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Born in Brooklyn, New York, Arthur M. Sackler 
was edu cated in the arts, sciences, and humanities 
at New York University. These interests remained 
the focus of his life, as he became widely known 
as a scientist, art collector, and philan thropist, 
endowing institutions of learning and culture 
through out the world.

He felt that his fundamental role was as a 
doctor, a vocation he decided upon at the age of 
four. After completing his internship and service 
as house physician at Lincoln Hospital in New 
York City, he became a resident in psychiatry at 
Creedmoor State Hospital. There, in the 1940s, he 
started research that resulted in more than 150 papers in neuroendocri-
nology, psychiatry, and experimental medicine. He considered his scien-
tific research in the metabolic basis of schizophrenia his most significant 
contribution to science and served as editor of the Journal of Clinical and 
Experimental Psychobiology from 1950 to 1962. In 1960 he started publica-
tion of Medical Tribune, a weekly medical newspaper that reached over 
one million readers in 20 countries. He established the Laboratories for 
Therapeutic Research in 1938, a facility in New York for basic research 
that he directed until 1983.

As a generous benefactor to the causes of medicine and basic science, 
Arthur Sackler built and contributed to a wide range of scientific insti-
tutions: the Sackler School of Medicine established in 1972 at Tel Aviv 
University, Tel Aviv, Israel; the Sackler Institute of Graduate Biomedical 
Science at New York University, founded in 1980; the Arthur M. Sackler 
Science Center dedicated in 1985 at Clark University, Worcester, Massachu-
setts; and the Sackler School of Graduate Biomedical Sciences, established 
in 1980, and the Arthur M. Sackler Center for Health Communications, 
established in 1986, both at Tufts University, Boston, Massachusetts.

His pre-eminence in the art world is already legendary. According 
to his wife Jillian, one of his favorite relaxations was to visit museums 
and art galleries and pick out great pieces others had overlooked. His 
interest in art is reflected in his philanthropy; he endowed galleries at 
the Metropolitan Museum of Art and Princeton University, a museum at 

Arthur M. Sackler, M.D. 
1913–1987 
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Harvard University, and the Arthur M. Sackler Gallery of Asian Art in 
Washington, D.C. True to his oft-stated determination to create bridges 
between peoples, he offered to build a teaching museum in China, which 
Jillian made possible after his death, and in 1993 opened the Arthur M. 
Sackler Museum of Art and Archaeology at Peking University in Beijing.

In a world that often sees science and art as two separate cultures, 
Arthur Sackler saw them as inextricably related. In a speech given at the 
State University of New York at Stony Brook, Some reflections on the arts, 
sciences and humanities, a year before his death, he observed: ‘‘Communi-
cation is, for me, the primum movens of all culture. In the arts . . . I find 
the emotional component most moving. In science, it is the intellectual 
content. Both are deeply interlinked in the humanities.’’ The Arthur M. 
Sackler Colloquia at the National Academy of Sciences pay tribute to this 
faith in communication as the prime mover of knowledge and culture.
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Preface to the 
In the Light of Evolution 

Series

Biodiversity—the genetic variety of life—is an exuberant product of 
the evolutionary past, a vast human-supportive resource (aesthetic, 
intellectual, and material) of the present, and a rich legacy to cher-

ish and preserve for the future. Two urgent challenges, and opportunities, 
for 21st-century science are to gain deeper insights into the evolutionary 
processes that foster biotic diversity, and to translate that understanding 
into workable solutions for the regional and global crises that biodiver-
sity currently faces. A grasp of evolutionary principles and processes is 
important in other societal arenas as well, such as education, medicine, 
sociology, and other applied fields including agriculture, pharmacology, 
and biotechnology. The ramifications of evolutionary thought also extend 
into learned realms traditionally reserved for philosophy and religion. 

In 1973, Theodosius Dobzhansky penned a short commentary entitled 
“Nothing in biology makes sense except in the light of evolution.” Most 
scientists agree that evolution provides the unifying framework for inter-
preting biological phenomena that otherwise can often seem unrelated 
and perhaps unintelligible. Given the central position of evolutionary 
thought in biology, it is sadly ironic that evolutionary perspectives outside 
the sciences have often been neglected, misunderstood, or purposefully 
misrepresented. 

The central goal of the In the Light of Evolution (ILE) series is to pro-
mote the evolutionary sciences through state-of-the-art colloquia—in the 
series of Arthur M. Sackler colloquia sponsored by the National Academy 
of Sciences—and their published proceedings. Each installment explores 
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xiv / Preface to the In the Light of Evolution Series

evolutionary perspectives on a particular biological topic that is scientifi-
cally intriguing but also has special relevance to contemporary societal 
issues or challenges. Individually and collectively, the ILE series aims 
to interpret phenomena in various areas of biology through the lens of 
evolution, address some of the most intellectually engaging as well as 
pragmatically important societal issues of our times, and foster a greater 
appreciation of evolutionary biology as a consolidating foundation for 
the life sciences. 

The organizers and founding editors of this effort (Avise and Ayala) are 
the academic grandson and son, respectively, of Theodosius Dobzhansky, 
to whose fond memory this ILE series is dedicated. May Dobzhansky’s 
words and insights continue to inspire rational scientific inquiry into 
nature’s marvelous operations.

John C. Avise and Francisco J. Ayala
Department of Ecology and Evolutionary Biology, 
University of California, Irvine (January 2007)
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This book is the outgrowth of the Arthur M. Sackler Colloquium “The 
Human Mental Machinery,” which was sponsored by the National 
Academy of Sciences on January 11–12, 2013, at the Academy’s 

Arnold and Mabel Beckman Center in Irvine, CA. It is the seventh in a 
series of colloquia under the general title “In the Light of Evolution.” The 
first six books in this series were titled Adaptation and Complex Design 
(Avise and Ayala, 2007), Biodiversity and Extinction (Avise et al., 2008), Two 
Centuries of Darwin (Avise and Ayala, 2009), The Human Condition (Avise 
and Ayala, 2010), Cooperation and Conflict (Strassmann et al., 2011), and 
Brain and Behavior (Striedter et al., 2013). 

In his Notebook C, Darwin gave us one of his first insights into human 
nature. There, referring to the human being, Darwin wrote: 

He is Mammalian—his origin has not been indefinite—he is not a deity, his 
end under present form will come, (or how dreadfully we are deceived) 
then he is no exception.—he possesses some of the same general instincts, 
& moral feelings as animals.—they on the other hand cannot reason—but 
Man has reasoning powers in excess. Instead of definite instincts—this 
is a replacement in mental machinery—so analogous to what we see in 
bodily, that it does not stagger me. (Darwin, 1836–1844) 

As Darwin noted, our mental machinery makes us different. For 
instance, it allows us to ask about ourselves, about what a human is. It 
enables us to question what we are and the ways in which we reached 
our current nature. One thing we have discovered is that humans possess 

Preface to 
In the Light of Evolution, Volume VII:

The Human Mental Machinery
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xvi / Preface to In the Light of Evolution, Volume VII

certain unique mental traits. Self-reflection, as well as ethic and aesthetic 
values, is among them, constituting an essential part of what we call the 
human condition. The human mental machinery led our species to have a 
self-awareness but, at the same time, a sense of justice, willing to punish 
unfair actions even if the consequences of such outrages harm our own 
interests. Also, we appreciate searching for novelties, listening to music, 
viewing beautiful pictures, or living in well-designed houses.

But why is this so? What is the meaning of our tendency, among 
other particularities, to defend and share values, to evaluate the rectitude 
of our actions and the beauty of our surroundings? The human mental 
machinery obviously refers to the brain, so the answer to the preceding 
questions must come from neural considerations. What brain mechanisms 
correlate with the human capacity to maintain inner speech, or to carry out 
judgments of value? To what extent are they different from other primates’ 
equivalent behaviors?

This collection of colloquium papers aims to survey what has been 
learned about the human “mental machinery” since Darwin’s insights. 
The colloquium brought together leading scientists who have worked 
on brain and mental traits. Their 16 contributions focus the objective of 
better understanding human brain processes, their evolution, and their 
eventual shared mechanisms with other animals. The articles are grouped 
into three primary sections: current study of the mind–brain relationships; 
the primate evolutionary continuity; and the human difference: from eth-
ics to aesthetics.

The explicit objective of this colloquium—improving our knowledge 
of the content of Darwin’s mental machinery—constitutes an endless task. 
However, this book offers fresh perspectives coming from interdisciplinary 
approaches that open new research fields and constitute the state of the art 
in some important aspects of the mind–brain relationships. An intriguing 
contradiction seems sketched from the contributions to the colloquium. 
On the one hand, continuity at least exists between the mental machinery 
of humans and nonhuman primates. On the other hand, humans manifest 
conspicuous evolutionarily derived (i.e., exclusive) mental/neural traits. 
Darwin himself solved this apparent paradox. In chapters III, IV, and V 
of the Descent of Man, Darwin (1871) holds that human moral and mental 
faculties differ from those of animals, but not in an essential form. Com-
ing back again to the Notebook C annotation (Darwin, 1836–1844), “[Man] 
possesses some of the same general instincts, & moral feelings as animals 
. . . but Man has reasoning powers in excess . . . this is a replacement in 
mental machinery.”

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


1

John Searle opens the proceedings with a philosophical introduction 
to the still-elusive question of consciousness. To discuss the eventual 
scientific approach to a theory of mind (ToM), the author analyzes 

the relationships between subjective feelings, such as mental issues, and 
objective (i.e., scientific) approaches to them. Distinguishing between 
ontologic and epistemic approaches to the subjectivity/objectivity issue, 
Searle holds that mental issues, such as consciousness, can be scientifi-
cally reached, concluding in this way: “I think the future of this entire 
discussion we have been having [in the colloquium] lies in a better under-
standing of the brain.” Indeed, this is the objective that initially led to the 
organization of this Sackler Colloquium.

ToM is also the approach chosen by Robert Seyfarth and Dorothy 
Cheney in Chapter 2. As the authors state, a subconscious, reflexive appre-
ciation of others’ intentions, emotions, and perspectives lies at the roots of 
human ToM. The adaptive advantages of an attribution of thoughts and 
intentions to predict others’ behavior mainly consist of helping to form 
strong, permanent social bonds. Empirical study of monkeys’ relation-
ships shows these bonds. Following this point, Seyfarth and Cheney give 
data on different kinds of social challenges among female baboons that 
are better solved by means of affiliative behavior.

Even if ToM is a good hypothesis to link close social relationships to 
mental constructs and reproductive success, an eventual border might 
separate human consciousness from nonhuman primates’ more “instinc-
tive” behaviors. George Mashour and Michael Alkire focus on this even-

Part I

CURRENT STUDY OF THE MIND–BRAIN RELATIONSHIPS
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2 / Part I

tual difference in Chapter 3. On the grounds of a comparative review of 
neurobiology, psychology, and anesthesiology, the authors hold that the 
basic neurophysiologic mechanisms supporting consciousness in humans 
are found at the earliest points of vertebrate brain evolution. Mashour and 
Alkire propose to study this evolution by means of models coming from 
the recovery of consciousness after general anesthesia in animals.
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1

Theory of Mind and Darwin’s Legacy

JOHN SEARLE

Department of Philosophy, University of California, Berkeley, CA 94720. E-mail: searle@
berkeley.edu.

We do not have an adequate theory of consciousness. Both dualism and mate-
rialism are mistaken because they deny consciousness is part of the physical 
world. False claims include (i) behaviorism, (ii) computationalism, (iii) epiphe-
nomenalism, (iv) the readiness potential, (v) subjectivity, and (vi) materialism. 
Ontological subjectivity does not preclude epistemic objectivity. Observer- 
relative phenomena are created by consciousness, but consciousness is not itself 
observer relative. Consciousness consists of feeling, sentience, or awareness 
with (i) qualitativeness, (ii) ontological subjectivity, (iii) unified conscious 
field, (iv) intentionality, and (v) intentional causation. All conscious states 
are caused by lower level neurobiological processes in the brain, and they are 
realized in the brain as higher level features. Efforts to get a detailed scientific 
account of how brain processes cause consciousness are disappointing. The 
Darwinian revolution gave us a new form of explanation; two levels were 
substituted: a causal level, where we specify the mechanism by which the 
phenotype functions, and a functional level, where we specify the selectional 
advantage that the phenotype provides. Sociobiology attempted to explain 
general features of human society, ethics, etc. It failed. For the incest taboo, it 
confuses inhibition with prohibition. It did not explain the moral force of the 
taboo. To explain the function of consciousness we cannot ask, “What would be 
subtracted if we subtracted consciousness but left everything else the same?” 
We cannot leave everything else the same because consciousness is necessary 
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4 / John Searle

for higher functions of human and animal life. The unified conscious field 
gives the organism vastly increased power.

I have two objectives in this article: I want first to say something 
about our current understanding of the nature of the mind, par-
ticularly consciousness; and, secondly, I want to relate my account 

of the mind to Darwinian evolution. Many of the ideas in this chapter 
have appeared in preliminary form by me in various books and articles; 
particularly significant are Searle (1992, 1996, 2005).

THE “SCANDAL” OF CONSCIOUSNESS

Consciousness is something of a scandal because we do not have 
an adequate neurobiological theory of consciousness, and there are a 
rather large number of false claims made about it. Here, for a start, are 
half a dozen false claims made about consciousness in my intellectual life-
time. Several of these have been widespread and extremely influential.

Behaviorism

Consciousness as traditionally construed does not really exist, but 
rather there are just human and animal behaviors and dispositions to 
behavior (Skinner, 1992).

Computationalism (Strong Artificial Intelligence)

Consciousness as such does not really exist but is rather a program or 
a set of computer programs running in the brain (Minsky and Papert, 
1987).

Epiphenomenalism

Consciousness does exist, but it cannot have any real effect on the 
world because it is a nonphysical phenomenon and as such cannot affect 
the physical world. It must be an epiphenomenon because the physical 
world is “causally closed.” From an evolutionary point of view, it has 
no function (Chalmers, 1996).

The Readiness Potential

Consciousness does exist, but it has very little importance because 
research on the readiness potential in the supplementary motor cortex 
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Theory of Mind and Darwin’s Legacy / 5

shows that our actions are initiated before our becoming consciously 
aware of what we are doing. The brain decides to perform an action before 
the conscious mind can be aware of it (Libet et al., 1983).

Objectivity and Subjectivity

Consciousness is not a suitable subject for serious scientific inves-
tigation; it is better left to theologians and philosophers. The reason is 
that science is by definition objective, and consciousness is by definition 
subjective; therefore, there cannot be a science of consciousness. This view 
is part of the oral tradition. When I was first interested in the neurobiol-
ogy of consciousness, I discussed the issue with several neurobiologists, 
in both Europe and the United States. Several assured me that conscious-
ness is not a suitable subject for serious scientific investigation because 
of its subjectivity.

Materialism

If consciousness is real, it must really be something else because 
the final inventory of the basic ontology of the world—an inventory 
that includes subatomic particles, gravity, electromagnetism, the weak 
and strong nuclear forces, and other fundamental features of reality—is 
entirely material and so will not include consciousness (Dennett, 1991).

I will argue that consciousness is a real biological phenomenon in the 
same sense as photosynthesis or digestion, and that all six of these views 
are more or less demonstrably false. However, that raises an interesting 
question: Why is there so much confusion about consciousness?

Why is it so hard for people to accept a naturalistic conception? We 
are the victims of two traditions that appear to be inconsistent with 
each other, but in fact they trade off on each other. One is the tradition 
of God, the soul, and immortality that says consciousness is not a part 
of the natural world. Consciousness is not even a property of the body 
or the brain. On the Cartesian view, it is a property of the soul and the 
soul is definitely not a part of the natural world. This thesis is why, inci-
dentally, Descartes (1996) was forced to say that animals are not conscious 
because all the animal has got is a body. For Descartes, our bodies are 
not conscious, our brains are not conscious; only the soul is conscious. 
Now you might think that tradition is entirely dead, but it is not. Artifi-
cial intelligence (AI) in its strong AI version is an expression of the idea 
that the mind is not a part of the natural world. One of the adherents of 
the strong AI view wrote that the mind is something formal and abstract 
(Dennett and Hofstadter, 1981). The second tradition is usually mistakenly 
described as “materialism,” and often its adherents simply deny that 
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consciousness as qualitative, subjective states really exists. An extreme 
statement was given by John B. Watson, one of the founders of behav-
iorism: “the time has come for psychology to discard all reference to 
consciousness . . . it is neither a definable nor a usable concept, it is merely 
another word for the ‘soul’ of more ancient times. . .” (Watson, 1925).

Both traditions share a resistance to treating real consciousness—
qualitative, subjective consciousness—as a real biological feature of the 
world.

OBJECTIVITY, SUBJECTIVITY, AND OBSERVER RELATIVITY

Before refuting these views and giving an account of consciousness, I 
need to make some distinctions. First, the distinction between objectiv-
ity and subjectivity looms very large in our intellectual culture, but unfor-
tunately it is systematically ambiguous between an epistemic sense and 
an ontological sense (“epistemic” means having to do with knowledge 
and “ontological” means having to do with existence).

Epistemically, the distinction is between types of claims, those that 
can be settled as a matter of “objective fact” and those that cannot be so 
settled. So, if I say Van Gogh died in France, that is epistemically objec-
tive. You can settle that as a matter of objective fact. If I say Van Gogh 
was a better painter than Gauguin, that, as people like to say, is a matter 
of “subjective opinion.” It cannot be settled as a matter of objective 
fact. However, in addition to that distinction, there is an underlying 
ontological distinction between modes of existence. Some entities have 
a mode of existence that is independent of anybody’s attitudes or con-
sciousness. Mountains, molecules, and tectonic plates are in that sense 
ontologically objective. However, some entities depend for their very 
existence on being experienced by a human or animal subject. In this 
sense, pains, tickles, and itches are ontologically subjective. Why is this 
distinction important? It is of crucial importance because the ontologi-
cal subjectivity of a domain does not preclude epistemic objectivity of 
a science of that domain. You can have a completely adequate science 
of consciousness or mental life in general that is epistemically objective 
even though the entire domain is ontologically subjective.

