of
the both are modified flexibly in most of their vocalizations (Hauser et al. 1993).
This rigidity is possibly caused in part by morphological constraints on the hyo-
laryngeal complex. The laryngeal skeleton and the hyoid are tightly connected
to each other in the nonhominoid anthropoids, namely the Old World and New
World monkeys, indicating that they function physically as a single unit
(Nishimura 2003a). This connection means that the movements of and within
the laryngeal skeleton are tightly linked to movements of the tongue. Thus, the
lack of descent of the laryngeal skeleton relative to the hyoid anatomically
restricts any flexible modifications to those laryngeal sounds and resonant prop-
erties that act independently of each other (Nishimura 2003b; Nishimura et al.
2003).

On the other hand, nonhuman hominoids share the physical basis for
increased flexibility between the activities of phonation and articulation, to a
degree similar to that seen in humans (Nishimura 2003b; Nishimura et al. 2003).
Thus, it seems that their vocalizations reflect this property. However, there is little
information on the bioacoustics of phonation and articulation in the vocaliza-
tions of nonhuman hominoids. Primate vocalizations have often been studied
in terms of social context, contributing to studies of their communication
(Cheney and Seyfarth 1990; Hauser 1996; Simmons et al. 2002). The independ-
ence or interactions of phonation and articulation in nonhuman primates
remain a matter for empirical or preliminary study. In the future, artificial syn-
thesis or mathematical simulation techniques that can be used to study their
vocalized sounds bioacoustically (see Fitch 2003) will elucidate the physical con-
straints on their vocalizations and clarify the evolution of the physical bases of
phonation and articulation.

4.3 Evolution of the Morphological Foundations
for Speech

The descent of the larynx used to be an enigmatic developmental phenomenon.
Insufficient comparative information led to the assumption that the descent
evolved as an adaptation for speech in a single shift in the human lineage, in
combination with flattening of the face and flexure of the cranial base. Com-
munication by verbal language is a unique derived feature of humans and has
been essential for the unfolding of many unique aspects of human behavior. This
concept has tended to encourage a simplistic view, which has formed a basis for
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paleoanthropological studies on the origin and evolution of human speech. The
evolution of the morphological basis for human speech has been regarded as
synonymous with the evolution of the developmental descent of the larynx. In
this, the “unique” morphological features marking the low position of the larynx
have been examined through comparisons with extant primates. However, recent
studies using imaging techniques have redefined this concept: the descent of the
larynx did not arise in a single step in the human lineage. The descent of the
laryngeal skeleton identified in humans and chimpanzees may confer an advan-
tage for the development of the human adult mode of swallowing. If this sug-
gestion is correct, then the first step of the laryngeal descent evolved through a
developmental alternation of the swallowing mechanism at the latest in the last
common ancestor of humans and chimpanzees, and possibly of all hominoids.
It may have arisen as an adaptation to changes in hominoid diet and increases
in body size, and secondarily facilitated the flexible controls of phonation and
articulation (Nishimura 2003; Nishimura et al. 2003).

It remains unclear when the second phase, descent of the hyoid relative to the
palate, arose. If it was in the human lineage, the emergence of the descent of the
hyoid may have been related to modifications in mandibular development, such
as decreases and increases in mandibular length and height, respectively
(Nishimura 2005). These modifications may have accompanied modifications to
facial architecture. The latter could underlie another contribution to the evolu-
tion of the two-tube system of SVT in humans with a shorter horizontal oral
cavity. The evolutionary trend to flatten the face was an early feature of the
human lineage (Klein 1989; Aiello and Dean 1998; Fleagle 1999). The australop-
ithecines, however, retained an ape-like face with a robust masticatory appara-
tus (Rak 1983; Asfaw et al. 1999). During the divergence of genus Homo from
contemporaneous Pliocene australopithecines, the face became peculiarly
flattened with a gracilization of the masticatory system (Klein 1989; Wood 1992;
Walker and Leakey 1993; Fleagle 1999; Stedman et al. 2004; Wood and Collard
2004). This rearrangement in the physiognomy of Homo possibly marked a dis-
tinct shift in human adaptive strategies involving innovations of dietary behav-
ior (Wood 1992; Lieberman DE et al. 2004; Wood and Collard 2004). These
strategies could have entailed changes toward a diet requiring less robust mas-
tication, including meat eating, and improvements in food manipulation or in
tool use for food preparation. Thus, such modifications associated with nutri-
tional functions may have coevolved with the selective advantages of face flatten-
ing, with anatomical consequences for the evolution of hyoid descent and the
shorter oral cavity of the SVT in the Homo lineage.

In summary, the morphological foundations underlying the separate mecha-
nisms that facilitate speech in modern humans may have evolved under differ-
ent selection pressures, possibly originally directed toward advantages unrelated
to speech. Thus, they may have been secondarily advantageous for human
speech. If this hypothesis is correct, the mosaic and multiple-step evolution of
the SVT anatomy may have been a preadaptive set of functional modifications
leading to the evolution of speech (Nishimura et al. 2003; Nishimura 2005).
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5 Summary and Conclusions

I have surveyed the evolution of morphological foundations for speech to argue
that morphological approaches to this issue are a necessary part of the study on
the evolution of language, both linguistic and psychological. In the second
section, I reviewed the physiology of speech and the anatomy of the human SVT.
Humans have a two-tube system of the SVT, which underlies elaborate acousti-
cal manipulations for speech production. The unique anatomy develops through
the rapid descent of the larynx in the infant and early juvenile periods. In the
third section, studies on the development in the shape of chimpanzee SVT were
surveyed. New medical imaging techniques such as MRI showed that chim-
panzees share the descent of the larynx with humans, at least partially. This
finding strongly suggests the multiple—perhaps two-step—evolution of the
two-tube system. In the fourth section, I proposed a new concept for the evolu-
tion of the morphological foundations for speech, based on separate and func-
tionally significant modifications in spatial configuration between the laryngeal
skeleton, hyoid, and palate. Selection pressures with advantages unrelated to
speech have possibly played important roles in the evolutionary modifications
of the laryngeal apparatus, and these may have been secondarily advantageous
to speech in the human lineage. This concept may pave the way to better under-
standing of the evolution of speech.I argue that if we overvalue only one feature
as a clue to the evolution of the speech, the evolutionary trail of speech will be
misrepresented. A multidisciplinary approach to studies of the various aspects
of speech should contribute greatly to our understanding of the evolution of the
biological foundations of speech in the long mammalian and primate evolution.
Speech evolved not only in its physical foundations, but also by the coevolution
and separate evolution of the physiological and neurological foundations for the
many systems that contribute to speech production. Many of these separate bio-
logical foundations of speech are considered to have evolved independently
under different selection pressures unrelated to speech, and this may be also the
case for the evolution of language.

This chapter may help to provide us with new concepts on the evolution of
speech in terms of its morphological basis: the linguistic hardware. I hope it will
also stimulate future studies on the evolution of other biological bases of speech
and language.
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Understanding the Growth Pattern of
Chimpanzees: Does It Conserve the
Pattern of the Common Ancestor of
Humans and Chimpanzees?

Yuzuru HaMAaDA! and TosHIFUMI UDONO?

1 Introduction

Chimpanzees are the species most closely related to humans. It is, therefore, con-
sidered a priori that the majority of differences including growth patterns
between humans and chimpanzees were acquired in the lineage of humans
(hominins) after their divergence. Fossil studies have also supported this idea
that the growth pattern of living great apes is conservative, inherited from mid-
Miocene ancestors. We examined the growth characteristics of chimpanzees
based on growth pattern analyses on linear dimensions and fat deposits.

Although the adolescent growth spurt is not found in chimpanzees, the same
growth mechanism functions both in chimpanzees and in humans. The slower
growth in infancy and adolescence is one of the characteristics of chimpanzees.
The long infantile period is the second growth characteristic of chimpanzees,
but the longer growth period, the characteristic that great apes share, is the
product of a scaling trend, that is, the consequence of their greater size. The age
change pattern of fat deposit in chimpanzees is similar to that of macaques and
much different from that of humans. Substantial fat begins to be deposited in
chimpanzees, especially in females, starting from the adolescent stage, in prepa-
ration for reproduction. These growth characteristics of the chimpanzee are
explained by their traditional way of rearing the immatures; that is, the mother
almost exclusively rears and nutritionally supports the infant and juvenile. The
growth pattern of humans is much attributable, on the other hand, owes much
to their novel rearing system, that is, support from the father and other kin, and
to their highly efficient food-acquiring ability.

'Primate Research Institute, Kyoto University, 41 Kanrin, Inuyama, Aichi 484-8506, Japan
’Kumamoto Primate Park, Sanwa Kagaku Kenkyusho, 990 Ohtao, Misumi-cho, UKi,
Kumamoto 869-3201, Japan
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2 The Phylogenetic Position and Growth Pattern
of Chimpanzees

Chimpanzees (Pan troglodytes and Pan paniscus) are, among living animals,
those species most closely related to humans, and it is estimated by genetic
analyses that humans and chimpanzees diverged from their last common ances-
tor about 6 million years ago. However, there are great differences between them
in various biological characters. Thus, chimpanzees have been classified as a
member of the family Pongidae together with gorillas and orangutans, separate
from the Hominidae (humans and their ancestors). Although a gradistic view
(anagenesis) was once pervasive, whereby phylogeny was thought to have pro-
ceeded following successive stages of monkeys (cercopithecoids and ceboids),
apes, and then humans, in the order of lower (primitive) to higher (advanced)
taxa, this simplistic interpretation has received much criticism.

It is considered a priori that the differences between humans and chim-
panzees—for example, bipedalism, encephalization, vocal communication (lan-
guage), production and use of tools, and life history characteristics, including
growth patterns—were acquired in the lineage of humans (hominins) after they
diverged from their last common ancestor. Although authorities have different
ideas on the evolutionary order of appearance of these characters, they do agree
that this suite of characters is unique to humans. Included in growth characters
are features such as the immature neonate (especially in motor performance,
e.g., clinging to the mother), a long growth period, and the presence of adoles-
cence and the adolescent growth spurt (Bogin 1999; Tanner et al. 1990). On the
other hand, it is tacitly agreed that the greater portion of characters found in
chimpanzees represent retention from the last common ancestor or even more
remote ancestors, for example, the locomotor pattern of knuckle-walking
(Richmond and Strait 2000). If this is true, then these characters are symple-
siomorphic and only very few chimpanzee characters are autapomorphic, which
may strengthen the idea of retention of primitive characters in the growth of
chimpanzees. Although it is possible that only humans crossed the Rubicon to
evolve their unique (and advanced) suite of characters, this is, of course, an open
question, too open for the present discussion.

The precise aims of this discussion, then, are as follows:

What factors are responsible for the chimpanzee growth pattern: phylogenetic
inertia, ecology, life history, or body size?

Do chimpanzees have a special way of rearing immature offspring, especially in
regard to the nutritional supply to immatures?

3 Growth Studies on Chimpanzees

The fundamental physical growth patterns in chimpanzees, as described by
Schultz (1969), Yerkes and his colleagues (Grether and Yerkes 1940; Nissen and
Riesen 1964), Gavan (1971), Watts (1985; Watts and Gavan 1982), Leigh (1992,
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1994, 1996; Leigh and Shea 1996), and Hamada and his colleagues (Hamada et
al. 1996, 2002; Hamada et al. 2003a), encompass increases in body size, eruption
of teeth, and skeletal and reproductive maturation. Comparisons between the
growth patterns of macaques (Hamada et al. 1999), chimpanzees, and humans
will help to shed light on the uniqueness of chimpanzee growth and aid in recon-
structing the chimpanzees’ evolutionary history.

3.1 Phylogenetic Consideration of the Growth Pattern
of Chimpanzees

The growth patterns of fossil hominoids have been reconstructed by examina-
tion of the order of tooth eruption and enamel microstructure in such taxa
as Australopithecus africanus, Afropithecus, and Sivapithecus (Kelley 2002;
Anemone 2002). The hominoids had already acquired a life history as prolonged
as those of extant great apes in the middle of the Miocene, and it is considered
that the pattern would have evolved just after the divergence of hominoids from
the primitive catarrhines (Kelley 2002). Slower growth may have been charac-
teristic both of the great apes and even of the ancestors of the hominins for a
rather long period. The much more prolonged life history of modern humans
most probably evolved in the latest period of the Pliocene (in older Homo
erectus, as old as about 1.5 million years ago; Kelley 2002).

These results from fossil studies present a rather gradistic view of evolution
wherein only hominins would have advanced in their growth pattern rather
recently. Although the great apes, including chimpanzees, are considered to have
retained traditional growth patterns, that of chimpanzees should be reevaluated
from various aspects.

3.2 Life History Analyses and the Growth Pattern

Life history, including growth, is the target of adaptation and is determined by
ecology, population dynamics, body size, and other biological factors (Stearns
1992). Thus, the growth pattern is also considered to be shaped by these factors.
Some researchers have pointed out that many life history parameters are
strongly related to mortality in adulthood and that such parameters exhibited a
trade-off relationship (Charnov 1993). In those species that have a lower mor-
tality rate in adulthood, the growth period (represented by the age at which
females first become pregnant) tends to be longer, that is, offspring mature later.
The number of offspring produced over a lifetime also exhibits a similar
relationship.