Related to the distinction between objectivity and subjectivity is 
the distinction between those features of the world whose existence 
depends on human attitudes and those features that exist indepen-
dently of anyone’s attitudes. I call the former “observer relative” and 
the latter “observer independent” or “absolute.” Observer-relative 
phenomena include money, property, marriage, nation states, universi-
ties, and summer vacations. Observer-independent phenomena include 
mountains, molecules, galaxies, and tectonic plates. In general, the natu-
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ral sciences deal with observer-independent phenomena; the social sci-
ences deal with observer-relative phenomena. The observer relativity of 
a phenomenon introduces an element of ontological subjectivity into 
its very existence. So the existence of money and language, for example, 
is observer relative and consequently contains an element of ontologi-
cal subjectivity. However, and this is a crucial point, as we have already 
seen, the ontological subjectivity of a domain does not preclude an epis-
temically objective science of that domain. There can be epistemically 
objective sciences of economics and linguistics, although the objects of 
study of the disciplines are for the most part observer relative and thus 
at least in part ontologically subjective. All observer-relative phenomena 
are created by consciousness, but the consciousness that creates them is 
absolute and not observer relative. I will say something about the role 
of the unconscious later.

These distinctions already will enable us to answer several of the 
mistaken theories about consciousness. However, before I do that, I 
want to address the analysis of consciousness directly.

ANALYSIS OF CONSCIOUSNESS

What is consciousness? What are its features? Where do we stand 
in its scientific investigation? It is often said consciousness is hard to 
define. I do not think it is hard to define. We need to make a distinction 
between the scientific definition that comes at the end of an investigation 
and the commonsense definition that enables us to identify the target of 
the investigation. Think of water: the commonsense definition is that it is 
a clear, colorless, and tasteless liquid that flows in rivers and exists in 
lakes and falls out of the sky in the form of rain. The scientific definition 
comes at the end of the investigation: it is H2O. With consciousness, 
we are still in the clear, colorless, tasteless liquid stage, and that is the 
sort of definition I am going to give you. Consciousness consists of all of 
our states of feeling or sentience or awareness. It begins when we wake 
from a dreamless sleep and continues until we go to sleep again or 
die or otherwise become unconscious. On this definition, dreams 
are a form of consciousness.

This then is the definition of consciousness. What are some of its 
features? There are many features, but, for the sake of brevity, I will con-
fine myself to the five most important.

Qualitativeness

For every conscious state, there is a qualitative feel to that state, 
something it feels like to be in that state. Think of the difference between 
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drinking wine, listening to music, and working on your income tax. Quali-
tativeness is not just a feature of bodily sensations and emotions but 
characterizes thought as well. You can see that the thought that 2 + 2 
= 4 has a certain characteristic feel if you try thinking the same thought 
in French or German. To me at least, it just feels different.

Ontological Subjectivity

Because of this qualitative character, every conscious experience is 
ontologically subjective. It exists only insofar as it is experienced by a 
human or animal subject. This feature makes consciousness seem intrac-
table; it makes it seem a difficult subject for scientific study.

Unity

A third feature of consciousness is that there is a remarkable unity to 
our conscious states. In giving a lecture, I do not just hear the sound of 
my voice and see the people in the audience and feel a slight headache 
from the wine I drank the night before; but I have all of those as part of 
a single unified conscious field. When we get to the topic of evolution, 
we will see the centrality of unity in enabling consciousness to perform 
its biological functions. You never just have a single conscious experi-
ence such as the taste of the wine or the smell of the rose, but each 
such experience occurs as part of a total large conscious experience, 
which consists of the entire ontologically subjective field of consciousness 
occurring at that moment.

I used to think that qualitativeness, subjectivity, and unity were sepa-
rate features, but I now think they are just different aspects of the same 
feature, and it is the essence of consciousness. You cannot have quali-
tativeness without subjectivity and you cannot have subjectivity without 
unity. This feature, incidentally, is why the split-brain experiments are so 
interesting to us: because it looks like the unity of consciousness is partly 
disrupted if you cut the corpus callosum. So those are all three aspects 
of one feature, and it is the essence of consciousness.

There are two other features I want to mention.

Intentionality

Intentionality is that feature of the mind by which it is directed at 
objects and states of affairs (intending in the ordinary sense is just one 
type of intentionality, along with perception, belief, desire, fear, the emo-
tions, etc.). Not all conscious states are intentional. Think of undirected 
anxiety, for example. However, most of them are, and this feature is really 
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what gives importance to the previous features because intentionality is 
the way that the conscious organism has of relating to the environment.

Intentional Causation

The conscious mind functions causally in producing behavior, and, 
in conscious perception, the environment is causally presented to the 
consciousness of the agent. For example, in the presence of food, light 
reflected off the object will cause a conscious visual experience in the 
animal, and this experience will consciously motivate the animal to move 
toward the food.

SOLUTION TO THE “MIND–BODY PROBLEM”

Suppose that I am right so far and that consciousness consists of 
unified, qualitative subjectivity and that it enables us to cope with the 
environment by way of intentionality and intentional causation. How 
does such a phenomenon fit in with what we know about the rest of 
the universe? This, you will no doubt recognize, is the traditional mind–
body problem. It is supposed to be frightfully difficult, maybe impossible, 
to solve. I think, at the level of the general relationships between the 
mind and the brain, it has a rather simple solution. The neurobiologi-
cal solution turns out to be very difficult and complicated, but, at the 
level of describing the general relationships between consciousness and 
neurobiology, the solution is not complex. Here it is: all of our conscious 
states without exception are caused by neurobiological processes in the 
brain and they are all realized in the brain as higher level or system 
features. Consciousness is a feature of the brain in a way, for example, 
that the liquidity of the water is a feature of the system of H2O molecules. 
It is not something squirted out by the H2O molecules; it is the condition 
that the system of molecules is in. In the same way, my conscious state 
is the condition that my brain is now in. And just as a body of water can 
go from a liquid state to a solid state, depending on the behavior of 
the microelements—the H2O molecules—so the brain can go from a 
conscious state to an unconscious state depending on the behavior of the 
microelements—the neurons.

If that is how it works in general, then why do we not get busy and 
figure out exactly how it works? Why is progress so slow? I do not know. 
I was asked to write an article for the Annual Review of Neuroscience 
(Searle, 2000) in which I surveyed a lot of the literature investigating 
the causation and the realization of consciousness in the brain. And 
it occurred to me that part of the difficulty is that the research tech-
niques are at present inadequate to address the problems that really 
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bother us. They tend to be either imaging techniques—functional MRI 
being the most influential, but other forms of scanning are important 
as well—or they tend to be single cell recordings. And much of the most 
exciting work, for example on binocular rivalry, tends to be focused on 
very local neurobiological structures, whereas it seems me that conscious-
ness is more likely to be a global phenomenon. Our present research 
techniques make it extremely difficult to investigate how consciousness 
is caused in the brain as a large-scale phenomenon.

I distinguish between what I call the building-block approach, where 
we think of the total conscious field as made up of a set of separate 
conscious building blocks such as the specific types of perception, and 
what I call the unified field approach, where we think of specific stimuli 
such as perception as modifying a preexisting conscious field. There was 
a period when it seemed the crucial research task was to discover the 
neuronal correlate of consciousness. And indeed in this period a lot of 
neuronal correlates of specific forms of consciousness were discovered. 
However, these discoveries did not solve the problem of consciousness 
in a way that some people had hoped. Why not? The research on blind 
sight or binocular rivalry or gestalt switching was always on subjects 
who were already conscious. However, it did not answer the question: 
How does the subject’s brain create an entire conscious field to begin 
with. Two rival pictures of this research exist: one is that perception creates 
consciousness; the second, to which I adhere, is that we should think of 
perception as modifying the preexisting conscious field. And the crucial 
question is: How does the brain create the conscious field?

Think of it this way. Imagine that you awake in a completely dark 
room in an unfamiliar environment. You can be totally awake and 
alert although you have zero or minimal perceptual stimuli. If you get 
up and move about, are you creating consciousness? In a sense, you are 
because you have conscious states you did not have before. However, 
I think it is best to think of these experiences as modifying the preex-
isting conscious field that came into existence when you became fully 
awake. Most of the research I am familiar with relies either on imaging 
techniques or single cell recordings. The difficulty is that neither of 
these seems adequate to get at global properties of the brain, and it may 
well be the case that the creation of the conscious field requires more 
powerful techniques than these.

REFUTATION OF THE MISTAKEN VIEWS

I promised at least a brief refutation of the six mistaken theories of 
consciousness and we now have enough material to do that.
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Behaviorism

It should be an embarrassment to us that behaviorism was so influ-
ential for so long because it is obviously false. It denies the subjectivity 
of consciousness. Each of us knows from his or her own experience that 
our pain is one thing and the observable pain behavior is something else.

Computationalism

We know that the implemented computer program is not by itself suf-
ficient for mental processes, whether conscious or unconscious, because 
the program is defined purely syntactically in terms of symbol manipu-
lation, whereas mental processes have actual content. Syntax by itself is 
not sufficient for semantic content. I demonstrated this a generation 
ago with the so-called Chinese room thought experiment (Searle, 1980). 
Imagine that you are carrying out the steps in a program for answer-
ing questions in Chinese or some other language you do not understand. 
You might give the right answers, but, all the same, you do not under-
stand Chinese. Carrying out the computational steps is not sufficient 
for understanding.

I think the argument is conclusive, but the material in this chapter 
gives us a much deeper argument. Except for computations carried 
out by a conscious agent, computation is observer relative. You cannot 
explain consciousness as computation because a process is computa-
tional only relative to some conscious agent. Either a conscious agent is 
carrying out a computation, such as adding 2 + 2 to get 4, or a conscious 
agent is using or can use a piece of machinery such as a calculator 
where he can interpret the results as arithmetical. Such computations 
are always observer relative. And, remember, observer relativity does 
not imply epistemic subjectivity. It is an epistemically objective fact that 
I am writing this using the Word program and that the program is 
implemented electronically, but “Word program” does not name an 
electrical phenomenon.

Epiphenomenalism

We have literally thousands of years of experiences of human and 
animal consciousness causing behavior. The problem is to explain how 
it could, given its subjective ontology. Here is how it works. Consider a 
simple act like raising my arm. My intention-in-action causes my arm to 
go up. However, we know independently that anything that causes my 
arm to go up in that way must cause the secretion of acetylcholine at the 
axon endplates of the motor neurons. No acetylcholine, no arm going 
up. However, that means that the conscious intention-in-action has to 
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be a biochemical phenomenon. There is no way it is going to produce 
the secretion of acetylcholine unless it is itself realized in a biological 
structure. One in the same event, my conscious intention-in-action has 
a level of description where it is qualitative, subjective, and part of a uni-
fied subjective conscious field, and another level of description where it 
is a neurobiological process realized in the brain.

Part of our difficulty in understanding this point is that we are stuck 
with the traditional vocabulary that contains the traditional mistakes, the 
vocabulary of the mind and body, and dualism and materialism. What I 
am trying to convey with this very simple example is that, even for very 
simple conscious activities like raising your arm, the traditional categories 
are obsolete because you have to have the concept of a single event 
that has both subjective, qualitative, mentalistic features and biochemical 
features. And this phenomenon is familiar in nature, that you have the 
same phenomenon, the same system, with different levels of description. 
My car engine has a level of description where explosions occur in the 
cylinder that drives the piston and another level of description where 
individual hydrocarbon molecules oxidize. We find it difficult to appreci-
ate these levels where the mind is concerned because one of those levels 
of description has such a sordid history. The dualistic tradition has given 
the mental level of description a bad name because it makes it appear 
that our mental life is not part of our ordinary biological existence.

Readiness Potential

In these experiments, subjects were asked to perform a trivial act such 
as pushing a button and to observe on a clock exactly when they under-
took to do it. Some 200–300 ms before they were aware they had decided 
to do it, there was an increased activity in the supplementary motor area. 
Incredible claims were made for these data, such as for example that they 
disproved free will and showed that our brain decides to perform actions 
before our conscious mind does (Koch, 2012). Recent experiments 
show that the original experiments were flawed. If you ask the subjects 
to look at a clock and decide not to perform an action, you get the 
same readiness potential. As far as we can tell, the readiness potential 
was produced by watching the clock. Take away the clock and there is 
no readiness potential (Trevena and Miller, 2010).

I believe the history of the readiness potential is an unfortunate chap-
ter in recent scientific history and it raises the question: Why were people 
so eager to believe these implausible conclusions? The answer I think is 
that they wanted to discredit consciousness. Consciousness has typically 
been an embarrassment to the natural sciences, and, in these cases, it 
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looks like we have scientific proof that consciousness does not really 
matter very much for our behavior.

Objective/Subjective Argument

This argument is an obvious fallacy of ambiguity over the two senses 
of objective and subjective that I have explained. Science is indeed episte-
mically objective. However, there is nothing in epistemic objectivity that 
prevents the investigation of a domain that is ontologically subjective.

Materialism

These categories of materialism, mentalism, dualism, etc. have all 
become obsolete. Of course, ultimate reality is as described by the natural 
sciences and thus is “material.” There is nothing in this concept of the 
material that prevents subjective, qualitative consciousness from being as 
much a biological phenomenon as digestion, mitosis, or photosynthesis.

THE DARWINIAN REVOLUTION

A remarkable thing about the development of knowledge is that we 
get not just new explanations but new forms of explanation. And, to me, 
one of the most fascinating things about the Darwinian revolution is that 
we got a form of explanation that previously was unknown or certainly 
unappreciated. The idea was that, in addition to the level of explana-
tion of traditional Aristotelian biology, where you had a teleologi-
cal explanation of a phenotype, we substituted for that explanation 
two different levels. Aristotle thought there were such things as final 
causes, teleological causes, where the explanation is given by specifying 
the goal, aim, or telos of the phenomenon to be explained. So, if you want 
to explain why fish have the shape they do, why are fish not shaped the 
way a brick is shaped, or why plants turn their leaves toward the sun, you 
point out that the purpose of all of this is to enable the fish to swim better 
or enable the plant to survive. And it is this teleological goal that provides 
the explanation. The Darwinian revolution produced a substitution of 
two different levels of explanation. Instead of saying the plant turned 
its leaves toward the sun because it has the goal of survival, we substi-
tute two levels of explanation, a causal or mechanical explanation and a 
functional explanation. At the mechanical level, the plant has variable 
secretions of the growth hormone auxin, and these variable secretions 
of auxin turn the leaves toward the sun. And at the second functional 
level, plants that turn their leaves toward the sun are more likely to 
survive than plants that do not. Notice that survival still functions in the 
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explanation, but survival is no longer the goal that the plant has; it is just 
something that happens. So, we have inverted the conditional. Instead of 
saying to survive, the plant has to turn its leaves toward the sun, we now 
say the plant will turn its leaves toward the sun because of the chemical 
secretions; and because it turns its leaves toward the sun, it is more 
likely to survive than if it did not. For the traditional Aristotelian final 
cause, or teleological cause, you substitute two levels. Survival still func-
tions, but it no longer functions as the goal that explains the phenomenon; 
it is just something that happens. This feature introduces another ele-
ment to the explanation: the diachronic element. This kind of explanation 
works only over periods of time.

FAILURE OF SOCIOBIOLOGY

There are limits with what you can do with Darwinian modes of 
explanation. Some decades ago, there was a movement called sociobiology, 
which was going to take this model of explanation and explain human 
culture, morality, civilization, philosophy, and pretty much everything 
else. The inventor of this was E. O. Wilson (1975); I had a chance to debate 
him and several other proponents, sometimes in print, but more often in 
conferences. The failure of sociobiology is revealing to us. I have just 
endorsed the Darwinian mode of explanation, but what are its limits? 
Why did sociobiology fail? It may sound question-begging to assume it 
failed, so I want to explain a little bit what its limitations were.

The crudest limitation that sociobiological methods had was that they 
were trying to explain specific features of human culture and society, 
thus the name sociobiology, but the mode of explanation had to be 
consistent with the fact that there has been no major change in the 
human gene pool over the past 30,000 years. That figure incidentally 
comes from physical anthropologists at the University of California, 
Berkeley, especially Sherwood Washburn (maybe the figures are inac-
curate; I will discuss that in a moment), but now, if we are going to 
explain human societies, think of the enormous variations in human 
society over the past 30,000 years. So, if we want to explain things like the 
rise of fascism or the democratic society produced by the Enlightenment 
or the existence of the Enlightenment itself, then it looks like we have 
too crude an analytic tool to work with. Suppose the figure is wrong, sup-
pose it is wrong by a factor of 10, and suppose the human gene pool is 
what it is over the past 3,000 years, the same problem still arises. There 
is still too much variety over the past 3,000 years for a single mode of 
explanation to explain it all.

It might seem the answer is to concentrate on cultural universals, and 
that is what Wilson did. For example, all societies have an incest taboo, 
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and Wilson thought sociobiology provided an explanation for the 
taboo. Cultural anthropologists were somewhat outraged at this, and 
they pointed out, among other things, that the incest taboo takes many 
different forms in different cultures. In some cultures, it is forbidden to 
marry your cousin and in other cultures it is not. However, the answer 
I think is that the incest taboo always forbids brother–sister, father–
daughter, mother–son sexual relations; and that is the core of the taboo. 
I debated Wilson once at the University of Michigan, and he claimed 
that sociobiology has shown why incest is evil: for the first time, we 
have an explanation of a universal feature of human morality; we have 
an explanation of why incest is evil. How is the explanation supposed to 
work on the analogy with the explanation I gave you of the two-level 
explanations for why plants turn their leaves toward the sun? Studies 
have shown that children brought up in close proximity to people of 
the opposite sex lack sexual desire for those. The favorite example 
comes from Israeli kibbutzim. It turns out that the children brought up 
in one kibbutz tend to lack sexual desire for other people brought 
up in that same kibbutz. They are bought up in very close proxim-
ity, especially in the communal nursery. In general, they tend to have 
greater sexual desires for people brought up in a different kibbutz on 
the other side of the hill. And Wilson said that what happens is that close 
proximity during the period of development leads to a type of aversion; 
this sexual aversion gives the mechanical or causal explanation of the 
incest taboo. What is the functional explanation? And to answer that 
we have to ask: Why do we have biparental reproduction in the first 
place? The answer is that you get a much better genetic result if you 
mix the genes. If we just reproduced like the amoeba by fission or with 
incest, we would not get the advantages of mixing the genes. So you 
have the functional level of explanation: the advantages of biparental 
reproduction and many of those advantages are lost if you reproduce by 
incest. And you have the causal level of explanation, which is the aversion.