In life history studies, the trends, that is, the general relationships between
parameters, are first sought for by statistical analyses using data taken from
various species, and species specificity is recognized as a deviation from the
trend. Thus, a given species is characterized by both trend and deviation. Scaling
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analysis, for example, is one of such analyses. I first characterize the growth
pattern of chimpanzees in general.

3.3 Characteristics of Chimpanzee Growth

Growth patterns were compared by relative values (deviation from the scaling
function, or trend), which were expressed by the percentage of real value against
the estimated value from the function using the data published by Harvey et al.
(1987). Table 1 lists the relative values in humans, chimpanzees, macaques
(cercopithecoid), capuchins (ceboid), and lemurs (lemuroid). We did not use
brain size for the calculation of the function because the inclusion of
human data would have distorted the scaling relationship too much. However,

Table 1. Relative values of growth parameters in primates

Humans Chimpanzees  Macaques Capuchins  Lemurs

Body mass, male/  47.9/40.1 41.6/31.1 11.7/9.1 2.86/2.10 2.90/2.50
female (kg)

Intrauterine life  +13 (267) 0 (228) -10 (170)  +11 (160) =10 (135)
(days)

Neonatal body +44 (3300) -3 (1756) +15 (503)  +70 (248)  —24 (88.2)
mass (g)

Age at weaning —30 (1095)* +64 (1460) -8 (182) 422 (270)° —22 (105)
(days)

Age at +49 (198) +1 (118) -19 (60) +31 (43.1)°  —28 (10.0)
reproductive
maturity
(months)

Neonatal brain +80 (384) —25(128) +13 (54.5)¢  +46 (29.0)°  —23 (25.6)
mass (g)

Adult brain 4205 (1,250)  +25 (410) 424 (109)  +120 (71.0) —14 (25.6)
mass (g)

Life span +30 (60) +4 (44.5) —11 (25.0)°  +78 (40.0)  +6 (27.1)
(in years)

Relative growth parameters are calculated by the division of original values by the estimated
values using the scaling function [in percent, from the data of Harvey et al. (1987); the orig-
inal data are shown in parentheses]

Representative species for macaques, capuchins, and lemurs are Japanese macaques, tufted
capuchins, and ring-tailed lemurs, respectively; where data for these species were not
obtained, those of closely related species were used, as indicated by footnotes b through f
*Age at weaning was taken from Bogin (1999)

°Cebus albifrons

‘Lemur fulvus

dMacaca mulatta

‘Cebus capucinus

‘Macaca nemestrina
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the relative value of human brain size was calculated using the scaling
function.

In humans, other than the age at weaning (about 3 years), which was much
less than the estimated age, all characters showed great and positive relative
values, meaning a longer intrauterine life, greater neonatal body mass and brain
size, later reproductive maturation, and an adult brain mass three times greater
than that estimated from body mass. Life span is a little longer than the esti-
mation. Capuchins showed similarity in many characters, that is, the relative
values of all characters are positive, meaning that they grow slowly both in pre-
and postnatal periods and they have a greater brain size at birth and in adult-
hood than the value estimated from the scaling function. Lemurs, on the other
hand, with the exception of life span, showed the opposite, that is, rapid growth
and a smaller brain. Cercopithecoids showed a distinctive combination of rela-
tive values. Their intrauterine period, age at weaning and at reproductive mat-
uration, and life span were smaller than the respective estimates, but their brain
mass is greater. In spite of a shorter pregnancy, they have a larger neonate that
grows rapidly and matures earlier. Chimpanzees showed small relative values,
that is, intrauterine life, neonatal body mass, age at reproductive maturation, and
life span are all close to those estimated from the scaling function. It is only the
age at weaning (about 4 years) that showed a greater deviation. Postnatal brain
growth is rather large in chimpanzees, as shown by the relative body mass of
—25 at birth and +25 in adulthood.

Apes and humans were then compared (Table 2). Gorillas were unique in that
relative values are negative in all characters. Gibbons, except for neonatal body
mass, showed the opposite, that is, their relative values are positive, especially
the age at reproductive maturation. Thus, gibbons have similar life history
parameters to capuchins. Orangutans appeared similar to chimpanzees, but they
have smaller neonates and are reproductively mature earlier. The growth char-
acteristic of smaller neonates is considered to be shared by all the great apes.

From these comparisons, each of the great apes showed specific growth pat-
terns. The “prolonged life history” of hominoids is considered to be the conse-
quence of larger body size, that is, the general trend in primates. The generic
specificities are considered to be the product of their distinctive ecology and
social system (Leigh 1994; Leigh and Shea 1996).

3.4 Growth Stages and the Growth Period

Several life stages have been noticed in humans. Schultz compared the duration
of life stages between various primate taxa (Schultz 1969). The diagram of
Schultz (1969, Fig. 57, p. 149) has been referred to as the standard of compara-
tive primate growth studies (Fleagle 1999). Growth stages of humans were
applied to nonhuman primates (for macaques, Hamada et al. 1999; for
chimpanzees, Hamada et al. 1996); that is, infant, juvenile, adolescent, and adult.
These stages were determined by such developmental phenomena as weaning,
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Table 2. Relative values of growth parameters in hominoids

Humans Chimpanzees Orangutans Gorillas Gibbons®

Body mass, male/  47.9/40.1 41.6/31.1 69.0/37.0 160.0/93.0  5.70/5.30
female (kg)

Intrauterine life +13 (267) 0 (228) +11 (260) -3 (256) +14 (205)
(days)

Neonatal body +44 (3300) -3 (1756) —19(1728)  —58 (2110) —4 (410.5)
mass (g)

Age at weaning ~ —30 (1095)  +64 (1460) +12(1095) -4 (1583)  +58 (730)
(days)

Age at +49 (198) +1 (118) —34 (84) —62 (78) +91 (108)
reproductive
maturity
(months)

Neonatal brain +80 (384) -25 (128) —14 (170)  -49 (227)  +33(50.1)
mass (g)

Adult brain +205 (1250) +25 (410) +8 (413) —40 (505.9) +33 (107.7)
mass (g)

Life span +30 (60) +4 (44.5) +11 (50.0)  —33(39.3) 423 (31.5)
(years)

Relative values of growth parameters are calculated by the division of original values by the
estimated values using the scaling function [in percent, from the data of Harvey et al. (1987)]
*Gibbons are represented by the white-handed gibbon (Hylobates lar)

Table 3. Duration of growth stages

Infancy Juvenile Adolescence

Macaques

F 0-0.5(7)  0.5-3.5 (43) 3.5-7.0 (50)

M 0-0.5(6)  0.5-4.5 (50) 4.5-8.0 (44)
Chimpanzees

F 0-4.0 (27)  4.0-9.0 (33) 9.0-15.0 (40)

M 0-4.0 (29)  4.0-9.0 (36) 9.0-14.0 (36)
Humans

F 0-3.0 (15)  3.0-12.0 (45)  12.0-20.0 (40)

M 0-3.0 (15)  3.0-14.0 (55)  14.0-20.0 (30)

Data from various sources, in years; numbers in parentheses
indicate relative duration in percentage

reproductive maturation, and somatic maturation (the cessation of growth in
body mass or linear dimensions). The duration of each stage was compared
between macaques (Japanese macaque, Macaca fuscata), chimpanzees, and
humans (Table 3). Macaque growth is characterized by a strikingly short infan-
tile period and similar duration of juvenile and adolescent periods. In humans,
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the infantile and adolescent periods are characteristically short and the juvenile
period is long. The three stages have almost the same duration in chimpanzees,
and a definitely longer infancy should be emphasized. Therefore, although the
hominoids appear, at first, to have inherited a prolonged life history from mid-
Miocene ancestors (Kelley 2002), it is important to determine which stages have
been prolonged between chimpanzees (infantile) and humans (juvenile). As
some researchers have cautioned (Watts 1985), precocial and rapid macaque
growth should not be regarded as the ancestral state for hominoids but rather
as one of the diverged characters specific to cercopithecoids.

The details of growth patterns in linear dimensions, such as stature or trunk
length, are considered to reflect growth stages (Bogin 1999); this means that age
at changes of pace (velocity), accelerations and decelerations, come close to the
boundary of the stages and that each of the growth stages has a specific growth
velocity and velocity change. I examine the growth curve of chimpanzee next in
relationship to growth stages.

3.5 Growth Pattern of Crown—-Rump Length in
Chimpanzees

The growth curve (distance) of crown-rump length (CRL) is shown in Fig. 1.
The diagram shows plotting of cross-sectional CRL data and the smoothed
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Fig. 1. Increase in crown-rump length (CRL) during growth in chimpanzees for 253 males
(age range, 0.0-34.4 years) and 336 females (age range, 0.0-32.0 years). Average curves cross
sectionally obtained by the Loess smooth algorithm (Math-Soft, 4.0) are superimposed. Note
that the sex difference, which is slight even in adults, starts to be significant from about 7 years
of age
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Loo Fig. 2. Velocity (pseudo-velocity) curves of
crown-rump length growth in chimpanzees.
Velocity was calculated from the smoothed
distance values
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average curve obtained from the Loess smooth algorithm (S-Plus 4.0;
MathSoft Co. Itd.). Neonatal CRL, approximately 300 mm, does not show any
sex difference, but the sex difference becomes greater from the age of 5.5
years. The maximum CRL, 845 mm in males and 810 mm in females, is attained
at the age of 13.8 years in males and 15.7 years in females. The sex difference
is not great even in adults, and females may stop growing a little later than
males.

The distance growth curves appear simple in the two sexes, that is, it appears
that there are not any changes of pace but, rather, a slow deceleration over the
whole growth period. However, the velocity curve (pseudo-velocity; Fig. 2)
revealed small but significant changes of pace, which suggests the possibility of
staging. By the inclusion of longitudinal data taken from three infants born in
2000, pseudo-velocity curves were obtained for these subjects over the period
from birth to the age of 5 years, when the velocity greatly changed. From these
velocity curves, we could pinpoint where the pace of growth changed.
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The growth of linear dimensions in chimpanzees was found to be composed
of six phases as follows (Fig. 3):

A neonatal rapid growth phase where the velocity rapidly decreases

A midinfantile great deceleration phase

A moderate deceleration phase in the latter half of the infantile period
A slow deceleration phase in the juvenile period

An adolescent great deceleration phase

A slow deceleration, finally stopping the growing phase

SR whE

Phases 1 to 3 correspond to the infantile period of 0 to 4 years. Phase 4 corre-
sponds to the juvenile period. Phases 5 and 6 correspond to the adolescent phase,
and at around the beginning of phase 5 reproductive maturation is attained, that
is, females experience menarche and males show rapid development of the testes.

The growth curve of stature in humans (see Fig. 2.5, p. 69, in Bogin 1999)
shows a remarkable change of pace, which facilitates the staging of the whole
growth period. Infancy is the period of rapid growth and rapid deceleration, the
juvenile period is that of slow and steady growth, and adolescence is that of
abrupt acceleration and deceleration soon after the velocity curve attains its
peak, which is followed by the termination of growth. The human growth curve,
thus, looks unique among primates, and some authorities would ascribe a special
evolution of growth and life history to the hominins (Bogin 1999). However, on
the basis of the presence of change of pace at the end of phase 4, where the veloc-
ity greatly decreases and chimpanzees experience the beginning of reproductive
maturation (puberty), Hamada et al. (1996) suggested that there are not definite
differences in growth patterns between humans and chimpanzees.

There is a hypothesis that human growth is composed of two cycles (see
Fig. 12 in Hamada and Udono 2002), and the velocity curve shown above is
composed of two logistic function curves. The peak of the first cycle is located
in the prenatal period and is higher than the second one in which the peak of
velocity locates at around puberty. In postnatal life, the first cycle covers from
birth to the midjuvenile period, and the second covers from the midjuvenile
period to the cessation of growth. The appropriate choice of parameters, which
determines the parabolic curves, can express the growth curve of humans and
nonhuman primates, including chimpanzees. This two-cycle model appears
applicable to the body mass growth of various anthropoid species in which
pubertal accelerations are found (Leigh 1996). The differences in the growth
patterns between humans and chimpanzees are thus considered to be caused by
the parameters, that is, the difference is quantitative in nature. In humans, the
curve of the second cycle is sharp with a high peak compared to that of chim-
panzees. The question to be addressed is the background biology, which has
induced the height of peaks and the sharpness (great acceleration and deceler-
ation) of the growth cycles, the rapid growth both in infancy and adolescence
in humans, and the longer infancy with a slower increase in chimpanzees
(Goodall 1986).
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4 The Answer May Be Found in the Nutrient Supply
System (Parenting): The Economy of Supply and
Consumption of Nutrients in Growing Individuals

Growing individuals need nutrients for basal metabolism, activity (physical and
other), heat production at assimilation, and growth (Malina 1987). Growth shows
plasticity in accordance with the quantity of nutrient supplied, that is, the indi-
vidual may grow fast or slow according to the quantity of foods consumed.
However, there is a limitation to the plasticity, and individuals should mature
(stop growing) with a smaller body than the optimal size, which is genetically
determined if the nutrient supply is sufficient (reaction norms; Stearns 1992).
To increase adaptive success, the parent or parents should care sufficiently for
offspring to survive long enough to reproduce themselves. It is beneficial in com-
petition with conspecifics if offspring grow bigger. The mother supplies various
resources including nutrients both prenatally and postnatally (lactation), safety,
and support for juveniles in foraging. Adolescent and older offspring live inde-
pendently from their mother and access food resources according to their social
status, which they try to promote.

A surplus of supplied nutrients will be partly deposited in the form of fat. The
mother, while she is taking care of her current offspring, tries to deposit fat in
preparation for the next offspring, and thus tries to control the nutrient supply
to the current dependent offspring. The current offspring, however, requests as
much food as possible from its mother. Therefore, a compromise must be
reached between the two demands, and the first priority of maternal nutrient
supply is to minimize the surplus to the infant.

4.1 Age Change of Fat Deposit

Fat deposit is regarded as an indicator of the nutritional condition of an animal,
lean versus fatty. Indirect measures of fat deposit are skinfold thickness or
physique indices (e.g., body mass index, Rohler index). Direct measures are
obtained by such methods as weighing dissected fat and dual-energy X-ray
absorptiometry (DXA) (Roche et al. 1996). The results obtained from macaques
(Macaca fuscata) using DXA (Hamada et al. 2003b) showed that macaques adopt
the first option of nutrient supply mentioned earlier and that infant and juve-
nile macaques do not deposit any significant amount of fat, 4% or less of body
mass. After reproductive maturation, adolescent macaques start to deposit a
more substantial amount of fat. The immature human shows a strikingly dis-
tinctive pattern of age change in fat deposit (Kuzawa 1998). A baby is born with
about 15% fat content, and the fat deposit is rapidly increased to 25% to 27% of
body mass within half a year. From that peak, relative fat mass gradually
decreases to about 15% at the age of 5 years. In the juvenile period, the relative
fat mass is maintained but at reproductive maturation it is increased again to
attain adult values of 15% to 20% in males and 20% to 25% in females. The age
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change pattern of fat deposit in humans suggests the second option of nutri-
tional supply to offspring, that is, a higher relative fat deposit from birth and an
especially higher deposit during early infancy. The question then is which option
does the chimpanzee take?

4.2 Age Change of Fat Deposit in Chimpanzees

As far as we are aware, at present, there are not any reports on age changes in
fat deposits in chimpanzees (Fig. 4), because access to immature chimpanzees is
limited. Although limited in number, our colleagues and we have accumulated
DXA measurements taken from immatures (5 years or younger) and adults (10
years or older). Figure 5 shows the preliminary results of age changes in fat
deposits in chimpanzees.

Age changes in fat mass (relative to body mass, in percent) displayed a similar
trajectory to that found in macaques. Chimpanzees of 5 years or younger do not

a b
Fig. 4. a A human infant at the age of 30 days after the birth (Photograph taken by T.

Matsuzawa). b A chimpanzee infant (Reo) at the age of 38 days after the birth (Photograph
taken by T. Matsuzawa)
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show deposits of more than 4% fat mass, and slightly higher values of 5% or
6% were recorded only sporadically in both sexes. Thus, substantial fat mass was
not deposited in chimpanzees of 5 years or younger, even though they were
reared in a favorable environment.

Subadult and adult chimpanzees, of 10 years or older, showed substantial fat
deposits, but a considerable number of chimpanzees showed the minimum
deposit of fat mass (4% or less), especially males. Basic statistics for fat deposits
in male chimpanzees of 12 years or older are 3.87%, 4.23%, and 7.73% for the
10th, 50th, and 90th percentiles, respectively. Thus, the majority of adults
deposited a substantially smaller amount of fat, with the maximum being 19%.
Adult females deposit more fat than males, as shown by their basic statistics
(6.07%, 13.00%, and 21.57% for the 10th, 50th, and 90th percentiles, respectively,
and the maximum value was 32%).

As the DXA data were limited, age changes in skinfold thickness, which has
long been one of the indicators of fat deposit, were analyzed. Here we used the
total thickness at the abdominal (at the level of navel), back (subscapular), and
suprailiac regions, measured using a skinfold caliper (Eiken type). Figure 6
shows the plots for the data and the smoothed curves connecting the 10th, 50th,
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Fig. 7. Growth and development of the four infants born in the Primate Research Institute,
Kyoto University, were compared with the average body mass growth curve and dental devel-
opment (eruption of deciduous teeth and the first molar, dotted line). In each panel, painted
circle and X connected by line express body mass and numbers of teeth erupted, respectively

and 90th percentile values of each age class. In females, the curve of the 50th
percentile showed that skinfold rapidly increased to about 20 mm from birth to
4 years. The thickness of 20 mm was maintained until the age of 7 years and then
gradually increased to finally become 40 mm. Curves of the 10th and 90th per-
centiles are parallel with that of the 50th percentile until the age of 7 years. From
7 years of age, the curve of the 90th percentile deviated more and more from
that of the 50th percentile to finally attain 80 mm. The curve of the 10th per-
centile increased slowly to finally attain 25 mm. In males, curves of the 10th and
50th percentiles were maintained at almost 15mm in the former and 20 mm in
the latter, meaning that the subcutaneous fat deposit is nil or minimum in the
majority of adult male chimpanzees. The curve of the 90th percentile slowly
increased from 7 to 20 years of age to attain only 30 mm. Thus, sex difference is
significant in subcutaneous fat deposits of adult chimpanzees.

The fat data for infantile period were mainly taken from four infants born in
the Primate Research Institute, Kyoto University. Their growth and development
are shown in Figure 7.



6 Growth Pattern of Chimpanzees 109

The results obtained from macaques showed that skinfold thickness corre-
lated significantly well with the percent fat mass obtained using DXA, meaning
that skinfold is a good indicator of fat deposit. It is probably also true in
chimpanzees, and although the data are limited, the skinfold and percent fat
mass correlated well in adults (R* = 0.59 in 25 females, R* = 0.94 in 27 males).
Based on these analyses, it appears that chimpanzees also adopt the first option
of maternal nutrition supply. The longer infantile period in chimpanzees during
which the mother supplies nutrient to infants by lactation is a characteristic
unique to chimpanzees.

The age change pattern of fat deposit appears to be species specific and may
have implications for the life history of a given species. The level of parental care
(rearing) is a part of reproductive adaptation. There should be an age-specific
nutritional supply to immature offspring, which may be reflected in the age-
specific fat deposit. We found there are two modes of age-specific nutrition
supply, the first being that adopted by macaques and chimpanzees and second
being unique to humans. Infants and juveniles of the former have the minimum
fat deposit, meaning that the mother does not supply a surplus, only that amount
necessary to support the maintenance and growth of the offspring. After repro-
ductive maturation, although the subadult is not fully mature in body, they try
to better their social status, which determines the quality and quantity of food
acquired. Reproductively active females try to obtain nutrients efficiently and
accumulate fat for reproduction. As males do not invest much energy in off-
spring, they do not have to accumulate as much fat as females. Female chim-
panzees devote as long as 4 years to rearing their infants, and their interbirth
interval is, therefore, great (Goodall 1986). The rearing system of chimpanzees,
in that only the mother takes care of and supplies nutrient to the immature over
such an extended period, may have caused this unique life history in
chimpanzees.

The second option in the pattern of age change in fat deposits, which humans
have adopted, appears unique, not only in the greater accumulation of fat at any
growth stage but also by a much higher deposit of fat in infancy (especially in
early infancy) and adolescence. Taking the growth pattern of CRL into consid-
eration, that is, the very rapid growth in infancy, and that the amount of nutri-
ent supplied is much more than that required to sustain rapid growth, it seems
that the greater fat deposit is the byproduct of a guarantee to rapid growth. The
greater amount of nutrient cannot be supplied by the mother alone, and the
interbirth interval in humans is much shorter than that of chimpanzees. There-
fore, humans must have a different way of rearing, which depends on immatures
acquiring food with much greater efficiency than chimpanzees or macaques.

Individuals that help the mother in the rearing of immatures have been doc-
umented in some anthropoids, the marmosets being the popular example, in
which the father and elder siblings help the mother to care for babies. Colobines
show allomothering behavior, in which neonates have a different pelage color
(Kohda 1985). In these primates, however, food is supplied to neither the infants
nor the mothers. In modern humans, however, helping is much developed, and
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even juveniles are supplied with nutrients. Fathers share foods with family
members (Kaplan et al. 2000), and the contributions of grandparents (intergen-
erational resource transfer; Lee 2003) have also been suggested (“grandmother
hypothesis”; Hawkes et al. 2003). Bogin (1999) also advocated the “baby-sitter
hypothesis” in which elder siblings give substantial aid to their mother in rearing
infants. Such systematic helping would be a prerequisite to the second option of
nutrition supply, which is reflected in the greater amount of fat deposit and the
shorter interbirth interval.

The characteristically rapid growth of humans is found not only in the body
but also in the brain (Rice 2002; Leigh 2004; Hamada et al. 2004), which requires
a continuous and greater supply of nutrient per unit of mass. The greater fat
deposit found in infants is considered to guarantee this supply. Brain size shows
a higher correlation with many life history parameters, such as age of dental
eruption (Smith et al. 1994). It is not always easy to show the direct cause-effect
relationship between brain size (cognitive ability) and growth patterns. The
duration of the growth period is explained by such hypotheses as “needing to
learn,” “brain growth constraint,” “juvenile risk,” and the “brain constraint,”
which has proved to be the most feasible (Ross and Jones 1999). This hypothe-
sis is based on the fact that the developing brain requires a higher energy supply
than other organs, which coincides well with the discussion already described.
The role of the brain (cognitive ability) in the rearing system (nutrient supply)
is a topic for future consideration.

5 Conclusions

We have tried to address the questions of which characters are unique to chim-
panzees as found in their growth patterns and what are the factors contributing
to the production of these characters. Based on the fact that living great apes
have diverse growth characteristics, the growth pattern of living hominoids,
which is sometimes expressed simply as “prolonged life history,” may not be a
retention from the mid-Miocene ancestors. The prolonged life history derives
from their greater size as a consequence of scaling trends. It is the relatively
immature neonate, the character shared by great apes, that needs to be
explained. The unique growth characteristic of chimpanzees is their long
infancy, which may have been ultimately produced by their traditional system
of infant rearing, that is, in which only the mother takes care of and supplies
nutrients to the infant without any assistance.

Based on the two-cycle model of postnatal growth, the difference in growth
pattern between chimpanzees and humans is explained by differences in the
parameters describing the two cycles. The growth pattern difference is shaped
by the species-specific system of rearing immatures, that is, the manner of nutri-
ent supply to immatures, which is reflected in age changes in fat deposit. The
chimpanzee or macaque mother does not supply the amount of nutrient
required by their infant or juvenile to accumulate much fat. Immature human



6 Growth Pattern of Chimpanzees 111

individuals receive a greater amount of nutrients and they accumulate fat
deposits, which may guarantee their very fast body and brain growth in infancy.
This development is supported by the unique social system in humans whereby
the father and other kin provide help to the mother in ensuring the infant’s nutri-
tion supply. Brain and cognitive ability appear to contribute much in shaping
the rearing system, which is a topic for future investigation. The growth pattern
of chimpanzees could well be understood in terms of its rearing system, in which
only the mother contributes substantially in rearing her immature offspring.
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The Application of a Human
Personality Test to Chimpanzees and
Survey of Polymorphism in Genes
Relating to Neurotransmitters and
Hormones

MiHo INOUE-MURAYAMA', EMI HIBINO', TETSURO MATSUZAWA?,
SatosHI HIrRATA®?, OsaMU TAKENAKAZ IKuo Havasaka®, SHIN'ICHI ITo!,
and YuicHI MURAYAMA’

1 Introduction

1.1 Evaluation of Chimpanzees’ Characters and Survey of
Their Genetic Background

Among nonhuman primates, the chimpanzee (together with the bonobo) is the
species closest to humans, and its high intelligence is reflected in social behav-
ior, tool use, and language learning (Whiten et al. 1999; Matsuzawa 2003).
Because the individual characters of chimpanzees are full of variety, an analyt-
ical method that is able to objectively evaluate their behavioral traits may be
useful for understanding their social behavior and interactions. Relationships
have been reported between polymorphism of the genes regulating neurotrans-
mitters or hormones and human personality. The study of the association of
these genes with the personality of chimpanzees and comparison of the results
with that of humans may be considered to be useful for elucidating human evo-
lution. In this study, for the first step to conduct such a comparison, we evalu-
ated personality and genetic polymorphism in chimpanzees.