This seems to me an inadequate explanation of a universal prohibi-
tion. To begin with, inhibition does not explain prohibition. If it were 
right that humans had an innate inhibition for sexual congress with 
people with whom they have been brought up in close proximity, then 
there would be little need for an incest taboo. There is, for example, no 
need for a prohibition against eating a lot of raw mud because we are 
just not inclined to do it. However, the absence of an inclination does 
not explain the power of prohibition. And the functional level does not 
give the specific intentional content to the prohibition. You do not get 
from “mixing the genes is useful” to “incest is evil.” Furthermore, when 
Wilson said we have at last explained why incest is evil, it seems no such 
explanation was in fact given. At most, it would be an explanation of why 
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it is a bad idea to have incestuous relations without taking precautions 
to prevent fertilization. However, the idea that the moral component in 
the incest taboo is explained by there being a functional advantage to 
biparental reproduction and a natural inhibition that occurs when people 
grow up in proximity seems to me much too weak. This is an illustra-
tion of where in the end sociobiological modes of explanation failed as an 
account of the general structure of human society or the structure of 
morality. That is not to say that we cannot do more than we have done 
with Darwinian modes of explanation, but this particular intellectual 
movement seemed to me doomed from the start.

EVOLUTIONARY FUNCTION OF CONSCIOUSNESS

However, then that point raises the question that I often hear 
when I talk about consciousness: What is the evolutionary function of 
consciousness? Maybe it does not have a function. There are two classes of 
people I have argued with about this. One class says: consciousness must 
be epiphenomenal because the physical world is causally closed, and on 
your own account consciousness is irreducibly subjective, and therefore 
it is not reducible to the objective world. I have already answered this 
claim. A second form of argument is more revealing. Consciousness 
does not have a function because we can easily imagine all of human 
and animal life going on as it does, only minus consciousness. We can 
easily imagine that we all existed as unconscious zombies but performed 
exactly the same actions that we now perform. This possibility shows that 
consciousness has no essential evolutionary function. (One frequently 
hears this objection in conferences on consciousness. I most recently 
was presented with this objection by several critics at the Turing Con-
sciousness 2012 conference at the Université du Québec à Mon-
tréal.) This is a deeper mistake and I will answer it.

We tend to hear the question, “What is the evolutionary func-
tion of consciousness? What selectional advantage does it convey?” 
on analogy with such questions as “What is the selectional advantage of 
the vestibular ocular reflex (VOR)? What selectional advantage does 
it convey?” In the case of the VOR, the answer is simple: by stabiliz-
ing the retinal image, it improves visual perception. We arrive at this 
answer by mentally subtracting the VOR and seeing what difference it 
would make. The problem with trying to do this with consciousness is, if 
you subtract consciousness, you subtract roughly speaking all of our life, 
except such basic unconscious processes as breathing. What would be 
lost if we all suddenly went into a coma or had always been in a coma? 
Roughly speaking, everything. The reason that many people fail to see 
this is that they typically hear the question, “What would be lost if we 
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subtracted consciousness?” as having the form “What would be lost if 
we subtracted consciousness but left everything else exactly the same?” 
However, of course, everything else would not be the same. In fact, pretty 
much nothing would be the same. I could not get up from the bed 
in the morning, eat my food, make my way around the surface of 
the earth, and deal with other people. It is even a mistake to think 
of consciousness having “a function.” The question is like: What is the 
function of life? Everything in our life depends on being alive and just 
about everything in our lives depends on being conscious. The reason 
people tend to think that we might mentally subtract consciousness and 
leave everything else the same is that they are victims of residual dualism. 
They assume consciousness is not a part of the ordinary “physical” world, 
so we might just lift it off and leave everything else the same. However, 
that is not how nature works. For example, it does not show that birds’ 
wings do not have a function, to argue that we can imagine a world in 
which birds are powered by rocket engines. The fact that we can imagine 
zombies that behaved like us without consciousness is like imagining 
that birds fly with rocket engines. It is irrelevant to giving an evolution-
ary explanation. The way that nature works for beings like us is that 
we have enormous power added by the existence of consciousness, by 
the existence of qualitative subjective conscious states.

Our typical vocabulary makes it difficult to state or appreciate this 
point because we tend to think in terms like “information” and “rep-
resentation,” and it is tempting to say things like “We have much more 
efficient information processing and more effective forms of representa-
tions than we would if we were unconscious.” This formulation does not 
do justice to the power of consciousness. Our conscious perceptions and 
actions do not just give us representations. They give us direct presenta-
tions of the environment. Thanks to consciousness, I have an immediate 
awareness of the environment around me. And thanks to the unified 
consciousness field, I have a prodigious amount of presentational content 
in the conscious field. If you look around you for a moment and think how 
many things you can be consciously aware of right now, you would never 
know when to stop. And remember you have not only the immediate 
presentational character, but you also have an immediate sense of your 
most recent past and your intended future. You are constantly using the 
unified conscious field to change yourself and the environment.

I still have not adequately conveyed the enormous powers that con-
sciousness gives us. The organism can coordinate an enormous number 
of simultaneous inputs within a single conscious field and can coordi-
nate its behavior both in light of the sensory inputs and in light of its 
goals and the possible means for achieving its goals. It coordinates all 
of this in a way that simultaneously represents the past in the form 
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of short-term and long-term memory and anticipates the future in 
the form of its plans, goals, and intentions. In the case of humans, con-
sciousness also gives us the capacity for cooperating with conspecifics; 
and the specific form that human cooperation takes is the conscious use 
of language. The use of language gives us the distinguishing features of 
human civilization: money, property, government, social organizations, 
etc.—all of these are the results of conscious application of linguistic 
representations.

THE UNCONSCIOUS

What should we say about the unconscious? It is essential to distin-
guish unconscious mental phenomena from nonconscious neurobiological 
processes that make consciousness possible. For example, even when I am 
sound asleep I have an unconscious belief that George Washington was 
the first president. When I see anything, there are nonconscious feed-
back mechanisms between V1 and the lateral geniculate nucleus. These 
are essential to perception, but they have no psychological reality at all. 
What is the difference? The reason that we can say that my uncon-
scious beliefs are psychologically real is that I am able to bring them 
to consciousness. So the notion of an unconscious mental state is para-
sitic on the notion of the conscious because an unconscious belief, if it 
genuinely has psychological reality, has to be the kind of thing that you 
could in principle bring to consciousness. I have to say “in principle” 
because access to consciousness may be blocked by brain damage or 
repression or forgetfulness or other things, but it cannot be something 
that is not even in principle accessible to consciousness because, if so, it 
has no psychological reality.

It is important to emphasize this point because, in the early days 
of cognitive science, the explanatory paradigm consisted in large part 
in attempts to get computational theories of cognitive capacities (Marr 
et al., 2010). We were told that the computational level has psychological 
reality, but it is at an intermediate level between that of commonsense 
psychology, conscious and otherwise, and the level of neurobiology. I 
want to say that there is no such level. You cannot make any sense of the 
idea that there is a psychological reality at that level if it does not have 
those features that constitute accessibility to consciousness in principle.

I think the paradigm is changing in cognitive science. I think we are 
moving away from a computational cognitive science to cognitive neu-
roscience. I welcome that move. I think the future of this entire research 
project lies in a better understanding of the brain.
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Affiliation, Empathy, and the Origins 
of Theory of Mind

ROBERT M. SEYFARTH*‡ AND DOROTHY L. CHENEY†

To understand the evolution of a Theory of Mind, we need to understand 
the selective factors that might have jump-started its initial evolution. We 
argue that a subconscious, reflexive appreciation of others’ intentions, 
emotions, and perspectives is at the roots of even the most complex forms 
of Theory of Mind and that these abilities may have evolved because 
natural selection has favored individuals that are motivated to empathize 
with others and attend to their social interactions. These skills are adap-
tive because they are essential to forming strong, enduring social bonds, 
which in turn enhance reproductive success. We first review evidence 
from both humans and other animals indicating that reflexive and reflec-
tive mental state attributions are inextricably linked and play a crucial 
role in promoting affiliative social bonds. We next describe results from 
free-ranging female baboons showing that individuals who show high 
rates of affiliative behavior form stronger social bonds with other females. 
These bonds, in turn, are linked to fitness. We then provide data from 
three different types of social challenges (male immigration, changes in 
grooming behavior after the death of a close relative, and responses dur-
ing playback experiments), suggesting that females who manifest high 
rates of affiliative behavior may also be more motivated to anticipate 
challenges, react adaptively to setbacks, and respond appropriately to 
social interactions.
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Do animals have a Theory of Mind (ToM)? Answers to this question 
have tended to focus on two properties that might characterize a 
cognitive process. First, is an animal’s recognition of other indi-

viduals’ mental states reflexive, and therefore perhaps immediate and 
unconscious? Or is it reflective, and therefore more likely to be rumina-
tive and conscious? Second, to what kinds of mental states are animals 
attentive: more rudimentary psychological states, like another individual’s 
gaze direction or its intentions, or more complex states, like another indi-
vidual’s knowledge or beliefs? These distinctions are not easy to draw, 
even in humans, where reflective, conscious mindreading about others’ 
knowledge and beliefs is built on and develops gradually from reflex-
ive, unconscious recognition of, for example, another’s direction of gaze 
(Onishi and Baillargeon, 2005; Apperly, 2012).

There is considerable evidence that many animals are reflexively 
attuned to other individuals’ gaze, intentions, and emotions; however, the 
degree to which they are also reflectively aware of others’ knowledge and 
beliefs is less clear (Cheney and Seyfarth, 2007). Problems in assessment 
arise in part because whenever an animal behaves in ways that suggest 
an understanding of another’s knowledge, its behavior can often also be 
explained by simpler mechanisms, including learned contingencies. A 
chimpanzee (Pan troglodytes) who takes food that a rival cannot see might 
do so because she understands the relation between seeing and knowing 
or because she has learned the behavioral rule that a rival is motivated to 
defend food at which he is looking. Although experiments have attempted 
to distinguish between these explanations (Kaminski et al., 2008; Bugnyar, 
2011; Crockford et al., 2012; MacLean and Hare, 2012), results have not 
been easy to interpret. At the very least, they suggest that animals’ under-
standing of others’ psychological states is quite different and perhaps less 
subject to conscious reflection than adult humans’. Whatever the explana-
tion, it is clear that attempting to identify precise, definitive benchmarks 
of mental state attribution in animals has proved to be more elusive and 
less productive than first hoped.

Here, we take a slightly different approach to the question of mental 
state attribution in animals and consider the selective factors that might 
have favored the evolution of a rudimentary ToM. We begin by assuming 
that a full-blown ToM evolved from more rudimentary, reflexive forms 
that were themselves adaptive in their own right. As a first step in under-
standing the evolution of a ToM, therefore, we need to understand the 
selective factors that might have jump-started these rudimentary forms. 
We argue that a subconscious, reflexive appreciation of others’ intentions, 
emotions, and perspectives lies at the roots of even the most complex 
forms of ToM and that these abilities first evolved because natural selec-
tion favored individuals that were motivated to attend to other individu-
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als’ social interactions and empathize with them. These skills were favored 
by selection because they are essential to forming strong, enduring social 
bonds, which in turn have been shown to enhance reproductive success. 
We therefore propose that the evolution of a ToM ultimately derives from 
its role in facilitating the formation of social bonds.

We first review evidence from both humans and other animals indicat-
ing that reflexive and reflective mental state attributions are inextricably 
linked and play a crucial role in promoting affiliative social bonds. Then, 
using data on wild female baboons (Papio hamadryas ursinus), we suggest 
that individual variation in the motivation to attend to social interactions 
and react to social challenges is positively correlated with measures that 
have previously been shown to be linked to the formation of social bonds 
and, ultimately, enhanced reproductive success.

REFLEXIVE AND REFLECTIVE EMPATHY 
IN ANIMALS AND HUMANS

Any attempt to determine whether an animal does or does not under-
stand what another individual knows or thinks is inevitably confounded 
by the fact that the reflective processes associated with higher levels of 
ToM are closely linked to—and often hard to distinguish from—the more 
automatic, reflexive processes that underlie them (de Waal, 2012; Hecht et 
al., 2012). Although we are consciously aware of the distinction between 
our own and others’ mental states, we are often unaware of the many cues 
on which this awareness is based. For example, although higher cortical 
areas, like the prefrontal cortex, are activated when a human attempts to 
determine whether another individual can see something, initial responses 
to gaze direction and goal-directed behavior also activate more primitive 
areas of the brain, including the superior temporal sulcus (STS) and the 
amygdala. In both humans and rhesus macaques (Macaca mulatta), the 
STS is particularly sensitive to the orientation of another individual’s eyes 
(Jellema et al., 2000; Klein et al., 2009).

The same is true of intentional behavior. Although we have conscious 
access to our reflections about whether someone’s actions are accidental or 
intentional, many of the neuronal responses that contribute to our even-
tual decision are more subconscious. In both humans and monkeys, mirror 
neurons in the inferior parietal lobule are activated when an individual 
both performs a specific action and he observes someone else perform 
that action. Significantly, many neurons begin to fire before the other indi-
vidual actually performs the action, suggesting that these neurons encode 
not only the specific motor act but also the actor’s intentions (Fogassi et 
al., 2005; Rizzolatti and Fabbri-Destro, 2009). Thus, our ability to recog-
nize that gaze has informative content, or to consider whether behavior 
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is intentional, depends crucially on automatic, reflexive neuronal activity 
of which we are largely unaware.

Similar results emerge in studies of empathy. Reflective, explicit empa-
thy involves the ability to recognize emotional states like grief or fear 
in others without necessarily experiencing the same emotions oneself 
(Hecht et al., 2012). However, reflective empathy evokes activity not just 
in the cortex but also more primitive areas of the brain shared with many 
animals, including the midbrain, the brainstem, and endocrine systems 
associated with reactivity, reward, and social attachment (Decety and 
Jackson, 2004; Decety, 2011). Although we can distinguish between our 
own and others’ emotions, representations of emotions like pain, disgust, 
and shame in others also activate many of the same areas of the brain that 
are activated when we experience or imagine the same emotions our-
selves (Rizzolatti and Fabbri-Destro, 2009). Feeling sympathy for or being 
nice to others is emotionally rewarding in part because it facilitates the 
release of dopamine, a neurotransmitter associated with personal reward 
(Decety, 2011). Trust, empathy, and sensitivity to others’ affective states 
are all facilitated by neuropeptides associated with attachment, maternal 
behavior, and pair bonding in animals, particularly oxytocin (Carter et 
al., 2008; Snowdon et al., 2010). Thus, even the most reflective forms of 
empathy in humans are derived from and still strongly linked to more 
rudimentary forms.

Similarly, reflective imitation involves the ability to recognize the goals 
and intentions of another and to understand that, to achieve the same 
goal, one must copy that individual’s actions. Human culture depends 
crucially on this ability, which is also shown to some degree by the great 
apes (Buttelmann et al., 2007). Even humans, however, are largely unaware 
of many of the behaviors in others that they routinely mimic. Like some 
animals, we have a reflexive, unconscious tendency to mimic the postures, 
mannerisms, and behavior of individuals with whom we are interacting.

As already noted, in the motor domain the same mirror neurons are 
activated when an individual performs a movement as when he observes 
another engaged in that movement. Similarly, both human and nonhuman 
primates reflexively follow the gaze of others (Shepherd et al., 2009), and 
both human and macaque neonates copy others’ facial expressions (Melt-
zoff and Moore, 1977; Ferrari et al., 2006). The fact that such mimicking is 
associated with empathy is exemplified by the phenomenon of contagious 
yawning. It is well known that viewing others yawn can elicit spontane-
ous yawning in oneself. Even this apparently reflexive response, however, 
seems to vary according to an individual’s sensitivity to more reflective 
behavior, including face recognition and understanding of others’ mental 
states (Platek et al., 2003). Spontaneous yawning is rare or absent in chil-
dren with autism spectrum disorder (Senju et al., 2007; Helt et al., 2010). 
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It also occurs at higher frequencies among kin and friends than among 
strangers, suggesting that contagious yawning is linked to and may also 
promote affiliation (Norscia and Palagi, 2011). These observations are not 
limited to humans: chimpanzees are also more likely to yawn in response 
to the yawns of familiar, as opposed to unfamiliar, individuals (Campbell 
and de Waal, 2011).

A variety of other observations on what has been termed the chame-
leon effect (Chartrand and Bargh, 1999) supports the view that reflexive 
mimicry is linked to the formation and maintenance of social bonds and 
has been favored by evolution because it promotes affiliation (Lakin et al., 
2003). Experiments suggest that people unconsciously mimic others when 
attempting to foster rapport and increase their frequency of mimicry 
when they are excluded from a group (Lakin and Chartrand, 2003; Lakin 
et al., 2008). Being imitated increases helpful and affiliative behavior (Van 
Baaren et al., 2004) and activates areas in the brain associated with reward 
processing (Kühn et al., 2010). In contrast, not being imitated increases 
cortisol levels (Kouzakova et al., 2010).

Similar observations have been obtained in nonhuman primates. Cap-
tive capuchin monkeys (Cebus apella) are more willing to approach and 
exchange tokens with a human who mimics their actions than one who 
does not (Paukner et al., 2009). Male chimpanzees’ long-distance pant 
hoots become more similar acoustically as individuals spend more time 
together (Mitani et al., 1999; Crockford et al., 2004), suggesting that call 
convergence is associated with, and may even promote, social affiliation.

In practice, it is almost impossible to distinguish reflective empathy 
from more reflexive forms and learned negative associations (de Waal, 
2012). This problem is not surprising given neurological evidence that 
the two are closely linked. In an early experiment specifically designed 
to examine whether one monkey would respond to another’s distress, 
rhesus macaques were trained to pull chains to obtain a food reward. The 
apparatus was then rigged so that a monkey in an adjacent cage received a 
shock each time a particular chain was pulled. Most of the monkeys soon 
stopped pulling the chain that delivered the shock, even though doing 
so deprived them of a reward. They were especially likely to avoid the 
chain if they had previously received shocks themselves (Masserman et 
al., 1964; Wechkin et al., 1964). Although the monkeys’ responses might 
at first be interpreted as evidence for reflective empathy, it seems as likely 
that they became distressed when they saw the other monkey being 
shocked because it was linked to a negative association for themselves. 
However, because even the most reflective forms of human empathy also 
evoke activity in more reflexive, primitive brain systems, these alternative 
explanations may be impossible to disambiguate.
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In a more recent experiment, macaques were given the option of 
delivering a reward to themselves, another monkey, or no one. Although 
subjects preferred to reward themselves over others, they nonetheless 
opted to reward their partner if the alternative was to reward no one. This 
preference was especially true if the partner was familiar (Chang et al., 
2011). Significantly, the same brain areas that are activated in humans 
during such exchanges were also activated in monkeys (Chang et al., 
2013), and again—as in humans (Guastella and MacLeod, 2012)—the mon-
keys’ vicarious reinforcement was enhanced if they first inhaled oxytocin 
(Chang et al., 2012).

Finally, in another experiment rats were placed in an arena with a 
cagemate trapped in a translucent tube (Ben-Ami Bartal et al., 2011). The 
free rats quickly learned how to open the tube to liberate their cagemates, 
and they continued to do so even when given an alternative option to open 
a tube containing chocolate. (In the latter case, the rat opened both tubes 
and shared the chocolate.) It is possible that the free rats’ responses may 
have been provoked in part by their own elevated stress at hearing their 
cagemates’ alarm calls. However, given neurological evidence that wit-
nessing distress in others activates many of the same brain areas as experi-
encing distress oneself, this distinction becomes difficult to disambiguate.

In sum, a variety of evidence suggests that reflexive empathy and 
imitation in both humans and other animals have evolved because they 
promote affiliation and social bonding. Joint attention and joint action 
activate areas of the brain associated with the processing of reward, and 
they are facilitated by the release of oxytocin. Importantly, what seems 
to be rewarding to animals is not physical contact per se but the specific 
identity of the social partner. In socially monogamous tamarins (Saguinus 
oedipus), strongly bonded pairs exhibit higher oxytocin levels than more 
weakly bonded pairs (Snowdon et al., 2010). Among wild chimpanzees, 
urinary concentrations of oxytocin are higher after individuals groom with 
a closely bonded partner (both kin and nonkin) than with a less closely 
bonded partner (Crockford et al., 2013). Evidently, grooming with a close 
friend or relative is more emotionally rewarding than engaging in the 
same behavior with a less preferred partner.

If empathy and affiliation have indeed been under strong selective 
pressure and lie at the roots of ToM, it should be possible to link these 
behaviors to fitness. Indeed, there is growing evidence that such a link can 
be made, because empathy and affiliation help individuals to form and 
maintain social bonds, and these bonds promote fitness.

Strong, enduring social bonds are a distinctive and adaptive feature of 
many animal societies. Such bonds are not limited to those formed by het-
erosexual mated pairs but extend to same-sex bonds formed between both 
kin and nonkin. Correlations between same-sex bonds and measures of 
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health or reproductive success have been documented in rodents, horses, 
dolphins, chimpanzees, baboons, and humans (Seyfarth and Cheney, 
2012). Strong bonds buffer individuals against stress and disease and 
perhaps as a result are correlated with longevity and offspring survival.

These observations suggest that natural selection has favored empa-
thy and imitation, because they are part of the cognitive and emotional 
skills that an individual needs to recognize others’ social relationships, 
understand their motives and intentions, and keep track of, anticipate, 
and react adaptively to social events and challenges. We now explore these 
questions in more detail, focusing on data derived from a long-term study 
of wild baboons living in the Okavango Delta of Botswana.

EMPATHY, SOCIAL BONDS, AND REPRODUCTIVE 
SUCCESS IN WILD FEMALE BABOONS

Social Bonds

Like many other species of Old World monkey, baboons live in large 
social groups (~75 individuals) composed of both kin and nonkin. Males 
emigrate from their natal group at adulthood. Females assume dominance 
ranks similar to their mothers’, and the female dominance hierarchy typi-
cally remains stable for many years (Cheney and Seyfarth, 2007). Females 
form strong grooming relationships with a subset of other females, the 
strongest bonds occurring among close matrilineal kin (Silk et al., 2012).

Despite the fact that high-ranking females enjoy priority of access 
to resources such as food and mates, female reproductive success in 
baboons—like female reproductive success in humans and other ani-
mals—is influenced less by a female’s dominance rank than by the 
strength and stability of her bonds with other females. We evaluated 
females’ bond strength using two indices of sociality. The first index, the 
Composite Sociality Index (CSI), measured dyadic bond strength based 
on females’ rates of approaches, groom presents, grooming initiations, 
and grooming durations with other females. The second index, the Part-
ner Stability Index (PSI), measured females’ retention of their top three 
partners across years. Over a 17-year period, offspring survival was sig-
nificantly positively correlated with the CSI (Silk et al., 2009), whereas 
longevity was significantly correlated with a combination of the strength 
and stability of females’ relationships with their top partners (Silk et al., 
2010). Females also experienced lower stress (as measured by fecal glu-
cocorticoid metabolites) when their grooming network was more focused 
(Crockford et al., 2008). Thus, the strength and stability of females’ social 
partners were correlated with several measures of fitness. Interestingly, 
however, variation in the strength of social bonds was not fully explained 
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by obvious demographic attributes like dominance rank or availability of 
kin. Although females established their closest bonds with kin, kin varied 
in the strength of their bonds, and some females without close kin estab-
lished close bonds with others.

These observations suggest that some individuals are more motivated 
or skilled than others at establishing and maintaining social bonds and 
that variation in patterns of affiliation that are correlated with fitness 
may result in large part from variation in personality styles. We therefore 
attempted to determine whether different patterns of behavior were more 
or less associated with social bond strength.

Personality Styles and Social Bond Strength

We applied exploratory principal component analysis to the behav-
ior of 45 female baboons over a 7-year period (Seyfarth et al., 2012). To 
construct the components that were used to identify personality dimen-
sions, we calculated annual rates for several behaviors not considered in 
previous analyses of sociality. These behaviors included the frequency 
that females were alone, the rate at which they were friendly to other 
females, the rate at which they were aggressive to other females (cor-
rected for dominance rank), and the frequency with which they grunted 
when approaching higher- and lower-ranking females. Among baboons, 
grunts serve as signals of benign intent and facilitate friendly interactions 
(Cheney et al., 1995). When females grunt to higher-ranking individuals, 
they are less likely to receive aggression. Conversely, when females grunt 
to lower-ranking individuals, those individuals are less likely to show 
submissive behavior. We were especially interested in the frequency with 
which females grunted to lower-ranking individuals, because such vocal-
izations do not benefit the signaler in any obvious way. Instead, they seem 
to function primarily to alleviate the anxiety of the recipient.

Our analysis identified three relatively stable personality dimen-
sions, each characterized by a distinct suite of behaviors that could not be 
explained by dominance rank or availability of kin. Females scoring high 
on the Nice dimension were friendly to all females and often grunted to 
lower-ranking females, apparently to signal benign intent. Aloof females 
were aggressive, were less friendly, and grunted primarily to higher-rank-
ing females. Loner females were often alone, were relatively unfriendly, 
and also grunted most often to higher-ranking females (Seyfarth et al., 
2012). The baboons themselves apparently recognized these differences, 
because they approached females who scored high on Nice at high rates 
but approached females scoring high on Aloof and Loner at much lower 
rates (Seyfarth et al., 2012, table 1). Personality designations remained 
relatively stable over time.

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


Affiliation, Empathy, and the Origins of Theory of Mind / 27

Importantly, the different personality attributes were associated in 
different ways with measures of fitness. Females who scored high on 
Nice had strong social bonds (high CSI scores) and stable preferences 
for their top partners. Females who scored high on Aloof had lower CSI 
scores overall but very stable preferences with their top partners. In con-
trast, Loner females had significantly lower CSI scores, less stable partner 
preferences, and significantly higher glucocorticoid (GC) levels (Seyfarth 
et al., 2012, table 2).

These results suggest that there are costs and benefits associated with 
particular personality characteristics. For example, selection would seem 
to act against females scoring high on the Loner dimension, because these 
individuals were under more stress than others and formed weaker bonds 
that yielded low CSI scores and low partner stability. This observation 
begs the obvious question of why any female would adopt the Loner 
strategy. Loners were not isolated and unfriendly solely because of their 
subordinate status or lack of kin; although these demographic factors 
contributed to their scores on this component, their behavior exacerbated 
them. Moreover, some Loners did have close kin, whereas other females 
who consistently scored high on Nice did not. If Loners were often the 
victims of circumstances, what skills or motivation allowed some indi-
viduals and not others to overcome these circumstances?

In sum, female baboons varied not only in the strength and stability of 
their bonds but also in the personality traits associated with these bonds—
particularly the ability or motivation to interact with others.

To test whether variation in personality traits was also associated 
with variation in females’ ability and/or motivation to keep track of, 
anticipate, and react adaptively to social events, we examined females’ 
responses to three different types of social challenges. We were interested 
not in females’ responses to adversity itself—because we expected little 
individual variation in responses to real, ongoing threats—but their abil-
ity to anticipate adversity, respond adaptively to adversity after it had 
occurred, and keep track of social interactions that had the potential to 
influence their own relationships. Because previous research had shown 
that, as a group, most females responded positively to these challenges, 
we expected that any differences that did emerge would be small.

Personality Styles and Responses to Social Challenges

Male Immigration

In the Okavango Delta, male immigrants that achieve alpha status 
often commit infanticide (Cheney and Seyfarth, 2007). Perhaps as a result, 
both immigration and instability in the alpha male position cause a sig-
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nificant increase in females’ GC levels. Lactating females are particularly 
likely to experience elevated GC levels, though during some immigra-
tion events females in all reproductive states show significant increases 
(Beehner et al., 2005; Engh et al., 2006b; Wittig et al., 2008). These responses 
are associated with a decrease in sociality among females (Wittig et al., 
2008), which may reflect their heightened vigilance and reactivity.

We examined increases in females’ GC levels from 2 weeks before to 
2 weeks after four different immigration events in 2002, 2003, 2004, and 
2005. All events involved the takeover of the alpha male position. We 
tested whether the magnitude of the GC changes of individual females 
was linked to their personality styles. Importantly, by focusing on GC 
changes in the 2 weeks immediately after the immigration event, we were 
able to assess females’ anticipation of the threat of infanticide rather than 
their responses to the actual act.

Consistent with previous results, the majority (75 percent) of individu-
als showed an increase in GC levels after immigration. However, some 
of the variation in females’ GC levels also seemed to be linked to their 
personality scores. The correlation between percent change in GC levels 
and Aloof scores was weakly negative (b = −10.15, SE = 10.5, t = −0.962, 
P > 0.10), as was the correlation for Loner scores (b = −11.24, SE = 11.62, 
t = −0.968, P > 0.10) (Fig. 2.1). In contrast, the correlation between Nice 
scores and change in GC levels was positive, though nonsignificant (b = 
5.278, SE = 10.00, t = 0.527, P > 0.10) (Fig. 2.1). There were no significant 
effects of reproductive state.

Thus, individuals who scored high on Nice tended to show increases 
in GC levels in response to male immigration, whereas those who scored 
high on Aloof and Loner tended to be less responsive.

Changes in Grooming Behavior After the Death of a Close Relative

Females also experience elevated GC levels after the death of a close 
adult female relative, probably in part because the death results in the loss 
of a regular grooming partner. Previous analyses have shown that, in the 
3 months after this loss, bereaved females increase both grooming rates 
and the number of female grooming partners (Engh et al., 2006a). These 
responses may facilitate the repair of females’ social networks through the 
establishment of new bonds.

To examine individual differences in response to this challenge, we 
compared the number of each bereaved female’s different grooming part-
ners in the 3 months after the death of a close female relative with the 
mean number of grooming partners for unaffected females in the group 
during the same period (controlling for reproductive state). (This method 
was chosen to control for variation in sampling rates across time.) Whether 
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females had a higher or lower number of partners than unaffected females 
seemed to be related to their personality scores. Females scoring high 
on the Loner component had fewer grooming partners than unaffected 
females (b = −1.138, SE = 0.866, t = −1.314, P = 0.203). In contrast, correla-
tions between the relative number of grooming partners were positive but 
nonsignificant for both Aloof (b = 0.366, SE = 0.624, t = 0.586, P = 0.564) 
and Nice (b = 0.799, SE = 0.509, t = 1.569, P = 0.132) scores (Fig. 2.2).

Thus, females who scored high on the Loner component had fewer 
grooming partners compared with unaffected females in the ensuing 3 
months, suggesting that they were unsuccessful in rebuilding their social 
network. This decrease occurred despite the fact that females who scored 
high on the Loner component tended to show a greater increase in GC 
levels than other females in the 2 weeks after the death of a close relative, 
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FIGURE 2.1 Percent change in females’ GC levels from 2 weeks before to 
2 weeks after the immigration of a potentially infanticidal male. Only immi-
gration events in which an immigrant attained the alpha rank were included 
in analysis; n = 33 females present for 1–3 events for a total of 64 female events. 
Dashed lines indicate no change; solid lines indicate least-square regression (sta-
tistics and probability values given in the text). The x axis denotes females’ scores 
on each of the three principal components (Aloof, Loner, and Nice) in the im-
migration year. Each point represents 1 female-year.
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particularly when that relative was a mother or adult daughter (rs = 0.771, 
N = 6, P > 0.10). In contrast, females who scored high on the Aloof and 
Nice components responded to the death of a close relative by grooming 
comparatively more females than unaffected individuals.

Variation in the Strength of Responses During Playback Experiments

Playback experiments are designed to test subjects’ knowledge of 
other individuals’ dominance ranks and kinship as well as their memory 
of recent social interactions and their participants. Consider reconciliation, 
for example. Baboons often grunt to their opponents after aggression, and 
these grunts serve to restore opponents to baseline levels of tolerance 
(Cheney and Seyfarth, 1997). In an experiment designed to determine 

FIGURE 2.2 The relative number of a female’s different grooming partners in the 3 
months after the death of a close relative (mother, adult daughter, or sister) compared 
with the mean number of grooming partners for all other females in those months 
(controlled for reproductive state); n = 18 females who lost from one to three close 
relatives for a total sample of 24 female-years. One outlier was removed. Legend is 
the same as in Fig. 2.1.
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whether reconciliation by kin could serve as a proxy for direct reconcilia-
tion, victims were played the grunt of the close relative of a recent oppo-
nent. Subjects were significantly more likely to approach their opponent 
after hearing a grunt from their opponent’s relative (test condition) than 
after hearing a grunt from a female from a different matriline (control 
condition) (Wittig et al., 2007b). In so doing, subjects showed that they 
remembered not only the specific nature of a recent interaction and the 
identity of the participants but also the kinship relations (or close associ-
ates) of other females in their group. Thus, by responding more strongly 
during tests than control trials, subjects showed that they were not only 
reactive but also appropriately reactive, in the sense that they responded 
strongly only to relevant stimuli.

For this analysis, we considered variation in females’ responses to 
playback stimuli in five previously conducted experiments that tested 
baboons’ memory of recent social interactions and knowledge of other 
individuals’ relationships (summary of the playback experiments used 
in the analysis is available from the authors) (Bergman et al., 2003; Engh 
et al., 2006c; Wittig et al., 2007a,b; Cheney et al., 2010). We used duration 
of looking toward the speaker in test compared with control trials as our 
dependent measure, because this response was used in all experiments. 
Because the strength of subjects’ responses varied across experiments, we 
ranked each subject’s duration of response in each experiment relative 
to response duration of other subjects. Thus, a subject who responded 
more strongly in the test vs. the control condition received a high positive 
ranking, whereas a subject that responded more strongly in the control 
condition received a negative ranking.

The correlations between strength of response and Aloof, Loner, and 
Nice scores were all positive, but only the Nice scores reached statistical 
significance (Aloof: b = 0.381, SE = 0.580, t = 0.657, P > 0.10; Loner: b = 
0.625, SE = 0.634, t = 0.986, P > 0.10; Nice: b = 1.250, SE = 0.566, t = 2.246, P 
= 0.027) (Fig. 2.3). Thus, although most females responded more strongly 
during test than control trials, females who scored high on the Nice com-
ponent were the most responsive.

Discussion: Social Challenges

Previous analyses (Seyfarth et al., 2012) showed that females scor-
ing high on the Nice component have stronger social bonds with other 
females. The data presented here suggest that, by three independent 
measures, these individuals may also be more responsive to social chal-
lenges and more motivated to attend to social interactions within their 
group (Table 2.1).
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First, females who score high on Nice may better anticipate threats 
that have yet to occur. Such females showed a greater anticipatory increase 
in GC levels at the arrival of a potentially infanticidal immigrant, sug-
gesting that they recognized the threat that such a male represented even 
before he attacked any infants. Second, females who score high on Nice 
may respond more adaptively to setbacks that have occurred. Females 
with high Nice and Aloof scores had more grooming partners than unaf-
fected females after the death of a close relative, suggesting that they were 
attempting to identify new social partners. In contrast, females who scored 
high on Loner had fewer partners than other females, suggesting that they 
made no such effort. Finally, there was some indication that females who 
scored high on Nice were more appropriately reactive during playback 
experiments than other females, perhaps because they were generally 
more attentive to social interactions and events in their group.

It is important to emphasize that all of the observed differences were 
small. As a group, females responded positively to each of the three chal-

FIGURE 2.3 Variation in females’ responses to playback stimuli in five different 
experiments. Subjects were ranked according to the strength of their response 
in experimental trials minus control trials; n = 33 females in one to five experi-
ments for a total of 73 subjects. One outlier was removed. Legend is the same 
as in Fig. 2.1.
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lenges, so it is not surprising that individual variation in response strength 
was subject to a ceiling effect. The attributes associated with females who 
scored high on the Nice component were not unique to these individuals; 
rather, such females seemed more consistently to show strong anticipatory 
and reactive responses to challenges. Clearly, however, this hypothesis will 
need to be tested in future research.

Several recent studies of birds have investigated the relationship 
between problem-solving ability and fitness. Results suggest that variation 
in problem solving does not result solely from differences in motivation or 
reactivity but instead may reflect genuine differences in cognitive ability 
(Keagy et al., 2011; Cole et al., 2012; Cauchard et al., 2013). In contrast, we 
have no evidence that female baboons vary in their cognitive abilities—
that, for example, Nice females are, by some measure, more skilled at 
problem solving. Instead, data suggest that differences in personality 
styles may be associated with greater responsiveness to social challenges 
and greater motivation to attend to, recall, and anticipate social interac-
tions. In a somewhat similar study of captive rhesus macaques, males 
who scored high on a sociability index (defined as the motivation to seek 
out others) experienced better health. These males also coped better both 
physiologically and behaviorally during unstable social conditions, and 
they seemed more motivated than other males to manage unpredictable 
social circumstances (Capitanio, 2011). In contrast to males that scored low 
on the sociability index, they seemed to find social interactions rewarding 
rather than aversive. Similar differences were observed among Nice and 
Loner female baboons.