We adopted the human personality questionnaire Yatabe-Guillford (YG) Per-
sonality Inventory for self-scoring and evaluated 11 adult chimpanzees at the
Primate Research Institute, Kyoto University, based on the answers of three eval-
uators to 120 questions for each chimpanzee. To evaluate reliability of the test,
11 humans were also scored by the same methods, and the scores were compared
with those by self. The average percentage of coincidence was 76.5%. The chim-
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’Primate Research Institute, Kyoto University, 41 Kanrin, Inuyama, Aichi 484-8506, Japan
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‘Kumamoto Primate Park, Sanwa Kagaku Kenkyusho, 990 Ohtao, Misumi-cho, Uki,
Kumamoto 869-3201, Japan

*National Institute of Animal Health, Tsukuba, Ibaraki 305-0856, Japan
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panzees showed significantly higher scores on the scales of “selfish,” “impulsive,”
“nervous,” and “sensible” than those of the human subjects. The individual
difference observed in the chimpanzees was most remarkable in “leadership
qualities.” We then analyzed polymorphism of neurotransmitter- and hormone-
related genes in chimpanzees. In 4 loci (dopamine receptor D4, androgen recep-
tor, serotonin transporter, and estrogen receptor-beta), 3,4, 7, and 6 alleles were
observed, respectively, in 11 chimpanzees. Based on our preliminary results, a
wide-range assessment of more loci with more individuals will provide a better
characterization of genes affecting chimpanzee personality.

1.2 Understanding the Personality of Chimpanzees

Individual difference in the personality of chimpanzees is also remarkable, and
a few studies of variation in personality within this species have been pub-
lished (Lilienfeld et al. 1999; Weiss et al. 2000). Various studies have shown associ-
ations between differences in human personality traits and variations of
neurotransmitter- and hormone-related genes. For example, the long allele of the
variable number of tandem repeat (VNTR) in the exon 3 region of the dopamine
receptor D4 gene is associated with a behavioral trait (novelty seeking) in humans
(Benjamin et al. 1996). In humans, the roles of androgen have been identified in
the regulation of sexuality, aggression, cognition, emotion, and personality
(Rubinow and Schmidt 1996). The study of the association of these genes with the
personality of chimpanzees and comparison of the results with those of humans
may be considered to be useful for elucidating human evolution. To conduct such
a comparison, evaluation of personality and genetic polymorphism in chim-
panzees is essential. However, in the previous studies on chimpanzees, methods
for personality testing were different from those applied to humans, and the rela-
tionships with genotypes were not investigated in chimpanzees. In primates,
relationships with genotypes were previously studied in the rhesus monkey
(Champoux et al. 2002; Miller et al. 2001). However, in these reports, methods for
personality testing were quite different from those applied to humans.

In this study, as a first step to conduct the comparison of the genetic basis of
personality between chimpanzees and humans, we attempted to evaluate per-
sonality and genetic polymorphism of chimpanzees. We applied a human
personality questionnaire to chimpanzees because this test is very precise to
express the personality of each individual, and the result of the relationship
between personality and genotype is comparable with the previous reports of
humans. Therefore, we adopted the human personality questionnaire Yatabe-
Guillford (YG) Personality Inventory for self-scoring and evaluated 11 adult
chimpanzees at the Primate Research Institute (PRI), Kyoto University, based on
the answers of three evaluators to 120 questions for each chimpanzee. Because
this test was originally based on self-scoring, to evaluate the reliability of scaling
chimpanzees, 11 humans were also scored by the same methods and the scores
were compared with those by self.
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In chimpanzees, reports of polymorphic loci to survey the association with
personalities as in humans are not sufficient. The afore-mentioned dopamine
receptor D4 was monomorphic in chimpanzees (Inoue-Murayama et al. 1998).
Also, in the promoter region of the serotonin transporter gene (Lesch et al. 1996),
no variation was detected in chimpanzees (Inoue-Murayama et al. 2000, 2001).
Polymorphism within chimpanzees was reported in the intron 2 region of the
dopamine receptor D4 gene (hereafter referred to as DRD4in2) (Shimada et al.
2004) and the first exon of the androgen receptor gene (AR) (Choong et al. 1998).
In this study, to increase the information of polymorphic loci, we newly surveyed
the intron 2 region of the serotonin transporter gene (STin2) and the intron 6
region of the estrogen receptor gene (ERf) in chimpanzees. We genotyped 4 loci
(DRD4in2, AR, STin2, ERP) in a total of 54 unrelated individuals kept in PRI and
in the Kumamoto Primates Park (KPP), Sanwa Kagaku Kenkyusho. Genotypes
of the 11 personality-scaled chimpanzees at PRI were also surveyed.

2 Methods
2.1 Subjects

Eleven chimpanzees (3 males and 8 females; average age, 27.4 + 6.6 years) kept
at PRI were scored for their personality (Table 1). They were all Pan troglodytes
verus, except for Pendesa, who was a hybrid of P. t. verus and P. t. schweinfurthii.
Gon was the father of Reo, Popo, and Pan; Puchi was the mother of Popo and
Pan; and Reiko was the mother of Reo. Popo and Pan were human reared. For
the purpose of comparison, 11 humans (6 men and 5 women; average age, 30.7
* 8.5 years) were scored on the personality scales and included in the analysis
(see Table 1). To survey allele distribution at each locus in chimpanzees, we
further genotyped 47 unrelated chimpanzees at KPP (P. t. verus: 21 males and
26 females).

2.2 Scoring Personality Traits

For each chimpanzee, three evaluators were randomly chosen from 11
researchers who knew the personality of all chimpanzees well. The evaluators
answered “yes” or “no” to 120 questions of the YG Personality Inventory (Japan
Institute for Psychological Testing, http://www.sinri.co.jp/index.html). This test,
which has been designed for self-scoring, consists of 10 questions for each of 12
different personality scales (see Table 1). The answer “?” is used only for ques-
tions that are difficult to decide. The final answer for each question was decided
by the majority of answers by three evaluators. For example, when two evalua-
tors answered “yes” and one answered “no,” the final decision was “yes.” When
the answers of three evaluators were “yes,” “no,” and “?,” the final decision was
“?” In the questionnaires, the word “person” or “people” was replaced by “chim-
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Table 1. Scores of YG Personality Inventory decided by majority of answers by three evaluators

Chimpanzees
Name Gon  Puchi Reiko Akira Mari Ai Pendesa Chloe Reo Popo Pan

Personality Sex M F F M F F F F M F F
scale P (age’) (379 (379 (369 (279 (279 (269 (269 (22) 21 (21 @19
Depressed  0.74183 5 0 3 0 3 2 0 2 2 8 2
Impulsive 0.00008*** 2 12 12 12 9 9 4 12 12 13 8
Feeling 0.75533 12 0 2 4 4 0 0 2 10 15 0

inferior
Nervous 0.01146* 8 6 5 8 8 8 8 16 14 7 8
Subjective  0.37682 4 4 4 6 5 4 2 12 4 8 6
Selfish 0.00001*** 6 11 10 4 11 11 2 16 10 14 5
Aggressive  0.21472 0 8 12 8 8 16 14 16 8 4 11
Active 0.01801* 4 0 2 4 2 10 11 12 2 2 8
Optimistic ~ 0.38963 4 10 8 14 3 8 14 14 3 4 8
Sensible 0.04186* 20 16 16 18 15 8 18 10 16 16 18
Leadership  0.97605 2 14 18 16 8 16 20 10 10 0 4

qualities
Sociable 0.06675 6 6 20 16 5 8 18 6 6 2 2

Each of the 12 different personality scales consists of 10 questions; the respective scores for answers “Yes

“1”, and “0”, or “0”,“1”, and “2”, depending on each questionnaire

*Scores of chimpanzees and humans were compared by one-way ANOVA, *: P < 0.05, ***: P < 0.001
bAges at the time of personality test in September 2003

‘Ages were estimated

»
s ¢

panzee (s).” For example, “I like to be a friend of many people” was replaced to
“I like to be a friend of many chimpanzees.”

To confirm the reliability of evaluation of the chimpanzees, 11 humans (eval-
uators of the above study) were, as a control, also scored by the same methods,
and scores by themselves and those by three randomly chosen other evaluators
were compared. Based on the answers, scores for 12 personality scales were ana-
lyzed. A dendrogram of the subject 22 individuals was drawn using a principal
component analysis (PCA) based on the scores of the 12 personality scales.

2.3 Analysis of Genetic Polymorphism

DNA was extracted from peripheral blood using phenol-chloroform. Four
primer sets were used: 5'-GCCATCAGCGTGGACAGGT-3" and 5-CGTCGTT
GAGGCCGCACAGCAC-3" for DRD4in2; 5-TCTGGCGCTTCCCCTACATAT-3’
and 5-TGTTCCTAGTCTTACGCCAGTG-3" for STin2; 5-TCCAGAATCT
GTTCCAGAGCGTGC-3" and 5'-GCTGTGAGGGTTGCTGTTCCTCAT-3’ for AR;
and 5-GGTAAACCATGGTCTGTACC-3" and 5-AACAAAATGTTGAAT
GAGTGGG-3’ for ERP. For amplification of DRD4in2 and ERf, we used 50 ng
DNA in 10 pl reaction mixture containing 0.5 UM of each primer, 0.5U of LA Taq
polymerase, GC buffer I (TaKaRa, Shiga, Japan), and 400 uM of each dNTP. After
an initial incubation at 95°C for 2min, polymerase chain reaction (PCR)
amplification was performed for 35 cycles consisting of 95°C for 30s, 65°C for
1 min, and 74°C for 2 min, followed by a final extension at 74°C for 10 min. For

, and “No” were “2”,
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Table 1. Continued

Humans

Range Average SD A B C D E F G H I ] K Range Average SD

8 2.5 2.4 0 4 2 0 4 0 0 6 4 3 8 0-8 2.8 2.7

13 9.5 3.6 2 2 5 0 2 1 4 8 0 5 4 0-8 3.0 2.5

15 4.5 5.4 0 0 2 2 6 3 0 14 0 0 14 0-14 3.7 5.4
5-16 8.7 3.3 4 0 4 2 6 0 0 15 2 4 8 0-15 4.1 44
2-12 5.4 2.7 0 4 5 4 4 4 4 8 6 6 4 0-8 4.5 2.0
2-16 9.1 4.3 0 2 2 2 2 0 2 4 0 0 0 0-4 1.3 1.4
0-16 9.5 4.9 14 2 8 6 12 3 6 6 8 11 2 2-14 7.1 4.0
0-12 5.2 4.3 20 10 16 2 10 13 16 2 18 11 4 2-20 11.1 6.3
3-14 8.2 44 8 4 16 0 10 8 8 0 4 10 3 0-16 6.5 4.8
8-20 15.5 3.6 4 12 15 8 12 20 16 0 6 16 12 0-20 11.0 6.0
0-20 10.7 6.7 20 12 9 12 0 18 20 2 8 16 2 0-20 10.8 7.3
2-20 8.6 6.3 18 16 13 8 12 18 20 5 8 20 10 5-20 13.5 5.3

amplification of AR and STin2, the annealing temperature was decreased to 60°C
and 55°C, respectively. The PCR products were separated by electrophoresis on
1.5% agarose gel and were then extracted from the gel and directly sequenced
using the dye termination method and a ABI 3100 DNA Sequencer (Perkin-
Elmer, Applied Biosystems Division, Foster City, CA, USA). Allele frequency
distributions of four genes were surveyed among the total of 54 unrelated chim-
panzees (P. t. verus, 23 males and 31 females) at PRI and KPP.

3 Results and Discussion
3.1 Personality Test

Table 1 shows the scores on 12 personality scales of the YG Personality Inven-
tory for the 11 chimpanzees and 11 humans at PRI. Humans are indicated by the
letters A to K. In humans, the average percentage (and range) of coincidence
between evaluation by self and by non-self (the final answer decided by major-
ity of answers by three evaluators) was 76.5 (71.8-83.6), indicating that non-self
evaluation is more than 70% reliable for all scales (Table 2). On the other hand,
the percentage of perfectly coincident answers among the three evaluators was
not very high in either humans (average, 42.9%) or chimpanzees (average,
48.0%). In chimpanzees, a relatively low percentage of coincidence was observed
in the scales “selfish” (31.8%) and “impulsive” (36.4%). These scales include ques-
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Table 2. Percentage of coincident answers

Human: Human: Chimpanzee:
Personality scale final and self* three evaluators® three evaluators®
Depressed 75.5 45.5 52.7
Impulsive 71.8 40.9 36.4
Feeling inferior 77.3 50.9 54.5
Nervous 77.3 40.0 42.7
Subjective 77.3 42.7 54.5
Selfish 83.6 57.3 31.8
Aggressive 76.4 40.0 50.0
Active 76.4 32.7 49.1
Optimistic 81.8 37.3 48.2
Sensible 74.5 33.6 59.1
Leadership qualities 73.6 46.4 53.6
Sociable 72.7 47.3 42.7
Average 76.5 42.9 48.0

“Percentage of coincident answers between the final answer decided by the majority of
answers by three evaluators and the answer by self
"Percentage of perfectly coincident answers among three non-self evaluators

tions that seemed to be difficult to evaluate appropriately for non-self evalua-
tors, such as, “I feel most chimpanzees are lazy without someone watching them”
and “I cannot summarize my thinking.” On the other hand, the average ratio of
perfect coincidence of three evaluators was relatively high for the “sensible”
(59.1%), “feeling inferior” (54.5%), and “subjective” (54.5%) scales. However, the
tendency was not the same in humans.

In a dendrogram based on PCA of the scores of the 12 personality scales, 11
chimpanzees and 11 humans were categorized into three large clusters (Fig. 1).
The three clusters were characterized as high scores in “depressed” and “feeling
inferior” for the first cluster, “implusive” and “selfish” for the second cluster, and
“active” and “sociable” for the third cluster. In the first, second, and third clus-
ters, 2, 6, and 3 chimpanzees were included, indicating the diverse personalities
within chimpanzees.

A different tendency was observed between chimpanzees and humans; 8 of 11
chimpanzees belonged to the first and the second clusters, whereas 9 of 11
humans belonged to the third cluster. In the comparison of scores between chim-
panzees and humans by a one-way analysis of variance (ANOVA), chimpanzees
showed significantly higher scores on the scales of “selfish,” “impulsive” (P <
0.001), “nervous,” and “sensible” (P < 0.05), and lower on the “active” scale (P <
0.05). These results may indicate the species difference in temperament between
chimpanzee and humans. Or, this difference might be caused by the passive con-
dition under which the chimpanzees were kept in their enclosure. Comparison
of the result in this study with that of chimpanzees kept in the other institutes
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Fig. 1. Dendrogram resulting from a principal component analysis (PCA) of the scores of the
12 personality scales of the YG Personality Inventory for 11 chimpanzees and 11 humans: 22
individuals were divided into three large clusters

and with those living in the wild would be necessary to fully describe the
temperament of chimpanzees. A common tendency across chimpanzees and
humans was also found. The largest individual differences were observed in
“leadership qualities” (0-20) in both chimpanzees and humans. Leadership qual-
ities may be a good indicator for individual differences of animals living in
groups with a complex social structure with hierarchies.

In this study, by applying the method for human personality scaling to chim-
panzees, the result enabled us to describe precise individual difference within
chimpanzees and to compare the scores between chimpanzees and humans.
However, some questions were difficult to answer for non-self evaluators. Mod-
ifying questionnaires to more concrete ones may raise the percentage of coinci-
dence among evaluators. Also, three evaluators for each chimpanzee were chosen
randomly from 11 researchers without considering their intimacy with each
chimpanzee. Considering the experience of each evaluator with each chim-
panzee may lead to a more precise description of the personality. To assess the
power of this method, other traits reflecting personality should also be scored
and the result should be compared with the present results. For instance, the fre-
quency of grooming in PRI chimpanzees was related to a high score for leader-
ship qualities (P < 0.05; data not shown). Scoring some traits such as variable
levels of hyperactivity of rhesus monkeys (Miller et al. 2001) would also be a
possibility.
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3.2 Analysis of Genetic Polymorphism

In chimpanzees, the polymorphism of STin2 and ERf3 was reported for the first
time in this study. Polymorphism had already been reported for DRD4in2
(Shimada et al. 2004) and AR (Choong et al. 1998). However, 7 alleles with 15,
16, 19, and 24-27 repeats of glutamine in AR were newly found in this study.
Allele frequency distributions are shown in Table 3. In the polymorphic regions
of DRD4in2, STin2, AR,and ERf,3,3,12,and 7 alleles, respectively, were observed
in the 54 unrelated individuals. The expected heterozygosity (Nei and Roy-
choudhury 1974) was the highest in AR (0.828) and the lowest in STin2 (0.230).
The sequences of the alleles can be obtained from the DDBJ/EMBL/GenBank
nucleotide sequence database with the accession numbers AB194967, AB194968,
and AB194971 for alleles 18, 19, and 25 of STin2 and AB194972-AB194975 for
alleles 194, 198, 202, and 206 of ERp.

In the 11 chimpanzees at PRI, 3,4, 7, and 6 alleles were observed for DRD4in2,
STin2, AR, and ERf (Table 4). In STin2, the allele 23 (accession number:
AB194969) was observed only in one individual. Polymorphic loci found in this
study will become good markers for elucidating their effect on the personality
of chimpanzees.

In humans, the dopamine receptor D4 gene includes many variable sites, and
the function of DRD4in2 is unknown (Shimada et al. 2004). Another locus, STin2,
includes a VNTR of 15- to 17-bp units, and 3 alleles with 9, 10, and 12 repeats
have been reported in humans (Ogilvie et al. 1998). Repeat number affects
reporter gene expression in transgenic mice (MacKenzie and Quinn 1999), and
the 12-repeat allele is related with bipolar affective disorder (Collier et al. 1996).
In the present study, repeat numbers of chimpanzees were 18-25 and were
greatly different from those in humans. The efficiency of signal transduction
should also be surveyed in chimpanzees for comparison with humans.

In hormonal receptors, relationships between repeat number and sexual func-
tion have been reported in humans (Chamberlain et al. 1994; Westberg et al.
2001).In the AR, increased repeat number of a polyglutamine tract in the protein
has been associated with decreased transactivation activity in vitro (Chamber-
lain et al. 1994). Reports indicate that repeat number may influence serum testos-
terone level (Westberg et al. 2001), aggressiveness (Jonsson et al. 2001), and
cognition problems (Yaffe et al. 2003). Furthermore, the repeat number of a
(CA)n microsatellite in human ERf (Tsukamoto et al. 1998) affects serum
androgen level (Westberg et al. 2001). In this study, we found that the AR and
ERploci were highly polymorphic in chimpanzees, showing expected heterozy-
gosities of 0.828 and 0.780, respectively. It would also be very interesting to inves-
tigate the effect of the genotypes of these loci on reproductive functions in
chimpanzees.

In humans, polymorphisms of many other genes have been reported in rela-
tionship to personality. Recently, the chimpanzee genome sequence has been
reported (The Chimpanzee Sequencing and Analysis Consortium 2005), and
information about orthologous genes in chimpanzees is increasing. It will be
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Table 4. Genotypes of chimpanzees in PRI

DRD4in2  STin2 AR ERS
Gon 111 111 18 19 18 — 194 198
Puchi 104 104 19 19 20 24 198 202
Reiko 104 111 19 19 19 22 180 202
Akira 111 111 18 19 22 — 198 202
Mari 111 111 19 19 20 24 198 198
Ai 104 111 19 19 15 25 194 202
Pendesa 104 111 19 23 18 24 180 206
Chloe 111 114 19 25 19 23 198 200
Reo 111 111 19 19 22 — 180 198
Popo 104 111 18 19 18 20 198 202
Pan 104 111 19 19 18 24 194 198

necessary to analyze these genes in chimpanzees and investigate a possible rela-
tionship with personality so that a comparison across the two species can be
made.

In Japan, a total of 349 chimpanzees are maintained in 57 institutes and zoos
(Tama Zoological Park 2005). Based on our preliminary results, a wide-range
assessment of chimpanzees using a modified questionnaire will provide a better
characterization of their personality and allow us to investigate the effect of
genes with higher statistical power. Such results may be used in captive breed-
ing by typing personalities and applying this information, for instance, when
new groups need to be formed. A better understanding of temperamental dif-
ferences between chimpanzees and humans is also likely to help when design-
ing appropriate conservation measures for chimpanzees in the wild.
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8
Evolutionary Origins of the Human
Mother-Infant Relationship

TETSURO MATSUZAWA

1 Introduction

This chapter aims to speculate on the evolutionary origins of the human
mother-infant relationship by providing evidence from fieldwork as well as lab-
oratory work with nonhuman primates, particularly chimpanzees. In short, a
form of mother-infant relationship characterized by clinging and embracing is
common to all primate, especially simian, species with grasping hands and feet.
Such ventro-ventral contact provides the basis for further extensions of the
relationship, such as various forms of face-to-face communication shared by
humans and chimpanzees, including mutual gaze and smiling. Uniquely in
humans, mother and infant often rely on vocal exchanges as a result of increased
physical separation. The stable supine posture of human infants facilitates the
free movement of limbs and fingers and manual gestures. As a result, humans
have developed a complex system of communication using multimodal signals.
The following section outlines a possible evolutionary scenario for the human
mother-infant relationship.

2 Evolutionary Stages of Mother—Infant Relationships

Picture in your mind the image of a human mother embracing her infant. She
is looking into the eyes of her baby, smiling, and talking softly. Such a scene rep-
resents a common everyday encounter. However, it is also a particularly enlight-
ening example, highlighting some unique features of the human mother-infant
relationship.

The human mind is a product of evolution, much like the human body and
society. Characteristics of the ways in which human mothers and their offspring
interact can be no exception. This chapter proposes a model consisting of suc-
cessive evolutionary stages for the emergence of the human mother-infant rela-
tionship (Table 1). I outline five distinctive stages, each with a different point of
evolutionary origin: mammalian, primate, simian, hominoid, and Homo.
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Table 1. Evolutionary stage model of mother-infant relationship

Stage Year® Unique behavior Number of species
Mammalian 65 Provision of milk 4,500
Primate 50 Clinging by the infant 200
Simian 40 Embracing by the mother 80
Hominoid 5 Mutual gaze and smiling 2
Homo 2 Vocal exchange and manual gestures 1

*Year represents the onset of each stage in millions of years before the present

2.1 Mammalian Origin

The first stage of the human mother-infant relationship has its origins in the
period of mammalian adaptation and divergence. Parental care directed toward
offspring is a common practice among birds and mammals. Parental care itself
may have emerged in the common ancestor of mammals, birds, and some
dinosaurs around 200 million years ago.

There are presently about 4,500 extant species of mammals. They are charac-
terized by the nursing of offspring through the provision of milk—a feature that
sets them apart from birds, reptiles, amphibians, and other animals. Researchers
envisage the common ancestor of living mammals as a small ground-dwelling
animal active during the night at a time in Earth’s history when dinosaurs dom-
inated the land. The mammalian mother-infant relationship may have been
established around 65 million years ago, after the extinction of the dinosaurs,
and during the subsequent diversification of the mammalian lineage.

2.2 Primate Origin

The second stage of the human mother-infant relationship derives from primate
origins. Primates differentiated from the common mammalian ancestor, shift-
ing from nocturnal and terrestrial habits to a diurnal and arboreal lifestyle. As
part of their ecological adaptation, the tips of the four limbs were transformed
to allow the grasping of objects. Primates were once known as “Quadrumana”—
creatures with four hands for manipulation.

Primates’ vision also improved over the course of evolution. It is now charac-
terized by a clear tendency for good three-dimensional depth perception as well
as color vision. Let us picture a primate moving through trees in the daytime:
the hands grasp the branches firmly and the eyes discriminate objects within
the environment with depth and color. These characteristics contribute enor-
mously to the individual’s survival.

Thanks to the shape of the hands and as a result of the necessity for trans-
portation, primate infants began to cling to their mothers by grasping her body
hair. Later, the mothers came to embrace their infants. Note that infant cats, dogs,
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Fig. 1. An infant ring-tail lemur clings to its mother. (Photo by Tetsuro Matsuzawa)

horses, or cows cannot cling to their mothers, who in turn cannot embrace their
offspring, simply because they have no grasping hands.

The evolutionary model needs to discriminate the stage of clinging from the
stage of both clinging and embracing. Prosimians are thought to closely re-
semble living primates’ common ancestor. Most prosimians are arboreal, but
they are not diurnal: active during the night, they feed on insects. Some prosimi-
ans (e.g., the aye-aye, Daubentonia madagascariensis, and the ruffed lemur,
Varecia variegata) often leave their infants in nests, while others (such as the
greater galago, Otolemur crassicaudatus, and the western tarsier, Tarsius ban-
canus) leave them clinging to branches. These species transport their infants by
mouth (oral carrying), much as do cats, dogs, and many other mammals (Ross
2002).

Clinging is likely to have emerged within primate evolution from the mam-
malian ancestor. Primate infants began to cling to their mothers as a result of
the appearance of grasping hands. In this early stage, primate mothers would
not generally have embraced their infants: it was the infants themselves who
were responsible for clinging during transports by the mother. Some prosimi-
ans, such as the ring-tail lemur (Lemur catta), as well as some New World
monkeys, such as the cotton-top tamarin (Saguinus oedipus), are characterized
by this form of “clinging without embracing” mother-infant relationship
(Fig. 1).

2.3 Simian Origin

In the third stage, mothers began supporting or embracing the infants already
clinging to their fur (Fig. 2). Such embrace is common practice among humans,

»

apes, Old World monkeys, and some New World monkeys (the “simians,” in
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Fig. 2. A Japanese monkey mother embraces her infant as the infant clings to her. (Photo by
Michio Nagamine)

contrast with prosimians). This third stage would thus have emerged with the
appearance of the simian lineage from the primate ancestor.

The simians have a variety of common characteristics. Although prosimians,
as well as many mammals, possess only very limited or rudimentary color vision,
simians are color sensitive (De Valois and Jacobs 1968). Humans, apes, and Old
World monkeys (catarrhines) are all trichromats. It has been suggested that New
World monkeys (platyrrhines) show color vision polymorphisms (Jacobs and
Rowe 2004), that is, individuals are either trichromats or dichromats. One impor-
tant difference between trichromats and dichromats is the fact that dichromats
are unable to discriminate monochromatic from white light over a small portion
of the spectrum, the neutral point. A recent study has shown that dichromats
may have an advantage in shape recognition in dim light (Saito et al. 2005).
Nevertheless, simians inhabit the same colorful world that we humans perceive.