CONCLUSIONS

Human behavior during cooperative interactions is often contrasted 
with behavior of chimpanzees, which in captivity show little evidence of 
prosocial behavior. Indeed, experiments explicitly designed to compare 
the behavior of children and chimpanzees suggest that humans are unique 
not only in their motivation to participate in activities that involve shared 

TABLE 2.1 Signs of the b Coefficients (Regression Slopes) of the Relation Between 
Personality Component Scores (Nice, Aloof, and Loner) and Three Social Challenges

Social Challenge Nice Aloof Loner

Male immigration + – –
Change in grooming partner 

number after relative’s death
+ + –

Playback experiments +* + +

*P < 0.05.
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goals and joint action but also their concern for the welfare of others 
(Tomasello et al., 2005; Warneken and Tomasello, 2009; Silk and House, 
2011). Most forms of apparent prosociality and empathy in animals can 
be explained functionally in terms of parental behavior, nepotism, or 
direct benefit. There is little evidence in animals—even apes—for the 
kind of reflective empathy that permits an individual to disassociate his 
own emotions and needs from others’ or be sensitive to another’s welfare 
independent of his own (Cheney, 2011).

However, although cooperation among humans clearly differs from 
cooperation among animals in many nontrivial ways, more naturalistic 
studies suggest that the contrasts are not as stark as initially proposed. For 
example, wild chimpanzees engage in a variety of cooperative, sometimes 
risky ventures with long-term social partners, including grooming, food 
sharing, and border patrols (Mitani, 2006). These interactions seem to 
be emotionally rewarding. As already mentioned, both male and female 
chimpanzees experience elevations in urinary oxytocin after grooming 
with a preferred partner (Crockford et al., 2013), and males that share meat 
with others experience a significant drop in testosterone (Sobolewski et al., 
2012). Thus, chimpanzees in the wild regularly engage in joint, cooperative 
action and seem to derive pleasure and reduced tension from what are, 
arguably, rather prosocial activities.

We have suggested that a full-blown ToM evolved from a rudimen-
tary form that is reflexively attentive and sensitive to others’ attention, 
emotions, and intentions. This rudimentary form of shared attention is 
widespread in many animals, still present in humans, and difficult to 
disambiguate—behaviorally and neurologically—from humans’ more 
derived, reflective ToM. We can explain the evolution of rudimentary ToM 
by noting that it facilitates attentiveness to others’ emotional states and 
thereby promotes the formation of strong social bonds, which are linked to 
fitness. Shared attention and sensitivity to others’ emotions may promote 
bond formation, because they include a subconscious tendency to mimic 
individuals with whom we are interacting. When two individuals interact, 
imitation makes the behavior of each partner more predictable to the other, 
and predictability and control are major modulators of stress (Sapolsky, 
2004). We may therefore find individuals who imitate us attractive in part 
because they are predictable.

In sum, a rudimentary ToM may have evolved because, in social ani-
mals, reflexive empathy and joint attention are both emotionally reward-
ing and adaptive. Individuals who are motivated to attend to others’ 
behavioral, attentional, and emotional states are more likely to interact 
positively with others and form stronger social bonds. Strong social bonds, 
in turn, contribute to reproductive success. Individual variation in the 
strength of social bonds, stress levels, and responsiveness to social chal-
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lenges may stem less from variation in cognitive ability than variation in 
the motivation to attend to and participate in social interactions.

METHODS

Data were derived from a long-term study of wild chacma baboons 
(P. hamadryas ursinus) in the Moremi Game Reserve, Botswana. The group 
had been observed since 1978. Maternal kinship was known for all indi-
viduals. The primary causes of mortality were infanticide and predation 
[details in Onishi and Baillargeon (2005)].

Statistical analyses were conducted using R statistical software (ver-
sion 2.15; R Foundation for Statistical Computing). For exploratory prin-
cipal component analysis, we used the principal function in the psych 
package with the default varimax rotation. To test for a relation between 
scores on principal components and dependent variables, we used linear 
mixed models (lmer in R), entering female identification and year as 
random factors.
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Evolution of Consciousness: 
Phylogeny, Ontogeny, and Emergence 

from General Anesthesia

GEORGE A. MASHOUR* AND MICHAEL T. ALKIRE†‡

Are animals conscious? If so, when did consciousness evolve? We address 
these long-standing and essential questions using a modern neuroscien-
tific approach that draws on diverse fields such as consciousness studies, 
evolutionary neurobiology, animal psychology, and anesthesiology. We 
propose that the stepwise emergence from general anesthesia can serve 
as a reproducible model to study the evolution of consciousness across 
various species and use current data from anesthesiology to shed light 
on the phylogeny of consciousness. Ultimately, we conclude that the 
neurobiological structure of the vertebrate central nervous system is evo-
lutionarily ancient and highly conserved across species and that the basic 
neurophysiologic mechanisms supporting consciousness in humans are 
found at the earliest points of vertebrate brain evolution. Thus, in agree-
ment with Darwin’s insight and the recent “Cambridge Declaration on 
Consciousness in Non-Human Animals,” a review of modern scientific 
data suggests that the differences between species in terms of the ability 
to experience the world is one of degree and not kind.
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Evolutionary biology forms a cornerstone of the life sciences and 
thus the neurosciences, yet the emergence of consciousness during 
the timeline of evolution remains opaque. As the theory of evo-

lution began to eclipse both religious explanations and Enlightenment 
doctrines regarding the singularity of human consciousness, it became 
clear that consciousness must have a point of emergence during evolu-
tion and that point likely occurred before Homo sapiens. “How,” Darwin 
questioned, “does consciousness commence?” His post-Beagle research 
on this question evidently caused him violent headaches. One such head-
ache can be expressed as the 20th century philosophical distinction of 
phenomenal consciousness and access consciousness (Block, 2007). Phe-
nomenal consciousness relates solely to subjective experience, whereas 
access consciousness includes (among other processes) the ability to report 
such experiences verbally (other distinctions related to consciousness can 
be found in Table 3.1). Thus, the scientist looking for objective indices 
of subjective events is primarily limited to humans manifesting access 
consciousness, an obstacle in studying the evolution of consciousness 
antecedent to our species. We could, however, take solace in the dictum 
that ontogeny recapitulates phylogeny and search for clues in devel-
oping humans. Unfortunately, Haeckel’s theory of recapitulation is not 
scientifically sound and, even if applicable in this case, we would still 
be constrained by the high probability that babies develop phenomenal 
consciousness before access consciousness. To overcome the limitations in 
identifying the birth of consciousness, we need a reproducible experimen-
tal model in which (i) consciousness emerges from unconsciousness at a 
discrete and measurable point, (ii) phenomenal consciousness and access 
consciousness are closely juxtaposed or collapsed, and (iii) assessment 
of neural structure and function is possible. In this chapter, we consider 
top-down and bottom-up approaches to consciousness, nonhuman con-
sciousness, and the emergence of consciousness from general anesthesia 
as a model for the evolution of subjectivity.

TOP-DOWN AND BOTTOM-UP APPROACHES 
TO CONSCIOUSNESS

To locate the birth of consciousness on the evolutionary timeline, it 
will be beneficial to consider the basic neural machinery that is thought to 
be involved in human consciousness (Crick, 1994; Damasio, 1999; Edelman 
and Tononi, 2000; Tononi, 2004; Baars, 2005; Denton, 2005; Blumenfeld, 
2011). The distinction between phenomenal and access consciousness 
was noted, but phenomenal consciousness itself reflects the dissociable 
neurobiological processes of awareness and arousal (Paus, 2000; Schiff 
and Plum, 2000; Jones, 2003; Laureys, 2005; Lydic and Baghdoyan, 2005) 
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TABLE 3.1 Definitions Relevant to Consciousness

Terms Explanation

Easy vs. hard problem of 
consciousness

This distinction was drawn by philosopher David 
Chalmers. “Easy” problems of consciousness (which 
are easy in principle only) include understanding 
the neural basis of feature detection, integration, 
verbal report, etc. The hard problem is the problem 
of experience; even if we understand everything 
about neural function, it is not clear how that 
would explain subjectivity.

Awareness Cognitive neuroscientists and philosophers use 
the term “awareness” to mean only subjective 
experience. In clinical anesthesiology, the term 
awareness is (inaccurately) used to include both 
consciousness and explicit episodic memory.

Wakefulness vs. awareness Wakefulness refers to brain arousal, which can be 
manifest by sleep-wake cycles and can occur even 
in pathologic conditions of unconsciousness such as 
vegetative states. Thus, being awake is dissociable 
from being aware.

Phenomenal vs. access 
consciousness

Phenomenal consciousness is subjective experience 
itself, whereas access consciousness is that which 
is available to other cognitive processes (such as 
working memory or verbal report).

External vs. internal 
consciousness

External consciousness is the experience of 
environmental stimuli (such as the sound of an 
orchestra), whereas internal consciousness is an 
endogenous experience (such as a dream state).

Consciousness vs. 
responsiveness

An individual may fully experience a stimulus (such 
as the command “Open your eyes!”) but not be 
able to respond (as when a patient is paralyzed but 
conscious during surgery).

Levels of consciousness vs. 
contents of consciousness

Levels of consciousness include distinctions such 
as alert vs. drowsy vs. anesthetized, whereas 
the contents of consciousness refer to particular 
phenomenal aspects such as a red rose vs. a blue ball.

(Table 3.1). Awareness refers to the content of consciousness (red apple vs. 
blue sky), whereas arousal refers to brain activation and level of conscious-
ness (alert vs. drowsy vs. asleep vs. anesthetized). A number of current 
theories about consciousness propose that the cortex is the primary site 
containing the neural correlates of awareness (Tononi and Edelman, 1998; 
Van der Werf et al., 2002; Crick and Koch, 2003; Seth et al., 2005; Franks, 
2008; Brown EN et al., 2011), whereas midline subcortical brain structures 
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provide ascending arousal influences to the cortex (Van der Werf et al., 
2002; Franks, 2008; Brown EN et al., 2011). Thus, we can explore both top-
down and bottom-up approaches to consciousness.

Top-Down Approach

Seth et al. (2005) propose three main physiological reasons support-
ing the importance of the neocortex to the process of consciousness. 
First, the electroencephalogram of virtually all mammals and birds in 
the awake state is characterized by desynchronized, high-frequency, and 
low-amplitude activity. This pattern changes to one of low-frequency, 
high-amplitude activity during depressed levels of consciousness such as 
nonrapid eye movement (NREM) sleep, minimally conscious states, and 
anesthesia. Thus, a state-dependent change in the electrical firing proper-
ties of the neurons across the neocortex varies with the level of arousal 
and strongly supports the idea that neuronal activity in the brain (and 
particularly in the neocortex) is a necessary requirement for consciousness 
(Revonsuo, 2006).

Second, consciousness appears to be linked more specifically with 
neural activity in the thalamocortical system. In this view, the midline 
brain structures of brainstem and midbrain are thought to be important 
for keeping the cortex in an aroused or awake state, whereas the cortical 
regions are thought to serve as specific cognitive modules contributing to 
the contents of conscious experience. The idea that certain brain regions 
are more important than others for generating the contents of conscious-
ness is further supported by a number of basic neurological facts. For 
instance, a person could suffer the loss of the cerebellum or large bilateral 
portions of the medial temporal lobes, including amygdala and hippocam-
pus complex, and would not become unconscious. However, focal damage 
to specific areas of cortical tissue will change the contents of a person’s 
consciousness in a way that matches the loss of function associated with 
the specific area damaged. Cortical lesions can thus result in such specific 
impairments of consciousness that one may no longer be able to speak, 
perceive color, or identify parts of themselves as their own (Aguirre et al., 
1998). Damage to lower midline brain structures, on the other hand, will 
likely alter the level of consciousness (i.e., arousal) without necessarily 
changing its contents.

Thalamocortical oscillations have been posited to be of critical impor-
tance to consciousness because they help integrate functionally diverse 
and spatially distinct cognitive modules in the cortex (Saalmann et al., 
2012; Schmid et al., 2012). The interplay of segregation and integration is 
a fundamental focus of the integrated information theory of consciousness 
(Tononi, 2004, 2012). The capacity of the thalamocortical system to achieve 
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both integration and differentiation is reflected in higher levels of Phi, a 
proposed metric for consciousness (Tononi, 2004). Phi reflects the amount 
of information generated by an integrated system beyond the information 
contained within the components of the system. In principle, this measure 
captures the emergent property of the system (consciousness) that cannot 
be causally reduced to individual subsystems (particular brain regions). 
Phi is predicted to decrease during sleep and seizures; preliminary evi-
dence suggests it also decreases during anesthesia (Lee et al., 2009b), pos-
sibly due to impaired long-range coupling of neural spike activity (Lewis 
et al., 2012). Although the integrated information theory of consciousness 
has yet to be definitively demonstrated, it is a guiding paradigm that 
can inform the evolution of consciousness from the network perspective. 
Creatures with brain network systems that are capable of generating high 
values of Phi are more likely to be conscious (Edlund et al., 2011).

Third, widespread brain activity appears correlated with conscious 
activity. Sensory input spreads quickly from sensory cortex to parietal, 
temporal, and prefrontal areas (Dehaene et al., 2003). This spread of corti-
cal activity is also associated with recurrent local feedback occurring along 
the way, followed shortly thereafter by long-range feedback from anterior 
to posterior structures (Lamme, 2006). These long-range connections are 
thought to be important for the experiential aspects of consciousness (i.e., 
awareness) (Singer, 1993) and appear to be preferentially suppressed dur-
ing general anesthesia (Lewis et al., 2012; Schröter et al., 2012). In particu-
lar, there is strong evidence that networks across the frontal and parietal 
cortices are associated with awareness across multiple sensory modalities 
(Gaillard et al., 2006; Fahrenfort et al., 2008; Blumenfeld, 2012). The lateral 
frontoparietal network plays a role in mediating consciousness of the envi-
ronment, whereas the medial frontoparietal network plays a role in medi-
ating internal conscious states such as dreaming and internally directed 
attention (Boly et al., 2007; Denton et al., 2009). It is becoming increasingly 
clear that the directionality of corticocortical network communication is 
relevant to conscious processing. Information processing from the caudal 
to rostral direction (feedforward) is associated with sensory processing 
that can occur in the absence of consciousness (e.g., general anesthesia, 
priming) (Imas et al., 2005; Gaillard et al., 2007). In contrast, information 
processing in the rostral-to-caudal direction (feedback or cortical reaffer-
ence) is thought to be associated with experience itself and is preferentially 
inhibited by general anesthetics (Imas et al., 2005; Lee et al., 2009a; Ku 
et al., 2011).

The neocortical view of consciousness originates, in part, from early 
morphologic examination of brain differences across species that sug-
gested the capacities of consciousness increased as brains evolved from 
more primitive reptilian organization, to mammalian (or, with a lim-
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bic system, paleomammalian), and then neo-mammalian organization, 
characterized by an intricately folded neocortex. This conceptualization 
of brain evolution occurring in stages during which more “advanced” 
brains—along with their expanded behavioral repertoire—were built on 
the structure of earlier forms was popularized by Maclean as “the triune 
brain” (Maclean, 1990). Importantly, this view of brain evolution is now 
largely considered erroneous (Emery and Clayton, 2005; Jarvis et al., 
2005). It did offer an easy conceptualization for relating brain structure 
with function and suggested evolutionary time points for when various 
behaviors would have emerged. Newer findings, however, strongly refute 
the model of a triune brain, especially the concept of a later-developing 
neocortex (Fig. 3.1) (Emery and Clayton, 2005). As it turns out, a precursor 
of the neocortex was actually present in the earliest evolving vertebrates, a 
claim based on some aspects of connectivity and homology of early tran-
scription factor expression (Striedter, 2005). The basic structural pattern of 
a brainstem, midbrain, and forebrain did not need to be completely rein-
vented as each new species emerged. Rather, as various ecological niches 
were exploited by various creatures, those brain regions best suited for 
enhancing survival in the local environment were emphasized for further 
development (Emery and Clayton, 2005).

FIGURE 3.1 Theories of brain evolution. Ancient brain structure evolution theory 
of Scala Naturae showing brain development proceeding from simple to more 
complicated with the addition of new brain regions as evolution progressed. 
This erroneous view is compared with a modern understanding of brain struc-
ture evolution that reveals a basic common structure evolved in the vertebrate 
brain and various regions expanded to accommodate each specific animal’s 
needs. Modified from Emery and Clayton (2005) with permission from Elsevier. 
[NOTE: Figure can be viewed in color in the PDF version of this volume on the 
National Academies Press website, www.nap.edu/catalog.php?record_id18573.]
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Bottom-Up Approach

Since the discovery of the ascending reticular activating system by 
Moruzzi and Magoun in the late 1940s (Moruzzi and Magoun, 1949), 
the fundamental and permissive role for arousal in generating conscious 
states has been well established. It is now clear how a number of specific 
nuclei and specific cell types within the brainstem, midbrain, basal fore-
brain, and diencephalon send long-range axons throughout the cortex to 
enhance arousal and generate a neurochemical environment in the cortex 
that is capable of supporting consciousness (Lydic and Baghdoyan, 2005). 
The role of arousal in regulating overall levels of consciousness is clearly 
established in connection with depressed levels of consciousness as during 
sleep or coma (Laureys et al., 2004). How arousal machinery interacts with 
consciousness during more subtle cognitive and behavioral manipulations 
is the subject of much current research (Cahill and Alkire, 2003; Coull 
et al., 2004; Devilbiss et al., 2006). However, through the study of arousal 
as it relates to emotion (Paus, 2001; McGaugh, 2005), another link is made 
that puts some of Darwin’s later investigations into a more modern light.

Darwin spent the later years of his career investigating the similarities 
and differences associated with emotional expression in man and animals 
(Darwin, 1872). He reasoned that if animals show emotion through behav-
ioral expression, and man is an animal, then the behavioral expression 
of emotion in man must share a similar neurobiologic evolution with 
the other animals capable of expressing similar emotions. Put another 
way, years before behaviorism dominated neuroscience, Darwin saw how 
commonalities in emotional expression across species likely reflected the 
occurrence of similar underlying states of mind that only made sense 
within a theory of evolution. Modern study into the emotional lives of 
animals now reveals how fundamentally similar the brain structures are 
that support affective reactions in animals and humans (Panksepp, 2011).

Consciousness may not have emerged from the need to make an inter-
nal representation of the outside world, but rather as an extension of very 
basic primitive or primordial emotional influences. Such emotional influ-
ences would generate an arousal response in an organism and prepare its 
brain for action. This hypothesis is well elaborated by Denton (2005) in 
his book on primordial emotions. It posits that the most basic instincts, 
such as thirst, hunger for air, hunger for salt and food, and the desire for 
sex are the defining starting points for evolving a conscious brain (Denton 
et al., 2009). This idea holds within it the concept of intention, desire, and 
action selection, where the basic intention of a movement is in the service 
of fulfilling a desire. As noted by Darwin (1872), “So strongly are our 
intentions and movements associated together, that if we eagerly wish an 
object to move in any direction, we can hardly avoid moving our bodies 
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in the same direction, although we may be perfectly aware that this can 
have no influence.”

The basic behavior of an organism is driven by a fundamental physi-
ologic need to maintain homeostasis. Those cells and systems used for 
monitoring and maintaining the internal milieu are referred to as intero-
ceptors (Denton, 2005). The basic behaviors driving homeostasis are evi-
dent as far back as the first multicellular organisms that needed a vascular 
system to provide nutrients to those cells no longer exposed directly to 
the environment. Creatures that could meet their basic homeostatic needs 
are the ones that survived; those that did not suffered extinction. The 
brain structures needed for generating arousal and primitive emotional 
responses are generally located in the brainstem, midbrain, and limbic 
system and are as old as the vertebrate radiation itself (Jing et al., 2009).

Recent work on the lamprey, a jawless fish whose common ancestor 
forms the basis for all vertebrates more than 500 million years ago, has 
revealed just how ancient the neuroanatomy and neurochemistry needed 
for action selection is. Findings reveal that the lamprey’s behavioral motor 
output system shows similar complexity to higher-level vertebrates who 
are capable of regulating behavior by both direct and indirect motor out-
put pathways from the basal ganglia (Stephenson-Jones et al., 2012). In 
other words, the lamprey is capable of both selecting a motor output to 
perform and at the same time inhibiting the performance of other pos-
sible outputs. Thus, they are capable of making a choice depending on the 
situation with which they are confronted. This “reduction of uncertainty” 
(a classic definition of information) through action selection may be the 
precursor to the highly informative states of consciousness characteristic 
of humans. We address the relationship of motoric behavior and con-
sciousness in the next section.

More complex neocortical abilities offered a survival advantage to 
more complex brains by giving organisms a larger grasp of their surround-
ings, but these systems developed over time and used sensory informa-
tion from the environment or exteroreceptors (Denton, 2005). Denton 
illustrates his point with the example of a dehydrated frog placed next to 
a water source in the sun. The frog has only a limited capacity in its visual 
system and when placed next to a source of water it will usually die with-
out moving, unless it stumbles on the water by accident. If, by chance, the 
frog finds the water, it will drink, which suggests functioning interorecep-
tors. In contrast, the more highly evolved visual system of the lizard allows 
that creature to see the water and immediately drink, suggesting that its 
more evolved brain more successfully couples its exteroreceptor-mediated 
perceptions with its interoreceptor-mediated needs. This coupling of an 
internally based need system with an externally based situational aware-
ness system is likely the foundation for the emergence of consciousness, 
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and it closely corresponds to the mental machinery seen in humans for 
generating awareness and arousal.

The brainstem arousal centers are, for the most part, juxtaposed with 
the sensory motor inputs and outputs of the cranial nerves that supply the 
head and neck with its ability to orient a creature to its environment and 
provide a stable platform for sensing its surroundings. The motor output 
of the cranial nerves is fundamentally linked with the expression of emo-
tion in essentially all vertebrates, and this likely emanates from the oldest 
of the predator–prey relationships. In essence, an open mouth signifies 
a meal for the predator, and if the hunt is successful, it would likely be 
associated with internal sensations of goal/task completion that would 
serve to fulfill a basic need for food in the predator. This goal comple-
tion/desire fulfillment would likely have positive reinforcing value for 
an organism and might easily be hypothesized to lead to internal states 
comparable to a sense of pleasure (Panksepp, 2011). For the prey, an open 
mouth heading toward it would certainly be cause for alarm, prompting 
an immediate escape response that, if successful, might be associated with 
an internal state of heightened arousal and fear (Panksepp, 2011). Thus, 
the most basic emotions and arousal states are associated with internal 
feedback networks that serve to guide an organism’s behavior toward 
its best possible situational outcome. This emotional arousal machinery 
underlies essentially all behavioral choices in the vertebrate brain.

CONSCIOUSNESS IN NONHUMAN SPECIES

If consciousness evolved in conjunction with cephalad development 
of the central nervous system, then its emergence should, in principle, be 
identifiable at a discrete point on the tree of evolution. Darwin reasoned 
that the cognitive differences between species must be one of degree 
and not kind. This conclusion is consistent with the recent Cambridge 
declaration that occurred on July 7, 2012, at the first annual Francis Crick 
memorial conference on consciousness. A group of prominent scientists 
formally declared in a document entitled the “Cambridge Declaration on 
Consciousness in Non-Human Animals” that the neurobiological struc-
tures needed to support consciousness are not uniquely human (Low, 
2012). This declaration essentially states that the capacity for conscious-
ness likely emerged very early in evolutionary terms, and those processes 
that support consciousness in humans are likely characteristic of many 
living creatures. In fact, according to the declaration, based on a number of 
considerations from comparative brain anatomy and current knowledge 
about the neurobiology of consciousness, it would seem almost certain 
that some form of consciousness is present in all mammals and could have 
emerged on the evolutionary timeline at the branch point of amniotes.
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However, long before the Cambridge declaration, some thinkers 
expressed serious concerns about attributing higher levels of conscious-
ness to all life. Indeed, René Descartes, often considered the philosophical 
father of the mind–body relationship, questioned whether a conscious 
self arose in the animal kingdom. He avoided ascribing a conscious self 
to a particular animal because by doing so he recognized that he might 
be compelled to ascribe a conscious self to all animals. This all-or-none 
approach did not reflect an evolutionary theory perspective, which raised 
the possibility of a conscious continuum. This continuum, however, also 
introduces difficulty. As pointed out by Gallup (1985), in discussing the 
emergence of consciousness in animals, 

Where do we draw the line? On the one hand, we could decide not to 
draw a line. This would presume that all living things are sentient, con-
scious, and mindful. While the data are admittedly incomplete, the issue 
should be taken seriously. Life on this planet consists of several million 
different species. Most are microorganisms, plants, and insects. I doubt 
that there is a paramecium, a rosebush, or a termite alive today which 
is aware of its own existence or has the capacity to become the object of 
its own attention.

With Gallup’s statement, we begin to see the need for clarity in how 
or why we associate certain behaviors with subjective experience and 
the need for some operational definitions of the “consciousness” being 
studied.

To identify the origin of sentience along an evolutionary timeline, it 
is beneficial to consider a common element that might link consciousness 
across species, rather than focusing on the ostensibly unique qualities of 
human experience such as self-reflection. Furthermore, this common ele-
ment should likely relate to a goal-directed behavior or response pattern 
that confers a survival advantage in a given environment. In line with 
philosophers such as Merleau-Ponty and neuroscientists such as Rudolfo 
Llinás and György Buzsáki, we support motility (also referred to in this 
context as motricity) as a strong candidate for the evolutionary anlage of 
consciousness (Cotterill, 2001; Goodrich, 2010). Consider, for example, the 
unicellular paramecium, which is covered with several thousand cilia. 
These cilia can serve both the function of sensing environmental stimuli 
and initiating motility responses (e.g., attraction, avoidance) based on the 
nature of those stimuli. This preneural example of a single structure (i.e., 
cilia and their coordinated activity) mediating both sensation and response 
is intriguing but does not establish the primacy of motility as a kernel of 
consciousness. Perhaps a more compelling case is that of the sessile sea 
squirt, which possesses neural structures only transiently during a larval 
stage (Llinás, 2001). Neural ganglia and primordial sensory processing 
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allow the sea squirt to find a suitable local environment and underwater 
surface for attachment. However, after this goal is achieved the neural 
tissue is digested, suggesting a role related exclusively to movement. 
Although it is unlikely that paramecia and sea squirts have phenomenal 
experience, these early examples of sensation in the service of motility lead 
us to start the search for the neurobiological origins of consciousness in 
phylogenetically conserved structures.

WHAT IS THE NEURAL “CORE” OF CONSCIOUSNESS?

To identify which aspects of the mental machinery should be the focus 
of evolutionary consideration for consciousness, we need to identify the 
neural correlates of the most primitive core of human consciousness. The 
still emerging field of consciousness studies has been dominated in the 
last decade by a search for the neural correlates of consciousness, which 
have been defined as the specific and minimally adequate brain states that 
correspond to states of consciousness (Tononi and Koch, 2008). However, 
studies of the content of consciousness (e.g., the awareness of a red rose 
placed in your visual field) already assume a conscious brain; thus, the 
neural activity or structure identified in these paradigms corresponds to a 
specific content within a preexisting consciousness (Hohwy, 2009). Study-
ing the level of consciousness (e.g., arousal states) is also beset with dif-
ficulties. For example, the transition from a fully conscious to unconscious 
state will inform us primarily of correlates required for the full spectrum 
of waking human consciousness rather than the minimal or core require-
ments. Furthermore, we must also grapple with how to identify the true 
correlate (or substrate) of consciousness vs. neural prerequisites or neural 
consequences of consciousness (Aru et al., 2012; de Graaf et al., 2012).

To address some of these difficulties, a recent study explored the 
neural correlates of the primitive form of consciousness that arises during 
emergence from general anesthesia (Långsjö et al., 2012). With anesthesia, 
the level of consciousness can be manipulated as an experimental vari-
able, and the resultant changes in brain activity can then be determined 
with various neuroimaging and neurophysiologic techniques. Numerous 
studies have now examined what happens to brain activity when con-
sciousness is removed by anesthesia (Alkire et al., 2008; Brown et al., 2010); 
however, fewer studies have investigated the correlates of consciousness 
associated with its return following a period of anesthesia (Friedman et 
al., 2010; Lee U et al., 2011; Xie et al., 2011; Bonhomme et al., 2012). In one 
recent study of healthy male volunteers, positron emission tomography 
(PET) was used to investigate the neural correlates of the recovery of 
consciousness from the i.v. anesthetics propofol and dexmedetomidine 
(Långsjö et al., 2012). The order of the state transition is important because 
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the investigation of consciousness to unconsciousness may yield a variety 
of nonspecific deactivations due to drug effects that do not necessarily 
play a core role in consciousness. The emergence of consciousness (as 
judged by the return of a response to command) was correlated primarily 
with activity of the brainstem (locus coeruleus), hypothalamus, thalamus, 
and anterior cingulate (medial prefrontal area). Surprisingly, there was 
limited neocortical involvement that correlated with this primitive form 
of consciousness. Frontal–parietal connectivity appeared to be the key 
cortical response, which has been confirmed by studies of consciousness 
and anesthesia using electroencephalography (Lee U et al., 2011). Similar 
findings were seen in another imaging study investigating the emergence 
of consciousness from sleep (Balkin et al., 2002). In the sleep study, midline 
arousal structures of the thalamus and brainstem also recovered func-
tion well before cortical connectivity resumed. Thus, the core of human 
consciousness appears to be associated primarily with phylogenetically 
ancient structures mediating arousal and activated by primitive emotions 
(Liotti et al., 2001; Denton et al., 2009), in conjunction with limited con-
nectivity patterns in frontal–parietal networks (Merker, 2007; Brusseau, 
2008) (Fig. 3.2).

The emergence from general anesthesia may be of particular interest to 
evolutionary biology, as it is observed clinically to progress from primitive 
homeostatic functions (such as breathing) to evidence of arousal (such as 
responsiveness to pain or eye opening) to consciousness of the environ-
ment (as evidenced by the ability to follow a command) to higher cognitive 
function. Unlike the emergence of consciousness over millions of years 
in phylogeny or months during the gestational period in ontogeny, the 
emergence of consciousness from the anesthetized state is a reproducible 
model system that can be observed in real time over the course of hours. 
Multimodal investigation using neuroimaging and neurophysiology, in 
conjunction with clinical observation and cognitive evaluation, could 
uncover key shifts of neural activation or network organization that sup-
port conscious processing. For example, high-density electroencephalog-
raphy could be used during recovery from general anesthesia to measure 
Phi to help delineate in humans the threshold for emerging consciousness. 
Such a threshold could then be compared with other species in the wak-
ing state to determine the relative value with reference to the neural core 
of human consciousness. This approach could be applied to any number 
of brain network properties, as assessed quantitatively through graph 
theoretical methods (Stam and van Straaten, 2012b).

Network approaches—which have broad applicability in mathemat-
ics, biology, computer science, and sociology—might be particularly 
attractive to test hypotheses across species, where functionally similar 
cognitive systems may arise from neurobiologically distinct structures. 
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For example, the mammalian cortex and avian pallium are histologically 
distinct (Table 3.2) (Butler, 2008), but may subserve similar network func-
tions that can be quantitatively assessed and compared with human find-
ings. General anesthesia represents a way of turning back the evolutionary 
clock of cognitive function in humans and—depending on the “depth” 
and length of anesthetic exposure—allows investigators to observe the 
return of neural function in a way that could recapitulate phylogeny. 
Although not without difficulties (including the contamination of access 
consciousness, because language is involved in assessing return of con-
sciousness after anesthesia), advantages of emergence from anesthesia as 
a model system for the evolution of consciousness include convenience, 
reproducibility, real-time observation, possibility of subjective report of 
experiences (with experiments in humans), and amenability to neurosci-
entific investigation across multiple species.

FIGURE 3.2 Brain structures functionally related to primitive emotional arous-
al and the return of consciousness following sleep or anesthesia. The primitive 
emotional response of air hunger shows activations in brainstem and anterior 
cingulate regions; thalamic changes are also seen (Liotti et al., 2001). Subjective 
emotional arousal activates similar regions in an event-related functional MRI 
study of picture viewing. Reproduced with permission from Hayama et al. (2012). 
Midline thalamic and anterior cingulate arousal is seen with PET neuroimaging 
when consciousness first reemerges following sleep or anesthesia. Reproduced 
with permission from Balkin et al. (2002) and Långsjö et al. (2012). A common 
brainstem, thalamic, cingulate neuroanatomy associated with conscious brain 
activity is seen. Images used with permission. [NOTE: Figure can be viewed in 
color in the PDF version of this volume on the National Academies Press website, 
www.nap.edu/catalog.php?record_id18573.]
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WHEN DOES CONSCIOUSNESS OF THE WORLD ARISE?

The recent experiments with general anesthesia in humans suggest that 
phylogenetically ancient structures in the brainstem and diencephalon—
with only limited neocortical involvement—are sufficient to support prim-
itive consciousness. Where, then, does consciousness arise on the evolu-
tionary timeline? One might be tempted to conclude that consciousness 
commenced as our mammalian ancestors evolved just beyond reptiles 
and their predominantly subcortical brains. However, paleontological 
findings suggest that the synapsid line that gave rise to mammals and the 
sauropsid line that gave rise to reptiles and birds both diverged from the 
primitive anapsid line at a single point ~315 million years ago (Warren 
et al., 2008). Furthermore, there is significant evidence that avian species 
are capable of higher cognition and even consciousness itself (Butler and 
Cotterill, 2006). For example, birds demonstrate evidence of explicit epi-
sodic recall (i.e., conscious memory of an event) (Emery and Clayton, 2004) 
and theory of mind (i.e., attribution of subjective mental events to another 
being) (Emery and Clayton, 2001). Thus, it would be misguided to try to 
identify a single point at which consciousness emerged because evidence 
suggests that consciousness evolved along two independent lineages. As 
pointed out by Butler et al. (2005), birds and mammals share a number 

TABLE 3.2 Comparison of Neocortex and Pallium with Respect to Requirements for 
Cell Assemblies

Requirements for 
Hebbian Cell Assembly

Structure of 
Mammalian Neocortex Structure of Avian Pallium

Many neurons of the 
same kind

About 85% pyramidal 
cells

High number of multipolar 
cells

Connections with each 
other

Most synapses are 
between pyramidal 
cells

Many synapses between 
multipolar cells

Excitatory connections About 90% of synapses 
are type 1 (excitatory)

Many synapses excitatory

Modifiable connections About 75% of synapses 
are on spines

Dendrites are densely spiny

Individual neurons 
connected to as many 
other neurons as 
possible

About 8,000 synapses 
per neuron

Many synapses per neuron

Distant connections 
across the network

Large amount of white 
matter

Axons more interspersed 
with neurons

SOURCE: Modified from Butler (2008) with permission from Elsevier.
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of homologous traits despite this evolutionary divergence, including a 
dramatic increase in their brain–body ratios (compared with reptiles), 
homeothermy, extended parental care of offspring, habitual bipedalism, 
distinct sleep stages, and complex social interactions. The neurobiology 
also reflects homologous advances, particularly in the mammalian neocor-
tex and the avian pallium (Table 3.2). These advances include the emer-
gence of recurrent or feedback processing, which is not found in reptiles. 
Thus, both birds and early mammals are equipped with a neural substrate 
consistent with conscious processing: phylogenetically conserved brain-
stem, diencephalic structures such as thalamus and hypothalamus, and 
association neocortex (or equivalent) capable of recurrent processing. 
All of these structures appear to play a role as the neural core for primi-
tive consciousness in humans, as evidenced by experiments with general 
anesthesia.

The critical role of subcortical structures in consciousness has been 
further argued based on clinical observations of hydranencephalic chil-
dren, who are essentially devoid of neocortex and yet who still dem-
onstrate some behavioral signs of consciousness (Merker, 2007). Others 
have attempted to link the arousal-related components of consciousness 
with the contents of consciousness by placing emphasis on the dynamic 
recurrent activity that occurs in the thalamus or through the thalamic 
reticular nucleus when consciousness is present (Min, 2010; Ward, 2011). 
As such, the PET study showing that the emergence of consciousness is 
correlated with increased activity in “primitive” brain regions may reflect 
an arousal-related response to the test stimulus itself rather than a direct 
awareness of the stimuli that are occurring in the thalamus. In either event, 
the data clearly show that the neurocircuitry associated with arousal is 
fundamental to consciousness. A further recent study investigating long-
term memory encoding also imaged the neural correlates of subjective 
emotional arousal. As shown in Fig. 3.2, the neural correlates for aware-
ness of subjective arousal induced by viewing of emotional stimuli involve 
the same midbrain arousal structures seen with activation of primordial 
emotions (Hayama et al., 2012).