In comparison with prosimians, simians are also larger in body size. Heavy
infants require additional support; this may be one of the reasons why mothers
began to put their hands on the back of their clinging infants, thereby forming
the basis of the embrace.

The important point to note, therefore, is that clinging comes first and
embracing second. This model is supported by observations of events after
chimpanzee births. In the case of captive chimpanzee mothers, almost half fail
to raise their own infants (see Chapter 1, this volume). The major difficulty is
with the initial establishment of the clinging-embracing bond. Although the
mother’s embrace inevitably follows once the infant first begins to cling, a
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commonly seen problem among captive-born mothers is that following delivery
they refuse to approach their infants and to allow them to cling in the first
place.

2.4 Hominoid Origin

The fourth stage of human mother-infant relationships may derive from the
period of hominoid adaptation, particularly the common ancestor of humans
and chimpanzees. Among humans and chimpanzees, a new level of mother-
infant relationship has evolved in addition to the clinging-embracing charac-
teristics common to most primates; these are mutual gaze and smiling.

Japanese monkey mothers (Macaca fuscata) seldom look into the eyes of their
infants. Direct gaze in general has negative connotations among, for example,
Japanese monkeys; in human terms, it is comparable to a hostile stare and carries
the meaning of a mild threat. If you continue to look directly into the eyes of a
monkey, they will eventually open their mouth to threaten you back, or grimace,
show their teeth in a submissive manner, even begin to scream. Other Old World
monkeys also exhibit hostile staring. Baboons (Papio spp.) repeatedly blink their
eyes to display the white portions of the eye lids: this sparkling effect commu-
nicates agonistic intention.

However, in the case of humans and chimpanzees, direct gaze can have two
different meanings: hostility and affection. In the context of the latter, it is often
referred to as eye-to-eye contact or mutual gaze (Fig. 3), and is frequently accom-

Fig.3. Mutual gaze in a chimpanzee mother and her infant. The mother Ai is lifting up Ayumu
at the age of 51 days. (Photo by Tomomi Ochiai)
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panied by smiling in both humans and chimpanzees. Smiling modifies the
meaning of the direct gaze and conveys information about the actor’s affection-
ate state of mind. This kind of gaze is so far known to occur only in hominoids,
particularly in humans and chimpanzees.

2.5 Homo Origin

What is uniquely human in the context of mother-infant relationships? To
provide an answer to this question, we need to bear in mind two important pre-
requisites. First, we need to explore details of chimpanzee mother-infant rela-
tionships because chimpanzees are our closest living relatives. Second, we need
to speculate on evolutionary trends within fossil hominids—on the changes that
occurred during the transition from the apelike Australopithecines to the Homo
species. The first point is more fully described in the next section; the present
section focuses on the second point.

Australopithecines arose from the common ancestor of humans and chim-
panzees 5 million years ago. Australopithecus afarensis had roughly the brain
volume of a chimpanzee. So, why is it classified as a hominid? The main reasons
are upright posture and bipedal locomotion, features that set A. afarensis apart
from its precursors. Australopithecines are thought to have used various kinds
of tools, including stone tools that resemble those of living chimpanzees. Chim-
panzees modify grass stems, branches, and other perishable material and use
stones to crack nuts, but they do not intentionally modify the stones. Presum-
ably australopithecines did at least as well as chimpanzees, but not until Homo
are there signs that stone was deliberately modified to form tools. Lithic tech-
nology is characterized by the manufacture of stone tools through the use of
other stone tools.

Homo spp. appeared about 2 million years ago, as did lithic technology (Asfaw
et al. 1999). Thus, this was the time when hominids took up tool-making
and evolved from the small-brained, apelike australopithecines into the first
members of the Homo genus. Well-preserved specimens of Homo appear at
around 2 million years ago in East Africa, mainly at Olduvai Gorge (Tanzania),
where the remains of Homo habilis have been unearthed, and Koobi Fora
(Kenya), where two species are present, a habilis-like species and the larger
Homo rudolfensis. A couple of hundred thousand years after these two early
Homo species arrived on the scene, the first more modern looking species, Homo
ergaster, with long legs, shortened forearms, short face, and cranial capacity
greater than 800 cm’, appears in the record (Chapter 1, Fig. 1).

The emergence of Homo was truly a turning point in the evolution of humans.
The increase in brain volume was accompanied by the appearance of tool
manufacture and complex communication involving facial-gestural signals and
vocalizations. These changes likely went hand in hand with changes in society:
division of labor for hunting and gathering, cooperative hunting, meat-sharing,
sexual roles, and helpers looking after close kin. In parallel to shifts in the nature
of socio-material life, the mother-infant relationship also underwent a
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transformation. Most importantly, there was an increase in the occurrence of
physical separation between mothers and their infants.

Homo mothers did not hold their infants constantly: the clinging-embracing
relationship common to primates had gone. Mothers laid their infants down;
when the infants needed help, they cried. Mothers began talking to their infants
in face-to-face situations. One of the unique features of human infants is that
they can remain stable in the supine posture. Ape infants (I have so far observed
this in chimpanzees and orangutans) are unstable in the supine posture: when
placed on their back, they move their contralateral limbs simultaneously (left
arm and right leg, or right arm and left leg), and start to whimper (Fig. 4). They
cannot roll over until the age of 2 months. Monkey infants (I have observed six
species of macaque infants, i.e., Macaca fuscata, Macaca fascicularis, Macaca
mulatta, Macaca nemestrina, Macaca arctoides, and Macaca radiata) are also
unstable in the supine posture but can roll over to the prone posture by them-
selves from just after birth. Chimpanzee and orangutan infants are able to roll
over at the age of about 2 months.

Being stable in the supine posture freed human infants’ hands from grasping
and from supporting the body. Hands could instead be used for various other
actions such as extension toward objects, holding, pinching, pointing, and touch-
ing. Thus, the mother-infant relationship in humans can be characterized by
mutual-gaze, vocal exchange, and manual-gestural signs in the context of face-
to-face communication. The fifth and final stage of human mother-infant

Fig. 4. Ape infants (top: chimpanzee;
bottom: orangutan) are unstable when they
are laid down in the supine posture. They
start moving the contralateral limbs simul-
taneously (left arm and right leg, or right
arm and left leg) and whimper. (Photo pro-
vided by H. Takeshita and T. Matsuzawa)
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relationships has its origin in the emergence of Homo species. I return to these
unique characteristics in the final section.

3 Early Development of Communication
in Chimpanzees

My colleagues and I have been working with three pairs of mother-infant chim-
panzees since 2000. The project has focused on sociocognitive development
in chimpanzees from just after birth (see Matsuzawa, Chapter 1, this volume;
Matsuzawa and Nakamura, 2004; Tomonaga et al. 2004; see Tomonaga, Chapter
12, this volume) and has utilized a novel and unique research method we have
called participation observation. Unlike in previous studies, the chimpanzee
infants are not reared by human surrogates; they are being reared by their bio-
logical mothers. All three mother-infant pairs live in a community of captive
chimpanzees of three generations, within an enriched environment. This setting
has provided the infants with a socioecological environment that resembles that
found in the wild in many important ways. Human investigators, who have estab-
lished long-term relationships with the chimpanzee mothers, participate in the
everyday lives of the subjects.

This section focuses on a series of studies that have illuminated similarities
and differences between mother-infant relationships in humans and chim-
panzees. The two species share many common characteristics of face-to-face
communication from the moment of birth. Through a review of our recent
studies of chimpanzees using participation observation, I address topics such as
neonatal smiling, neonatal imitation, neonatal face recognition, and neonatal
vocalization in response to sounds. I use the word “neonate” to refer to infants
from birth up to the age of 2 months.

3.1 Visual-Facial Communication

Chimpanzee infants as well as human infants exhibit neonatal smiling (Mizuno
et al. 2006). They spontaneously smile while they sleep (Figs. 5, 6). The eyes
remain closed, implying that the smile is not directed toward any specific indi-
vidual in the infant’s surroundings. The tendency in infants to smile seems to be
innate: without any explicit stimuli, they spontaneously perform the behavior.
Neonatal smiling disappears around 2 months of age, to be later replaced by
social smiling. In contrast with neonatal smiling, during social smiling the eyes
remain open, and the gesture is directed toward the individual in front of the
infant. As the behavior first appears around 3 months of age, it is also known as
“3-months-old smiling” (Fig. 7). Both humans and chimpanzees go through
similar developmental changes in the occurrence of neonatal and social smiling
(Fig. 8, Mizuno et al. 2006; see also Tomonaga, Chapter 12, this volume).
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Fig.5. Neonatal smiling in a human
infant YM, 11 days after birth.
(Photo by Matsuzawa)

Chimpanzees also exhibit neonatal imitation comparable to that shown by
humans (Myowa-Yamakoshi et al. 2004; see also Myowa-Yamakoshi, Chapters 9
and 14, this volume). In our tests, a human experimenter performed one of
three facial gestures in front of infant chimpanzee subjects—tongue protrusion,
mouth opening, and lip protrusion—while we video-recorded the infants’ facial
expressions. The procedure was exactly the same as that used in Meltzoff and
Moore’s (1997) original study with human infants. The results showed that
chimpanzee infants during their first 2 months of life (1-8 weeks) imitated two
of the three facial expressions: tongue protrusion and lip protrusion. However,
facial imitation disappeared over the following months (9-16 weeks). These
findings reveal essential similarities between human and chimpanzee infant
development.

Human infants are also known to recognize their mothers’ face from a
very early age (Johnson and Morton 1991). We investigated face recognition by
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Fig. 6. Neonatal smiling in an infant

DB—.ES--ID l | HE chimpanzee Pal, 16 days after birth.

(Photo provided by Y. Mizuno, H.
Takeshita, and T. Matsuzawa)
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Fig.7. Social smiling toward a human tester. Ayumu, at 3 months of age. (Photo provided by
Chukyo-TV)
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Fig.8. Neonatal smiling and social smiling measure in the first 4 months of life in three infant
chimpanzees reared by the mothers. (From Mizuno et al. 2006)

infant chimpanzees, using pictures of the three mother chimpanzees (Myowa-
Yamakoshi et al. 2005; see Tomonaga, Chapter 12, this volume). As a control, we
used a composite picture consisting of a computer-generated “average” face
based on the three mothers’ photographs. Each photo was cropped around the
contours of the individual’s face and mounted onto a small video camera pointed
toward the infants’ face, recording their gaze. The face stimulus was moved
around slowly in front of the subjects, and we measured how long the infants’
gaze remained fixed on the images. We found no clear differences in infants’ gaze
toward the mother’s versus the control face up to 1 month of age. Then, between
1 and 2 months, a preference emerged and infants began to look longer at photos
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of their mother’s face. After the age of 2 months, the tendency disappeared. We
concluded that the infants may have developed the ability to discriminate their
mothers when they were around 1 month old and thereafter showed particularly
affectionate responses to these faces.

The eyes are thought to play an important role in the discrimination of faces.
We analyzed gaze recognition in infant chimpanzees (Myowa-Yamakoshi et al.
2003) through the so-called preferential looking method. We showed the infants
two pictures of faces side by side, in which only the state of the eyes was varied.
For example, we pitted a face with open eyes against one with the eyes closed,
or one with direct gaze against another with averted gaze. The results showed
that chimpanzees preferred to look at faces in which the eyes were open, as well
as those with direct gaze, from at least 2 months of age. This finding strongly
implies that chimpanzee infants are sensitive to gaze and gaze direction.

We also analyzed mutual gaze between mothers and infants based on video
recordings of daily interactions (Bard et al. 2005). The occurrence of mutual gaze
began to increase at around 2 months of age. Thus, many developmental changes
co-occur at the age of 2 months, coinciding with the disappearance of neonatal
smiling and its subsequent replacement by social smiling.

Taken together, many parallels can be drawn between human and chimpanzee
infant development. Neonates of both species exhibit smiling beginning right
after birth. Both species are sensitive to the mother’s face and possess an innate
tendency to imitate facial expressions. They are also sensitive to the direction of
gaze and show mutual gaze with smiling. Communication in face-to-face set-
tings thus seems to be a characteristic shared by humans and chimpanzees.
Furthermore, developmental changes progress along very similar paths between
the two species.

3.2 Auditory-Vocal Communication

Through our participation observation method, we explored various features of
chimpanzee infant vocalization and auditory perception, uncovering some con-
trasts with humans. Chimpanzee infants emit a vocalization called the “staccato”
(a kind of “ho-ho-ho-ho” sound) in calm, relaxed situations. In a pilot study
(Matsuzawa and Nakashima, unpublished data), we examined our infant sub-
jects’ responses to others’ vocalizations. The principal subject was an infant male
called Ayumu. A human tester (the present author) produced in front of the
chimpanzee infant one of seven distinct vocalizations: pant-hoot, pant-grunt,
food-grunt, laughter, staccato, whimper, or calling the infant’s name. Data com-
bined for the first 5 months of Ayumu’s life showed that when the tester emitted
a pant-hoot, the infant replied with his staccato 86.9% of the time. The pant-hoot
is a long-distance communication call in chimpanzees. Ayumu’s behavior paral-
lels findings from the wild, where infant chimpanzees also emit staccato in
response to pant-hoots by their mothers as well as other members of their
community.
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When the tester emitted one of the other five vocalizations taken from the
chimpanzee vocal repertoire, the infant replied by staccato 5% to 34% of the time
(5.3% for whimper, 8.9% for food-grunt, 11.1% for laughter, 20.5 % for pant-
grunt, and 33.7% for staccato). In other words, other chimpanzee vocalizations
are not as effective as the pant-hoot, but can nevertheless stimulate the infant’s
response. However, Ayumu never responded to the sound of his name “Ayumu”
being called. He did not emit the staccato, nor did his facial expression change
in response to his name. Interestingly, there was a facial expression elicited by
the chimpanzee voice. The voiced “Laughter” resulted in the play face, that is, a
relaxed open-mouth face, in Ayumu in 40.7% of the trials, while the play face
was not elicited by the other voices, in 0% to 7.2% of trials. It must be noted that
the laughter inevitably accompanied the play face so that the reply of play face
is a form of exchange of social smiling, as already described.

Bear in mind at this point that the same person produced each of the vocal-
izations, succeeding in eliciting the staccato by mimicking the chimpanzee vocal
repertoire but failing to do so using human speech. This result strongly suggests
that chimpanzee infants are primed to respond to chimpanzee vocalizations but
not to sounds typically made by humans. Imagine the reverse experiment, using
human infants; clearly, they would show the opposite tendency!

4 What Is Uniquely Human in
Mother—Infant Relationships?

This chapter has discussed human mother-infant relationships with special ref-
erence to its evolutionary origins. The study of chimpanzees has revealed that
the two species share many common characteristics, which include face-to-face
communication beginning immediately after birth. So, what is uniquely human?
What are the major differences between the two species?

Let us look more closely at the mother-infant relationship in chimpanzees. In
clear contrast to humans, chimpanzees show continuous physical contact. In
most cases, for the first 3 months of the infant’s life, mother and offspring are in
physical contact 24 hours a day: the infant clings to the mother, and the mother
in turn embraces the infant. However, in humans, mother and infant are sepa-
rated from each other for the largest part of the day. Human infants cry to attract
the mother’s attention, and mothers often reply vocally instead of actually
embracing them.

Although some mother-infant interactions such as mutual gazing and smiling
have their root in humans’ and chimpanzees’ common ancestor, hominization
(the evolution of humans) was accompanied by an increasing tendency for phys-
ical separation between mother and infant. In exchange, communication
through facial, gestural, and vocal signals has proliferated. The onset of such new
types of interactions may have occurred in parallel with other changes such as
the division of roles within society, complex tool manufacture, and subtle mul-
timodal communication. The interplay among these factors may have fueled



140 T. Matsuzawa

some form of autocatalytic process, ultimately resulting in the emergence of
Homo about 2 million years ago. With face-to-face communication serving as
the foundation, infants may have begun to manipulate objects in relation to their
mothers and acquired the ability to imitate, all in the context of the triadic rela-
tionship of self-others-object that characterizes human intelligence.

Mutual gaze and smiling can be regarded as meta-communication phenom-
ena in that they enable the modification of the meaning of a signal by the addi-
tion of a second signal. If accompanied by smiling, direct gaze can convey an
affectionate message. Facial information can modify the recognition of auditory
stimuli in what is known as McGurk’s effect (McGurk and MacDonald 1976).
Even if exactly the same vocal sound is presented, it can be recognized by the
listener as either “ba” or “da” depending on visual cues provided by lip move-
ment. Refined visual perception can thus affect the recognition of vocal sounds.
Such multimodal communication can be identified not only in signal perception
but also in signal production. Human infants have a strong tendency to accom-
pany their own vocalizations by the synchronous movement of limbs and
fingers. Facial gestures, vocalizations, and manual movement emerge together in
human infants. The three different media of communication complement each
other to modulate the original meaning of the signals, thus producing the com-
plexity seen in human face-to-face communication.

This chapter has postulated a possible evolutionary scenario for the emer-
gence of the human mother-infant relationship. Similar to all other mammals,
human mothers suckle their infants. The primate ancestor, diurnal and arboreal,
developed grasping hands. This preadaptation gave rise to the uniquely primate
relationship of clinging, then embracing. Based on continuous ventro-ventral
physical contact, mutual gazing and smiling developed in the common ances-
tors of humans and chimpanzees. Then, the emergence of Homo brought with
it an interruption of continuous physical contact between mother and infant, a
physical separation that was likely related to changes in social and material intel-
ligence. Mutual gaze and smiling are also preadaptations. In addition, human
mother-infant physical separation resulted in the facilitation of vocal exchange,
and the stable supine posture of the infants provided freedom of limb move-
ment. Through these changes, humans developed a unique way of communica-
tion, incorporating multiple sources of signals such as facial expressions, manual
gestures, and vocalizations.
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9
Development of Facial Information
Processing in Nonhuman Primates

MASAKO MYOWA-YAMAKOSHI

1 Introduction

The face provides significant information about the social lives of human and
nonhuman primates. For example, following the gaze of others can help indi-
viduals perceive the location of important components of the environment, such
as food and predators, and can facilitate certain kinds of social interaction
among group mates (Langton et al. 2000; Tomasello et al. 1998). Several
researchers have suggested that, from an evolutionary perspective, primates may
have a specialized neural system within the brain that is devoted to gaze pro-
cessing (Baron-Cohen 1994, 1995; Langton et al. 2000; Perret and Emery 1994;
Perret et al. 1992).

Developmental evidence that supports this claim exists. Developmental psy-
chologists have discovered that human infants preferentially look at human
faces. Empirical studies on the development of face/nonface discrimination in
human infants using visual preference techniques have demonstrated that even
newborns preferentially track facelike patterns over nonface patterns (Goren
et al. 1975; Johnson et al. 1991; Macchi Cassia et al. 2001).

Are human beings unique among primates in their ability to process facial
information from just after birth? In this chapter, I present our recent findings
on the early development of facial information processing in nonhuman pri-
mates. We observed two infant species—a lesser ape, the gibbon (Hylobates
agilis), and our closest evolutionary relative, the chimpanzee (Pan troglodytes).
We first focused on the ability of gibbon and chimpanzee infants to recognize
individual faces. Specifically, we investigated the time around which they might
be able to recognize individual faces, especially most familiar (caregivers’) faces.
Further, we examined the gaze sensitivity of infant gibbon and chimpanzees to
explore how and when they would perceive gaze direction. Finally, we explored
the early cognitive mechanism underlying facial information processing and its
adaptive significance from both phylogenetic and ontogenetic perspectives.

School of Human Cultures, The University of Shiga Prefecture, 2500 Hassaka-cho, Hikone,
Shiga 522-8533, Japan
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2 Development of Facial Recognition in Human
Infants

Attempting to explain the phenomenon that human neonates prefer looking at
facelike stimuli rather than nonfacelike stimuli, Johnson (1990) suggested that a
subcortical visual pathway involving the superior colliculus controls the track-
ing of moving facelike stimuli during the first month. Johnson and Morton
(1991) have named this primary mechanism CONSPEC. CONSPEC operates
from birth, and its functioning rapidly declines within the first month. A second
mechanism, which they named CONLERN, is believed to be acquired at around
6 to 8 weeks. Johnson and Morton (1991) proposed that there is a developmen-
tal shift in processing from the subcortical visual pathway to the second mech-
anism that appears in plastic cortical visual pathways. This second mechanism
is believed to enable the recognition of individual faces.

However, several experimental studies have produced evidence that is not
consistent with Johnson and Morton’s (1991) two-process theory. For example,
Pascalis et al. (1995) demonstrated that 4-day-old neonates look longer at
their mothers’ faces than at a stranger’s face (Field et al. 1984; Bushnell et al.
1989).

Explaining this disagreement, Johnson and de Haan (2001) suggested that,
during the first few weeks after birth, face recognition is mediated by an early
hippocampus-based preexplicit memory (Nelson 1995). The hippocampal
system is believed to form an accurate representation of the memory of the
visual stimuli, independent of whether they are facelike or nonfacelike. Accord-
ing to this hypothesis, newborns might be able to discriminate between indi-
vidual faces by memorizing the shape of their individual features (Simion et al.
2002).

On the other hand, this type of face processing during the neonatal period is
believed to differ from that during adulthood. de Haan et al. (2001) suggested
that once higher cortical areas begin to mediate, they would relate one memo-
rized face to another. Through prolonged experience with faces, this cortical area
would enable infants to mentally form average prototypic representations of
faces after 6 to 8 weeks. These representations guide infants to encode new faces
in terms of the way in which they deviate from the prototype. This process allows
them to discriminate between individual faces (Valentine 1991).

The ability to form a prototypic representation of the face seems to develop
only after 6 to 8 weeks, with the emergence of a functional cortical system for
face processing. This view is supported by de Haan et al. (2001). They familiar-
ized 1- and 3-month-old infants to four individual faces and then tested whether
they recognized a computer-generated image of a face composed of the average
of the four faces and one of the exact individual faces. They found that both 1-
and 3-month-old infants were able to recognize familiar individual faces.
However, only the 3-month-old infants looked longer at the familiar face than
the average face.
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3 When Do Nonhuman Primates Begin to Recognize
“Individual” Faces?

Several theoretical models and the empirical evidence supporting them have
significantly facilitated our understanding of this domain. However, when and
how human infants begin to discriminate individual faces still seems unclear.
Comparative studies to determine the phylogenic origin of human face recog-
nition may help reveal answers to these questions. We assessed the develop-
mental changes in face recognition by gibbon and chimpanzee infants using the
“preferential-looking” paradigm that measured the infants’ eye and head track-
ing of moving stimuli. The infants were shown several different photographs of
faces, including that of the mother (caregiver) of each infant. We speculated that
if they were able to discriminate the most familiar faces, they would look pref-
erentially at one photograph rather than another.

3.1 Facial Recognition in Infant Gibbon

Myowa-Yamakoshi and Tomonaga (2001a) investigated the face recognition
ability of an infant male gibbon aged 4 to 5 weeks. He had been reared by human
caregivers since he was less than 2 weeks old because his biological mother had
provided inadequate maternal care. The stimuli consisted of three gray-scale
photographs: a familiar human’s face (caregiver), an unfamiliar human’s face
(stranger), and an unfamiliar conspecific’s face (gibbon). One session was con-
ducted for each pair of faces: (a) caregiver versus stranger, (b) caregiver versus
gibbon, and (c) stranger versus gibbon.

As soon as the gibbon fixated on the stimuli presented in front of his face, one
was moved slowly to his left and the other to his right, both at a rate of approx-
imately 9°/s. This procedure was repeated five times per session and performed
on 4 days of each week. For each stimulus, the gibbon’s preference was scored
according to whether he fixated on the stimulus with an eye or with a head turn
of more than approximately 60°.

We found that by 4 weeks of age the gibbon was able to discriminate between
a familiar (human caregiver) face and unfamiliar (human stranger and gibbon)
faces. Moreover, the gibbon discriminated between different unfamiliar individ-
uals’ faces (human stranger versus gibbon). On the whole, the human faces
elicited more attention than the gibbon face (Fig. 1). No significant preferential
differences were observed between the three sets of stimuli during the experi-
mental period. The fact that the gibbon was able to recognize human faces within
only 1 week of being reared by humans was noteworthy. The gibbon might have
already developed the ability to discriminate between different individual faces
by at least 4 weeks of age.
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Fig. 1. The mean percentage
of the preference score (plus
standard error) for the

l gibbon’s gazing at each of the

100

[04]
o

three faces. [From Myowa-
Yamakoshi and Tomonaga
(2001a)]

(o)}
o

40

20

Percentage of direct gaze (%)

Caregiver Stranger Caregiver Gibbon Stranger Gibbon

Ai Normal Chloe Normal Pan Normal

6

Chimpanzee
Average

Ai Enhanced Chloe Enhanced Pan Enhanced

Fig.2. The seven face photographs used in Myowa-Yamakoshi et al. (2005). Ai, Chloe, and Pan
are the mothers of the three infant chimpanzees. [From Myowa-Yamakoshi et al. (2005)]

3.2 Facial Recognition in Infant Chimpanzees

We also investigated the ability of three infant chimpanzees, aged 1 to 18 weeks,
to recognize others’ faces (Myowa-Yamakoshi et al. 2005). They were reared by
their biological mothers, who had participated in several cognitive experiments
in the Primate Research Institute, Kyoto University. They had also participated
in a variety of tests related to the development of cognitive abilities (Matsuzawa
2003; Tomonaga et al. 2004).

We prepared the following three photographs: (a) a normal face of the chim-
panzee’s mother, (b) an enhanced face of the chimpanzee’s mother, and (c) an
average face that was generated from that of 11 chimpanzees (Fig. 2). The tester
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Fig.3. Developmental change as a mean percentage of the tracking score for each of the three
conditions of the mother’s face for each week of age (plus standard error). [From Myowa-
Yamakoshi et al. (2005)]

positioned the stimulus directly in front of the chimpanzee’s face at a distance
of approximately 30 cm. As soon as the chimpanzee fixated on the stimulus, it
was slowly moved to one side (right or left) at a rate of approximately 18°/s. This
procedure was defined as 1 trial and was repeated five times for each side. Each
session consisted of 10 trials (5 trials X 2 sides) per stimulus.