Regarding ontogeny of H. sapiens, peripheral sensory receptors are 
thought to be present from 20 weeks of gestation in utero. The devel-
opmental anlage of the thalamus is present from around day 22 or 23 
postconception, and thalamocortical connections are thought to be formed 
by 26 weeks of gestation (Brusseau, 2008). Around the same time of gesta-
tion (25–29 weeks), electrical activity from the cerebral hemispheres shifts 
from an isolated to a more continuous pattern, with sleep-wake distinc-
tions appreciable from 30 weeks of gestation. Thus, both the structural 
and functional prerequisites for consciousness are in place by the third 
trimester, with implications for the experience of pain during in utero or 
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neonatal surgery. It is of interest to note that the third trimester of human 
development is thought to be the period in which the maximal proportion 
of time spent in REM sleep occurs across the lifespan (Birnholz, 1981). 
This finding supports the ontogenetic theory of REM sleep as a process of 
internally driven neuronal activation that prepares the developing cortex 
for the coming influx of sensory stimuli at birth. The theory of REM sleep 
as a form of protoconsciousness has recently undergone further elabora-
tion (Hobson, 2009).

WHEN DOES CONSCIOUSNESS OF THE SELF ARISE?

One component of consciousness that seems linked to higher cogni-
tive abilities is awareness of the self rather than simply awareness of the 
environment. One way to test for this possibility is to use what is known 
as the mirror self-recognition (MSR) test (Keenan et al., 2003). In 1970, 
Gallup found that chimpanzees, but not monkeys, were able to pass the 
MSR test (Gallup, 1970). This test presupposes that the experimental sub-
ject has sufficient cognitive ability to be aware of itself as an entity that 
is distinct from another conspecific. This ability then defines one form of 
consciousness (i.e., the ability to have awareness of one’s own awareness 
or self). In Gallup’s well-controlled experiment, the animals were first 
allowed ample time with mirror exposure to allow social responses to their 
reflected images to diminish greatly. The number of social responses and 
the number of self-directed responses were measured before the animals 
had a mark covertly placed on their forehead or ear while they were briefly 
anesthetized. The animals were then allowed to recover from anesthesia, 
and some hours later a mirror was reintroduced. On seeing themselves 
in the mirror, the marked chimpanzees—but not the marked monkeys—
exhibited mark-directed responses by spending time investigating the 
area of the mark and examining their fingers after touching the mark. 
The findings led Gallup to conclude “insofar as self-recognition of one’s 
mirror image implies a concept of self, these data would seem to qualify 
as the first experimental demonstration of a self-concept in a subhuman 
form.” Regarding the difference between chimpanzee and monkey, he fur-
ther concluded, “Our data suggest that we may have found a qualitative 
psychological difference among primates, and that the capacity for self-
recognition may not extend below man and the great apes.” The distinc-
tion among primates suggests that the qualitative nature of the conscious 
experience varies greatly across species and the introspective nature of 
human consciousness may be evolutionarily quite rare. The MSR test has 
now been used to examine the ability of other species to show evidence 
of self-awareness. Primates that have passed the MSR test include chim-
panzees, orangutans, and bonobos. The case for the gorilla is equivocal 
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with mostly negative findings; several studies have suggested that more 
socialized gorillas might be able to pass the test. Humans begin to develop 
a sense of self and pass the MSR test starting around 18 months of age, 
and by 24–36 months, almost all western children will show a positive 
MSR response (Amsterdam, 1972). The distinction between great apes 
and monkeys would seem to provide a clear demarcation in the capacity 
for consciousness between species. Numerous studies have supported 
this demarcation, with multiple failed attempts to detect self-awareness 
in monkeys, despite one recent report to the contrary (Rajala et al., 2010). 
However, a number of methodological concerns limit enthusiasm for the 
one contrary study, and overall the data continue to suggest that macaques 
do not evidence MSR behavior (Anderson and Gallup, 2011). In evolution-
ary terms, if objective evidence of self-awareness can be taken as evidence 
for consciousness, then consciousness as it occurs in the primate with their 
more fully developed cortex may have evolved ~5 million years ago, at 
around the time when great apes split off from the lesser apes.

Mirror self-recognition may not be limited to the relatively big-brained 
great apes. More recent work with other big-brained creatures suggests 
the possibility that dolphins, and at least one African elephant, may also 
be capable of this response (Delfour and Marten, 2001; Reiss and Marino, 
2001; Plotnik et al., 2006). As apes, elephants, and cetaceans have a very 
remote common ancestor, these findings would seem to suggest that the 
mental machinery prerequisite for self-awareness must be at least as old 
as the development of the placental divide in mammals (Wildman et 
al., 2007). However, we may be able to take this idea on another path in 
evolutionary time. As noted, the cognitive abilities of some birds are now 
thought to be comparable to the abilities of some primates (Emery and 
Clayton, 2004). Evidence suggests that the brain development of the bird, 
which evolved on a different path from mammals, still has a conceptu-
ally similar thalamocortical structure that can be delineated (Jarvis et al., 
2005). The cognitive abilities of various birds seem to correlate with the 
relative size of the analogous avian prefrontal cortex. Indeed, the crow-like 
Corvidae (crows, ravens, magpies, rooks, jackdaws, and jays) appear to 
have the most advanced behavioral repertoire, as well as the largest pre-
frontal cortex (pallium) (Emery, 2006). Importantly, a recent report shows 
magpies (having a relatively large prefrontal cortex) exhibit behavior 
consistent with MSR (Prior et al., 2008). This finding, coupled with the 
current understanding of avian neuroanatomy and its well-developed 
thalamocortical structure, suggests that the foundations required for both 
consciousness of the world and consciousness of the self may have formed 
as early as the amniote radiation (Warren et al., 2008).

From a cognitive perspective, the meaning of self-awareness behav-
iors in a mirror remains somewhat controversial (Morin, 2011). Some 
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argue that the mirror behavior could be more easily explained by simple 
knowledge of one’s body. The neurobiology of having a body sense is 
something that is highly linked with a sense of consciousness (Damasio, 
2003). Perhaps, as stated by Morin (2011), “all an organism requires to 
self-recognize is a mental representation of its own physical self; the organ-
ism matches the kinaesthetic representation of the body with the image 
seen in the mirror and infers that ‘it’s me.’” A number of other arguments 
against overinterpreting MSR have been made, yet despite these relevant 
concerns, from an evolutionary point of view the presence or absence of a 
MSR response is at least a starting point for considering what having such 
a response might mean as a basis for the evolution of consciousness. The 
MSR response allows one to question what is functionally and structurally 
different about brains that can self-recognize vs. those that cannot.

WHY IS HUMAN CONSCIOUSNESS UNIQUE?

We have argued that the brainstem, diencephalon, and limited asso-
ciation cortex capable of recurrent processing is consistent with a core 
or primitive consciousness. However, what accounts for the richness of 
human experience in contrast to those of early mammals or birds? Draw-
ing on the integrated information theory of consciousness, the evolution 
of more complex brain networks capable of synthesizing the outputs of 
more functionally diverse modules would result in a higher capacity for 
consciousness. Indeed, integration of information appears to correlate 
positively with fitness in artificial agents (animats) (Edlund et al., 2011). It 
is unknown in biology, however, whether it is the level or quality of con-
sciousness that differs across species. Although H. sapiens may have more 
advanced cognition, it is difficult to imagine that a sedentary human has a 
higher level of consciousness than a highly alert beast in pursuit of prey; 
the richness of conscious experience may be what differs. Alternatively, it 
is possible that advanced symbolic processing in human cognition eclipses 
the subjective characteristics of experience. In other words, cognition 
may be potentially opposed to phenomenal consciousness. Despite these 
considerations, human consciousness—especially the capacity for self-
consciousness and reflection/projection in time—seems unique. Although 
evidence suggests that the core of consciousness is rooted in phylogeneti-
cally older structures such as the brainstem and diencephalon (Merker, 
2007), the evolution of that which is particular to human consciousness 
may be more closely associated with the development of the frontal cortex. 
The relative size of the frontal lobes with respect to the total neocortex is 
roughly the same in modern humans and great apes, but richer intercon-
nectivity might account for advanced cognition in H. sapiens (Semendeferi 
et al., 2002). In particular, directed anterior-to-posterior connectivity has 
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been associated with conscious perception and is dominant in humans 
(Ku et al., 2011) but not in rodents (Imas et al., 2005; Nieder, 2009) (Fig. 3.3). 
It has been suggested that the afferent information from the periphery con-
verging at the hub of the posterior parietal cortex becomes, with the expan-
sion of the frontal cortex, dominated by a strong anterior-to-posterior 
reafference (Noack, 2012). Indeed, a recent neural mass model based on 
structural connectivity data from diffusion tensor imaging in humans pre-
dicts an information flow from the frontal to the posterior parietal cortex 
(Stam and van Straaten, 2012a). In essence, this information flow reversal 
suggests that human consciousness is more defined by internal dynamics 
than external stimuli. This level of information flow reversal may help 
explain, in part, those animals capable of an MSR response. According to 
one theory, human consciousness is a closed system or “oneiric” (dream-
like) state that is simply modulated by environmental input (Llinás and 
Ribary, 1993), a theory consistent with REM sleep as a building block for 
human consciousness. The relative independence from environmental 
determination of conscious content would potentially permit a greater 
diversity or richness of experience in comparison with species without 
dominance of anterior-to-posterior flow. This independence would also 
facilitate the projection and simulation associated with future plans, of 
clear relevance to survival. It is important to note, however, that the role 
of information flow in consciousness is unclear at this time and requires 
further neuroscientific investigation.

FIGURE 3.3 Schematic showing relative size of frontal lobe across different 
species and the potential capacity for anterior-posterior information flow. The 
DLPFC (blue) areas represent the prefrontal cortex, and the schematic shows 
how the prefrontal cortex proportionally increases in size with increasing brain 
size across species. Relative brain size is scaled to the human brain. Modified 
from Nieder (2009) with permission from Elsevier. [NOTE: Figure can be viewed 
in color in the PDF version of this volume on the National Academies Press web-
site, www.nap.edu/catalog.php?record_id18573.]
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CONCLUSION

The emergence of consciousness on the evolutionary timeline has been 
scientifically considered at least since the time of Darwin. The emergence 
of consciousness from the anesthetized state may provide a practical and 
reproducible model for characterizing the real-time evolution of the core 
neural correlates required for consciousness of the world and of the self. 
Using recent data from general anesthesia in humans, we suggest that the 
arousal centers in the brainstem and diencephalon—in conjunction with 
even limited neocortical connectivity and recurrent processing—can result 
in primitive phenomenal consciousness. By “reverse engineering,” we 
postulate that early mammals and birds possessing these structures (or 
their equivalents) are capable of phenomenal consciousness. However, the 
increased complexity of networks and a functionally dominant prefrontal 
cortex in the brain of H. sapiens likely accounts for the unique richness of 
the human experience.
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Part II

THE PRIMATE EVOLUTIONARY CONTINUITY

Shared neurologic mechanisms are the main argument in favor of 
continuity between nonhuman and human primates’ minds. Sev-
eral contributors to this Sackler Colloquium have studied these 

common mechanisms in the field of memory and its brain counterparts. 
In Chapter 4, Robert Clark and Larry Squire offer a history of the scien-
tific debate provoked by Owen’s (1859) proposal of a lack of evolutionary 
continuity between human and other primates on the grounds of several 
brain traits, hippocampus minor (HM) among them (Scoville and Milner, 
1957). Since HM was proposed to have a strong role in the organization 
of memory, the possibility of using animal models appeared, thus sup-
porting evolutionary continuity for the neuroanatomy of human memory. 
Clark and Squire examine such cross-species similarities in the field of 
the multiple-memory systems paradigm, offering challenges to the ani-
mal model when concurrent discrimination tasks are considered in both 
humans and monkeys.

Two chapters in this book focus on the evolution of memory. Peter 
Carruthers points out in Chapter 5 that, despite being fundamental to 
learning, speech, reading comprehension, prospection and planning, as 
well as to reflective serial conscious reasoning, working memory (WM) 
has been scarcely investigated under the across-species perspective. On 
the grounds of current research, Carruthers holds that WM is a homolo-
gous trait shared by humans and nonhuman primates, although our spe-
cies is unique in aspects like inner speech. Also, humans may be unique 
in making frequent task-independent use of their WM abilities. However, 
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in the absence of direct comparative studies, claims on the WM continuity 
or discontinuity remain somewhat speculative.

Next, in Chapter 6, Timothy Allen and Norbert Fortin offer a comple-
mentary analysis of the large body of research on the evolution of episodic 
memory (EM). The authors propose that protoepisodic memory systems 
link avian and human phylogenies, supporting the homologous character 
of traits, such as hippocampal–parahippocampal–prefrontal pathways 
that would be shared from a common neural ancestry, as opposed to the 
alternative possibility of evolutionary convergence. Despite this shared 
capacity, Allen and Fortin discuss eventual divergences, such as with 
regard to human language, self-consciousness, empathy, and Theory of 
Mind, holding that these constitute species-specific attributes associated 
with the expansion in human brains of prefrontal areas.

Differences in social behavior between species rely in part on the 
neuromodulatory regulation of neural circuits. In Chapter 7, Steve Chang 
and his coworkers offer clues on how biological specializations for social 
function transform ancestral mechanisms by means of duplication, repur-
pose, or differential regulation at multiple levels of organization, from 
neurons and circuits to hormones and genes. Social behavior shapes the 
structure and function of these mechanisms in a feedback way. Therefore, 
the authors hold that a neuroethological approach to the study of human 
and nonhuman primate social behavior might clarify the phylogeny of 
interactions between social behavior and neuromodulatory regulation.

The counterpart of phylogeny is ontogenetic development. Compari-
sons between human and macaque neocortical development show differ-
ences that might relate the relatively prolonged neuronal maturation in 
humans to the enhancement of social learning and transmission of cultural 
practices, including language. However, few data exist on the ontogenetic 
neural development of the apes that are more closely related to humans. 
By means of an experimental analysis, Serena Bianchi and her cowork-
ers, in Chapter 8, show for the first time how Pan paniscus synaptogenesis 
matches the human case, with a peak of synapse density during the juve-
nile period (2–5 years of age). Also, chimpanzees and humans share a late 
development of dendrites of prefrontal pyramidal neurons, compared to 
sensorimotor areas, offering a common potential for enhanced develop-
mental plasticity. The authors hold that their findings suggest that several 
key features of human brain ontogeny emerged prior to the divergence of 
the chimpanzee and human lineages.
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4

Similarity in Form and Function of the 
Hippocampus in Rodents, Monkeys, 

and Humans

ROBERT E. CLARK*†║ AND LARRY R. SQUIRE*†‡§

We begin by describing an historical scientific debate in which the fun-
damental idea that species are related by evolutionary descent was chal-
lenged. The challenge was based on supposed neuroanatomical differ-
ences between humans and other primates with respect to a structure 
known then as the hippocampus minor. The debate took place in the 
early 1860s, just after the publication of Darwin’s famous book. We then 
recount the difficult road that was traveled to develop an animal model of 
human memory impairment, a matter that also turned on questions about 
similarities and differences between humans and other primates. We then 
describe how the insight that there are multiple memory systems helped 
to secure the animal model and how the animal model was ultimately 
used to identify the neuroanatomy of long-term declarative memory 
(sometimes termed explicit memory). Finally, we describe a challenge to 
the animal model and to cross-species comparisons by considering the 
case of the concurrent discrimination task, drawing on findings from 
humans and monkeys. We suggest that analysis of such cases, based on 
the understanding that there are multiple memory systems with different 
properties, has served to emphasize the similarities in memory function 
across mammalian species.

*Veterans Affairs Medical Center, San Diego, CA 92161; and Departments of †Psychiatry, 
‡Neurosciences, and §Psychology, University of California at San Diego, La Jolla, CA 92093. 
║To whom correspondence should be addressed. E-mail: reclark@ucsd.edu.
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Here, we describe the successful development during the past 
few decades of a model of human memory and human memory 
impairment in monkeys and rodents. This work, which focused 

on the hippocampus and anatomically related brain regions, provides a 
robust illustration of similar neuroanatomy and function across species. 
The expectation that the study of experimental animals should yield 
insights into the organization of human memory is certainly reasonable 
when considered in the light of evolution and evolutionary theory. Indeed, 
the central idea behind the study of nonhuman mammals is the notion 
that what can be learned about mammalian behavior and mammalian 
brains can improve understanding of the human brain and the human 
condition. However, this perspective was not so easily attained. We begin 
by describing an historical scientific debate in which this fundamental 
idea (continuity between nonhumans and humans) was challenged on 
the basis of supposed neuroanatomical differences between humans and 
other primates. The debate took place in the early 1860s, just after the 1859 
publication of Darwin’s (1859) On the Origin of Species. We then describe 
the difficult road that was traveled to develop an animal model of human 
memory impairment.

HIPPOCAMPUS MINOR AND BRAIN ANATOMY

In 1859, Sir Richard Owen (1804–1892), the renowned British compara-
tive anatomist and paleontologist, and superintendent of the Natural His-
tory Department of the British Museum, member of the Royal Society, and 
author of more than 600 scientific publications, published a provocative 
and controversial paper (Owen, 1859). He argued that humans should be 
reclassified as distinct and separate from other primates. Up to this point, 
Linnaeus classification had placed humans, apes, and monkeys into the 
single order Primates. Owen’s new classification created not only a new 
order for humans (Bimana “two-handed ones”) but a new subclass for 
humans (Archencephala “ruling brain”), which placed humans well apart 
from other primates. On the final page of his essay, Owen provided the 
following summary: “Man is the sole species of his genus, the sole rep-
resentative of his order and subclass. Thus I trust has been furnished the 
confutation of the notion of a transformation of the ape into man, which 
appears from a favourite old author to have been entertained by some in 
his day” (Owen, 1859).