Results showed that, before 4 weeks of age, the chimpanzees showed few track-
ing responses and no differential responses among the three photos. Between 4
and 8 weeks of age, they paid a greater amount of attention to their mother’s
faces, both the normal and enhanced, in comparison to the average face. On the
other hand, from 8 weeks onward, they again showed no differences, but exhib-
ited frequent tracking responses (Fig. 3).

Moreover, we investigated the same chimpanzees’ ability to discriminate among
individuals of another species, humans, using the same procedure. The stimuli
were (a) a normal face of the most familiar human, (b) an enhanced face of the
most familiar human, and (c) an average face created from pictures of Japanese
humans (half were males and half were females). However, in contrast to the results
observed for chimpanzees’faces, we did not note any clear evidence indicating the
ability to discriminate between human faces during the testing period.

4 Mechanism Underlying the Development of Facial
Recognition in Nonhuman Primates

In conclusion, human infants are not unique among primates in their ability to
pay attention to faces after birth. Both gibbon and chimpanzee infants were able
to distinguish each of their caregivers’ faces from other faces from very shortly
after birth.
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We may consider these findings regarding nonhuman primates according to
the theoretical models that cognitive developmental research has offered. In the
infant gibbon, we did not find any developmental changes in the preference for
the presented faces during the experimental period. When we began the exper-
iment, the gibbon was 4 weeks old and already showed a strong preference for
the caregiver’s face over those of others. As of now, we are unable to conclude
when and how the gibbon might have developed the ability to recognize indi-
vidual faces. To verify the developmental models of facial recognition, we need
to investigate gibbons’ capacity for face recognition beginning much sooner
after birth (in the “true” neonatal period).

However, our results may still have implications for the model. Although the
gibbon had witnessed human faces only up to 2 weeks, he showed a preference
for whole human-type faces rather than the gibbon face. There is a possibility
that he might have already formed a prototype of faces based on human facial
features before 4 weeks of age.

On the other hand, the chimpanzees began to show a preference for their
mothers’ faces at around 4 weeks of age. According to Johnson and Morton’s
(1991) CONSPEC/CONLERN theory, the findings are open to two interpreta-
tions: (1) it was not until 4 weeks of age that the chimpanzees might have accu-
rately memorized their mother’s faces based on the shape of individual facial
features, and (2) at 4 weeks, the chimpanzees might have already formed a pro-
totype of faces and discriminated the mother’s faces based on this prototype.

When debating these interpretations, it is important to consider that the chim-
panzees’ face-to-face interaction with mothers and infants was much less than
that of humans (Bard et al. 2005). It is reasonable to state that the restriction of
visual experience in chimpanzees would cause a lag in memorizing the mother’s
face. We assume that, at around 4 weeks of age, the chimpanzees began to rec-
ognize their mothers’ faces by memorizing local information such as the shape
of the facial elements.

Furthermore, the same may be said about the process by which a prototypic
representation of faces is formed in chimpanzees. The chimpanzees had
fewer opportunities to look at other chimpanzees’ faces during the first few
weeks of life. From 0 to 3 weeks of age, we separated each mother-infant
pair from other chimpanzees because the mothers seemed very cautious about
other chimpanzees who might peek at or touch their infants. As a result, the
emergence of the formation of a prototype of faces would have also been later
than that in humans. We assume that, at around 8 weeks, when the average face
also became attractive to the infants, they might begin to form an average pro-
totypic representation through extensive visual experience with other chim-
panzees’ faces.

Our findings have another important implication. The early ability to recog-
nize faces may develop flexibly, depending upon the surrounding faces to which
the infant was exposed since birth. Nelson (1995) proposed that the ability to
recognize faces developmentally “narrows” with extensive experience in pro-
cessing the most frequently observed faces. As a result, human faces can be
gradually represented as a human face-specific prototype. This hypothesis is
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supported by Pascalis et al. (2002), who demonstrated that 6-month-old infants,
but not adults and 9-month-old infants, could discriminate between faces of
another species (monkey). In contrast, adults are worse at recognizing unfamil-
iar individuals of monkeys, compared to their own species (Goldstein and
Chance 1980).

From birth, human infants engage in face-to-face interactions with their care-
givers. Through such social interaction, the nursery-reared gibbon should have
had a considerable number of visual experiences with the faces of human care-
givers. Interestingly, the gibbon preferred human faces over a conspecific’s face,
irrespective of whether the human faces were familiar. It is possible that non-
human primates reared in a human environment might form a more human
face-specific prototype than their own species face prototype through their daily
social interactions with humans.

5 Development of Gaze Perception in Human Infants

Of the different facial elements, the eyes seem to be the most important for
animals from the perspective of survival. Several studies have revealed that
human infants are extremely sensitive in their perception of eyes and
eyelike stimuli. By the time infants are 4 months old, they are able to discrimi-
nate between direct and averted gazes (Vecera and Johnson 1995; Farroni et al.
2000).

Two hypotheses have been proposed regarding the onset of this ability. The
first is that eye-direction processing is the product of an “encapsulated” innate
module (Baron-Cohen 1994, 1995). Baron-Cohen (1994) has named this neural
module devoted to processing gaze information the “eye direction detector”
(EDD). According to this view, human infants can automatically detect others’
gaze from just after birth. As evidence, Batki et al. (2000) demonstrated that
neonates even younger than 2 days old looked longer at a photograph of a face
in which the eyes were open than they did at a photograph of the same face with
the eyes shut.

The second hypothesis is that this ability gradually emerges over the first few
months of life (Vecera and Johnson 1995; Farroni et al. 2000). Vecera and Johnson
(1995) revealed that infants did not discriminate gaze any more efficiently when
intact eyes were presented in the context of a scrambled face than they did when
the eyes were presented in the context of an intact face. In contrast with the
modular hypothesis, they insisted that gaze information is not processed com-
pletely isolated from facial information.

The second view that there is a developmental change in processing gaze
direction is based on the structural hypothesis proposed by Johnson and Morton
(CONSPEC/CONLERN theory; Johnson and Morton 1991). According to the
two-process theory, the emergence of CONLERN around 2 months of age is
believed to enable the processing of information associated with whole facial
features, including facial expressions, identities, and gaze direction, through each
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individual’s experience of faces. They suggested that such cortical maturation
would cause a developmental change in the processing of gaze direction.

6 Development of Gaze Perception in
Nonhuman Primates

To verify this theoretical controversy, it seems important to explore whether gaze
sensitivity is developmentally influenced by the surrounding facial context. We
investigated the gaze sensitivity of gibbon and chimpanzee infants from the fol-
lowing two aspects: (1) whether they could discriminate between direct and
averted gaze, and (2) whether gaze direction is influenced by the surrounding
facial context.

6.1 Perceiving Eye Gaze in Infant Gibbon

Myowa-Yamakoshi and Tomonaga (2001b) investigated the ability of processing
eye gaze in the same gibbon observed in Myowa-Yamakoshi and Tomonaga
(2001a). The experiment was conducted 2 days per week during 2 to 6 weeks of
age, using a two-choice preferential-looking paradigm. The stimuli consisted of
three facial types (upright, inverted, and scrambled) of black-and-white line
drawings. Each face type had eyes with direct and averted gazes. One session
was conducted for each combination of two faces. Each session consisted of one
of the three types of conditions: (a) upright face with directed gaze versus
upright face with averted gaze, (b) inverted face with directed gaze versus
inverted face with averted gaze, and (c) scrambled face with directed gaze versus
scrambled face with averted gaze. The procedure followed was identical to that
used in Myowa-Yamakoshi and Tomonaga (2001a).

Results revealed that, by 2 weeks of age, the gibbon preferentially looked at
the face with a directed gaze rather than that with an averted gaze, irrespective
of the different face contexts (Fig. 4). The gibbon’s sensitivity to detect eye gaze
was not influenced by the context of the faces unlike that of human infants.

6.2 Perceiving Eye Gaze in Infant Chimpanzees

We also observed the same chimpanzees studied by Myowa-Yamakoshi et al.
(2005) (Myowa-Yamakoshi et al. 2003). The chimpanzees were tested approxi-
mately 1 day per week between 10 and 32 weeks of age, using a two-choice
preferential-looking paradigm. We created six conditions using the color pho-
tographs of a human female (Fig. 5):

Condition 1: Open (frontal view) versus closed (frontal view)
Condition 2: Direct (frontal view) versus averted (frontal view)
Condition 3: Direct (frontal view) versus averted (three-fourths view)
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Fig. 4. The mean percentage of
the preference score for the gibbon’s
v gazing at each of the six stimuli.

100
4 N [From Myowa-Yamakoshi and
g 60 | Tomonaga (2001b)]
o
o
2
o 60
g
-~ 40
o
©
: - %
R
0
Upright Inverted Scrambled
Condition

Condition 1

Condition 4

Fig. 5. The ten photographs used in the study by Myowa-Yamakoshi et al. (2003). [From
Myowa-Yamakoshi et al. (2003)]

Condition 4: Direct (three-fourths view) versus averted (three-fourths view)

Condition 5: Direct (frontal view, scrambled with intact eyes) versus averted
(frontal view, scrambled with intact eyes)

Condition 6: Direct (frontal view, all features scrambled) versus averted (frontal
view, all features scrambled)

The chimpanzee was shown each pair consisting of the two faces. Each session
consisted of 12 trials (6 conditions X 2 sides), and each chimpanzee took part in
one session per day. A trial started when the chimpanzee spontaneously looked
at the stimulus and lasted for 15 s after the stimulus had been presented (Fig. 6).
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T

Fig.6. Experimental situation for two of the chimpanzees, Pal (A) and Ayumu (B). The chim-
panzees, facing the human tester, were shown two face photographs. [From Myowa-Yamakoshi
et al. (2003)]

We found that chimpanzees preferred looking at faces with the eyes open or
directed gaze than at faces with the eyes closed or averted gaze (conditions 1
through 4) throughout the experimental period. However, in the context of
scrambled faces, the chimpanzees did not look differently at the faces with direct
and averted gazes (conditions 5 and 6). These findings suggest that chimpanzees’
gaze perception may be influenced by normal facial configurations.

7 How Do Nonhuman Primates Develop the Ability to
Detect Gaze?

Both gibbons and chimpanzees paid considerable attention to the eyes and gaze
direction beginning shortly after birth. However, whether they possess the ability
to perceive gaze at birth is still unknown. We found no consistent developmen-
tal changes in their gaze perception during the experimental periods. Consider-
ing the differences in the developmental time course in primates, our gibbons
and chimpanzees seemed to have already passed the neonatal stage when we
started our experiments. There is room for argument regarding the existence of
an innate gaze module in neonates.

However, our results have implications for the controversy regarding the
development of gaze perception in humans. In the context of scrambled faces,
the chimpanzees did not look differently at the faces with direct and averted
gazes. This finding is consistent with the hypothesis proposed by Vecera and
Johnson (1995) that the development of gaze perception may depend upon pro-
longed exposure to faces during the first few months of life.

On the other hand, gaze perception in the gibbon was not influenced by the
surrounding facial context, in contrast to human and chimpanzee infants. It is
possible that there may be species differences among nonhuman primates.
However, we cannot deny the possibility that the gibbon showed gaze process-
ing that was dependent on facial context after the experimental period ended at
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7 weeks of age. Some studies have suggested that, in primates, this ability may
show a gradual developmental change over several years of life. For example,
Ferrari et al. (2000) examined the ability to follow gaze in juvenile (2 to 6 years)
and adult (more than 6 years) pig-tailed macaques (Macaca nemestrina). The
results showed that gaze following was more frequent in adults than in juveniles.

Further longitudinal observational research is required to confirm whether
there exist interspecies differences in the developmental process of gaze pro-
cessing across a wider variety of nonhuman primates.

8 Why Is Facial Expression So Important for
Great Apes?

Finally, I would like to emphasize that, at least in great apes, whole facial
configuration has a strong effect on gaze processing. I assume that facial expres-
sion as well as gazing must play a significant role in mother-infant communi-
cation in great apes. Facial expression is rather important for survival during
infancy, considering their neonatal immaturity compared with other primates.
During the course of communication, human caregivers expose their infants to
several facial expressions in an “exaggerated” mode, such as raising their eye-
brows and opening their mouths wider, to attract the infants’ attention. Similarly,
infants are attracted to their caregivers’ changeable and attractive faces and react
to them. The early ability to orient to faces is believed to enable infants to form
such face-to-face interactions as soon as possible after birth. Through face-to-
face interaction, infants may attract the attention of caregivers for as long as pos-
sible. As a result, their opportunities for receiving care would increase much
more, as compared with the opportunities they would gain by simply crying
(Myowa-Yamakoshi et al. 2005).

Chimpanzees, both in the wild and in captivity, also engage in face-to-face
interactions with mutual gazing during their first 3 months of life (Bard et al.
2005; Plooij 1984). Evidence for this can be seen in the phenomenon of facial
imitation in chimpanzee neonates (Bard and Russell 1999; Myowa 1996; Myowa-
Yamakoshi et al. 2004). Moreover, chimpanzees seem to di