It has been argued (Gross, 1993a) that this reclassification must have 
been due, at least in part, to Owen’s knowledge of the forthcoming pub-
lication of Charles Darwin’s (1859) On the Origin of Species. It was well 
known even before publication that Darwin’s book would emphasize a 
clear physiological and anatomical relationship among species and argue 
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that all species descended from common stock (in addition to proposing 
the theory of “natural selection” as the mechanism for driving evolution).

Owen based his new classification on three ostensible neuroanatomi-
cal differences in brain structure between humans and other animals, 
including nonhuman primates. He suggested that these three anatomi-
cal features were fundamental because these structures were not just 
different in humans and other primates but were found uniquely in the 
human brain (Owen, 1859). According to Owen, the first fundamental 
difference between humans and animals was that only in humans was 
there a posterior lobe. Specifically, only the human cerebrum extended 
over and beyond the extent of the cerebellum. The second difference was 
that only humans have a posterior horn or cornu of their lateral ventricles 
(a portion of the lateral ventricle that extends posteriorly and laterally). 
The third and most important difference was that only humans have a 
hippocampus minor.

Within the floor of the lateral ventricles are two prominent structures: 
a large structure referred to at that time as the hippocampus major (now 
known simply as the hippocampus) and a smaller structure known then 
as the hippocampus minor. The hippocampus minor is a ridge in the floor 
of the posterior horn of the lateral ventricle. The original term for the hip-
pocampus minor, and the term in current use, is the calcar avis. The calcar 
avis is a Latin term meaning “cock’s spur” due to its resemblance to the 
spurs found on rooster legs.

Owen’s reclassification was met with a vigorous opposition, led prin-
cipally by Thomas Henry Huxley (1825–1895). Huxley was a British biolo-
gist, paleontologist, and anatomist. In his lifetime, he served as president 
of the Royal Society, president of the Geological Society, and president of 
the British Association for the Advancement of Science, and he was one of 
Darwin’s most vocal scientific supporters. The debate between Owen and 
Huxley was anticlimactic in one sense because Huxley was easily able to 
demonstrate that Owen’s three criteria, including the hippocampus minor, 
were not only identifiable in all primate species available for study but that 
the relative size of the hippocampus minor was larger in some primate 
species than in humans (Huxley, 1861a,b, 1863). During the course of his 
investigations, Huxley also discovered that the hippocampal fissure in pri-
mates actually consisted of two separate fissures. The more anterior fissure 
retained the name hippocampal fissure, whereas the more posterior fissure 
was renamed by Huxley as the calcarine sulcus because the calcar avis, or 
hippocampus minor, is, in fact, formed by the deep inward penetration of 
the calcarine sulcus (Huxley, 1861a). The hippocampus minor debate can 
be said to have concluded when Sir Charles Lyell, Great Britain’s leading 
geologist and one of its most eminent scientists, reviewed in detail the 
hippocampus minor debate (Lyell, 1863). Lyell authoritatively concluded, 
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without reservation, that the hippocampus minor debate was settled in 
Huxley’s favor. Lyell’s conclusion was all the more compelling because 
Lyell had not fully embraced Darwin’s theory of evolution.

Despite its brief lifetime, the debate over the hippocampus minor 
was important. It has been suggested by some historians (Desmond, 
1984; Gross, 1993b) that Huxley intended to show not only that Owen 
was incorrect but that he must have been intentionally obfuscating the 
facts. Huxley admitted as much in a letter he sent to Sir Charles Lyell on 
August 17, 1862 [the letter is reproduced in Huxley (1900)]. In this letter, 
Huxley references a line from a well-known poem by the noted paleon-
tologist, Sir Philip Egerton. Huxley wrote: “I do not think you will find 
room to complain of any want of distinctness in my definition of Owen’s 
position touching the Hippocampus question. I mean to give the whole 
history of the business in a note, so that the paraphrase of Sir Ph. Egerton’s 
line ‘To which Huxley replies that Owen he lies,’ shall be unmistakable.” 
Huxley’s effort damaged the scientific reputation of perhaps the most 
prominent antievolutionist of the time and helped pave the way for the 
broad scientific acceptance of evolution by scientists during the following 
decades [excellent reviews of the hippocampus minor debate are provided 
by Gross (1993a,b)].

In the end, the hippocampus minor debate provided another example 
of the similarities in neuroanatomical organization among all primate 
species, including humans. The same would later prove to be true for hip-
pocampal function and for the organization of long-term memory across 
species ranging from rodents to primates. However, as described in the 
sections that follow, the continuity of memory function across species was 
in serious doubt for nearly two decades.

HIPPOCAMPUS AND THE MODERN 
ERA OF MEMORY RESEARCH

The modern era of memory research, and the first insights about the 
hippocampus and the organization of memory, began with the description 
of patient H.M. by William Beecher Scoville and Brenda Milner. Patient 
H.M. had a history of minor and major seizures that were unresponsive 
to antiepileptic medication. Eventually, with the consent of the family, the 
surgeon Scoville attempted to relieve the seizures with an experimental 
surgical intervention that involved resecting the medial aspect of the 
temporal lobe bilaterally. Subsequently, MRI scans showed that the lesion 
was bilaterally symmetrical and included the medial temporal polar cor-
tex, virtually all the entorhinal cortex and amygdaloid complex, and the 
anterior half of the intraventricular aspect of the hippocampal formation 
[i.e., dentate gyrus (DG), hippocampus, subicular complex]. The perirhi-

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


Hippocampus in Rodents, Monkeys, and Humans  / 63

nal cortex was substantially damaged as well, with some sparing of its 
ventrocaudal aspect (Corkin et al., 1997). The surgery succeeded in that it 
reduced the frequency and severity of the seizures, but it left H.M. with 
profound amnesia.

The subsequent systematic evaluation of H.M. and other patients 
with similar damage established three fundamental principles (Squire, 
2009). First, memory is a distinct cerebral ability that is separate from 
other cognitive functions, such as perception, intelligence, personality, 
and motivation. Second, short-term memory and long-term memory are 
distinct functions, because H.M. had severely impaired long-term mem-
ory. However, he could maintain and use information for a short time 
in immediate memory (and working memory) so long as the material 
could be effectively rehearsed. With distraction, the information was lost. 
Third, medial temporal lobe structures are not the ultimate repository of 
long-term memory because H.M.’s memory for remote events remained 
largely intact.

At the time that H.M. was first described, the anatomy of the medial 
temporal lobe was poorly understood and it was not known what specific 
damage (within the large region included in his surgery) was responsible 
for his memory impairment. Accordingly, efforts were begun to address 
this question in experimental animals. In fact, these efforts began almost 
immediately when Scoville himself went to Montreal and performed the 
same surgery in monkeys that he had performed with H.M (Correll and 
Scoville, 1965). However, these monkeys and others with medial temporal 
lobe lesions were able to learn tasks that seemed similar to tasks that H.M. 
could not learn.

The difficulty was that it was not yet appreciated that humans and 
experimental animals can approach ostensibly similar tasks using different 
strategies (Multiple Memory Systems). For example, monkeys learn visual 
discrimination tasks gradually over many trials in a fashion that is now 
referred to as habit learning. In the monkey, this kind of learning depends 
on the basal ganglia rather than the medial temporal lobe (Mishkin et 
al., 1984; Teng et al., 2000). By contrast, humans learn the same task by 
directly memorizing the stimulus material. In the decade that followed 
H.M.’s initial description, extensive work in rats with hippocampal lesions 
also failed to reproduce H.M.’s impairment. For example, rats with hip-
pocampal lesions, like monkeys, performed normally on simple visual 
discrimination problems (Kimble, 1963). Lesioned rats were also unim-
paired at learning to press a bar for food and at various shock avoidance 
tasks [reviewed by Douglas (1967)]. In short, it was clear from the work 
carried out during the 1960s that the behavioral impairments observed in 
rats with hippocampus lesions did not provide an adequate description 
of the memory impairment seen in humans with hippocampal damage. 
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Accordingly, investigators studying rats tended not to relate their work 
to studies of memory-impaired patients and were more likely to interpret 
their findings within the framework of response inhibition as first outlined 
by Pavlov (1927). In fact, in a review of the literature on the hippocampus 
and behavior published a decade after the description of H.M., Robert 
Douglas (1967) wrote:

Hippocampal lesions obviously do not impair learning in general, even 
when the learning involves retention for long periods of time. Thus, the 
animal and human data would appear to be in contradiction. This con-
tradiction could be “resolved” by postulating that the hippocampus has 
a different basic function in man and beast. Such a solution to this prob-
lem is generally unacceptable to physiological psychologists, however. 
Another possible resolution of this paradox is that the recent memory loss 
in man is a secondary effect of a different type of primary disorder. The 
author has chosen the latter course, and suggests that the recent memory 
loss in man is a genuine phenomenon, but that it is a byproduct of inter-
ference during storage and not due to a lack of ability to store, per se.

These comments made it clear that a large animal literature was sub-
stantially out of register with the human work and that experimentalists 
were beginning to doubt the basic idea that medial temporal lobe damage 
produced an impairment in memory. Furthermore, if one did suppose 
that medial temporal lobe damage in humans impaired memory, then 
to understand the data from animals, one must consider the possibility, 
however unsatisfactory, that memory is organized differently in humans 
and other animals.

MULTIPLE MEMORY SYSTEMS

During the 1960s and 1970s, it was not yet understood that differ-
ent tasks of learning and memory could be supported by different brain 
systems. Many of the tasks given to animals with hippocampal lesions 
were, in fact, skill-based tasks that amnesic patients would have been 
able to acquire (Milner, 1962), or they were tasks that animals could learn 
as a skill even if humans tended to learn the task by memorizing the 
material. Establishing an animal model of human memory impairment 
would require developing tasks for animals that assessed the same kind of 
memory that is impaired in humans after medial temporal lobe damage.

The kind of memory that is impaired is now typically referred to as 
declarative memory (Cohen and Squire, 1980). Declarative memory is 
flexibly expressed and provides conscious access to facts and events. It 
is impaired when structures of the medial temporal lobe are damaged. 
In contrast, the term nondeclarative memory refers to various acquired 
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skills and abilities that are not accessible to conscious knowledge but are 
expressed through performance and depend on different brain systems 
(Squire, 2004). Nondeclarative memory is independent of the medial tem-
poral lobe.

A key advance in establishing a model of human medial temporal lobe 
amnesia was the development of one-trial memory tests for the monkey. 
In 1974, Gaffan suggested that many tests of memory in animals with hip-
pocampal damage might not be similar to the tests that reveal memory 
impairment in patients. Accordingly, if one intends to relate work in 
animals to work in humans, it is not adequate to use any convenient task 
in which an animal must utilize memory. Rather, one must use “specifi-
cally designed animal analogs of those tests that do reveal impairment in 
human amnesiacs” (Gaffan, 1974). One of the tests that Gaffan used was 
a one-trial test of visual recognition memory, which had been refined for 
use in monkeys by Benjamin Weinstein (1941). In this test (initially referred 
to as the “matching-from-sample delayed reaction procedure”), monkeys 
were presented with a single object that they displaced for a food reward 
(the sample phase). Memory for the sample object was then tested after a 
delay by presenting the sample object together with a new object (choice 
phase). The monkey was trained to select (i.e., match) the object that had 
been presented previously during the sample phase. Unique objects were 
used on each trial so that judgment of familiarity was sufficient to identify 
the correct object. The demand on memory could be increased by increas-
ing the delay between the sample and choice phases. This task became 
known as the “delayed matching to sample” (DMS) task. Monkeys with 
lesions of the fornix, thought to mimic the effects of hippocampal damage, 
impaired performance in a delay-dependent fashion. Performance was 
intact at a delay of 10 seconds but impaired at delays of 70 seconds and 
130 seconds (Gaffan, 1974).

An alternative version of the DMS task was also developed and 
referred to as the delayed nonmatching to sample (DNMS) task (Mishkin 
and Delacour, 1975). In this case, monkeys were trained to select the new 
object during the choice phase (i.e., nonmatch the sample object). In a criti-
cal experiment (Mishkin, 1978), monkeys were given lesions designed to 
mimic the damage sustained by H.M. The key group received hippocam-
pus plus amygdala lesions, together with the cortex underlying these two 
structures. Other monkeys received smaller lesions of the hippocampus 
(and underlying cortex) or lesions of the amygdala (and underlying cor-
tex). Note that the underlying cortical areas damaged by surgery were not 
specifically targeted but were damaged during the surgical approach to 
the hippocampus and amygdala. Postoperatively, the animals reacquired 
the nonmatching rule, and the delay between the sample and choice 
phases was then increased progressively from 10 seconds to 30 seconds, 60 
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seconds, and 120 seconds. The result was that hippocampal or amygdala 
lesions (combined with the underlying cortical areas that were damaged 
in this study) yielded only a mild impairment but that the combined lesion 
(hippocampus plus amygdala and underlying cortex) produced a marked, 
delay-dependent deficit that was especially severe at the longer delays.

The demonstration of delay-dependent impairments in performance 
was critical for identifying this impairment as a memory impairment. 
When performance is spared at short delays and selectively impaired at 
longer delays (when the demand on memory is greatest), one can rule out 
a variety of alternative explanations for the impairment (e.g., the ability 
to identify objects; motivational changes; as well as secondary effects of 
the lesion, such as hyperactivity, increased distractibility, motor impair-
ments, and other nonspecific effects). This study, and subsequent stud-
ies, that relied especially on the DNMS task (Zola-Morgan et al., 1982), 
documented the successful establishment of an animal model of human 
medial temporal lobe amnesia.

The DNMS task with trial-unique stimuli was subsequently adapted 
for use with rats (Mumby et al., 1990). This new task used trial-unique 
objects that could be displaced to obtain food rewards just as in the ver-
sion developed for monkeys (Mumby et al., 1990). Additionally, the test 
apparatus was designed so that the delay between the sample and choice 
phases could be as short as 4 seconds. Work with this task demonstrated 
that lesions of the hippocampus, or lesions of the cortical regions adjacent 
to the hippocampus, produced a delay-dependent memory impairment 
similar to what had been reported in the monkey (Mumby and Pinel, 1994). 
Thus, this new task successfully extended the animal model of medial 
temporal lobe memory impairment to the rat. Further work with this 
task demonstrated that the impairment in rats with hippocampal lesions 
was unambiguously a delay-dependent memory impairment (Clark et al., 
2001) and that delay dependence was not a simple consequence of the 
large amount of training given at the short delay during learning of the 
nonmatching rule (Ringo, 1993).

Since the successful establishment of the DNMS task, another memory 
task has become widely used. This task allows one-trial learning to be 
studied in humans and experimental animals in a straightforward and 
simple way (Clark and Squire, 2010). The visual paired-comparison (VPC) 
task was initially developed to study the development of vision in human 
infants (Fagan, 1970). In this task, two identical stimuli are presented side-
by-side for a period (e.g., 1–2 min). Immediately afterward, the infant is 
presented with the recently viewed stimulus along with a novel stimu-
lus. The finding is that infants preferentially look at the novel stimulus, 
presumably because they remember the already presented and now less 
interesting stimulus. This work established the VPC task as a reliable test 
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of visual recognition memory. The task takes advantage of a spontaneous 
preference for novelty (which is preserved across mammalian species), 
and it has the advantage of not requiring any verbal instruction or rule 
learning. This feature makes the task an excellent tool for studying pre-
verbal human infants and experimental animals.

The VPC test was subsequently adapted for the monkey (Bachevalier 
et al., 1993), the rat (Ennaceur and Delacour, 1988), and the mouse (Tang 
et al., 1999). When used with primates, this task is generally referred to as 
the VPC task, because it is a test of visual recognition memory. In the rat 
and mouse, the animal physically explores the objects so that visual, olfac-
tory, and tactile information can be used to guide performance during the 
test phase. Accordingly, in the rodent, this task is typically referred to with 
other descriptors, such as “novel object recognition” (NOR), “novel object 
preference,” “spontaneous object preference,” or “spontaneous object rec-
ognition.” Here, we refer to it as the NOR task.

Recent findings with the VPC and NOR tasks are consistent with find-
ings using the DNMS task. For example, memory-impaired patients with 
damage that included the hippocampus exhibited memory impairment 
on the VPC test (McKee and Squire, 1993). Furthermore, monkeys (Zola 
et al., 2000), rats (Clark et al., 2000), and mice (Hammond et al., 2004) with 
selective hippocampal damage, or transient disruption of hippocampal 
function, exhibited delay-dependent memory impairments when tested 
with the VPC/NOR task [a summary of the work in animals with hip-
pocampal lesions is provided in Clark and Martin (2005) and Squire et al. 
(2007)]. The NOR task has now largely replaced the DNMS task for the 
assessment of recognition memory in the experimental animal (Clark and 
Martin, 2005; Winters et al., 2008).

ORGANIZATION OF LONG-TERM DECLARATIVE MEMORY

Work in the experimental animal during the past three decades used 
these tasks to identify a system of anatomically connected structures in 
the medial temporal lobe that, when damaged, produce memory impair-
ment like the impairment first revealed by the study of H.M. [reviewed in 
Clark and Squire (2010)]. The system of structures important for memory 
includes the hippocampus and the adjacent entorhinal, perirhinal, and 
parahippocampal cortices (Squire and Zola-Morgan, 1991). The amygdala 
is not part of this system. Note also that in the rat, the parahippocampal 
cortex is referred to as the postrhinal cortex; however, anatomical organi-
zation is preserved across the three species (Fig. 4.1).

The hippocampus, defined here as the DG, cornu ammonis (CA)3, 
and CA1, is anatomically situated to receive highly processed information 
from widespread neocortical regions through three cortical areas, the ento-
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FIGURE 4.1 Ventral view of a human brain (Top), ventral view of a monkey 
brain (Middle), and lateral view of a rat brain (Bottom). The major cortical 
components of the medial temporal lobe are highlighted [perirhinal cortex (red), 
parahippocampal/postrhinal (blue), and entorhinal cortex (green)]. The organiza-
tion and connections of these structures are highly conserved across these spe-
cies. Brains are not drawn to scale. [NOTE: Figure can be viewed in color in the 
PDF version of this volume on the National Academies Press website, www.nap.
edu/catalog.php?record_id18573.]
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rhinal, perirhinal, and parahippocampal cortices, as well as through other 
direct projections to the entorhinal cortex from outside the temporal lobe 
(Fig. 4.2). The main pathway for the transmission of sensory information 
to the hippocampus is the entorhinal cortex. Layer II of the entorhinal cor-
tex provides its major input. This unidirectional projection, forming part 

FIGURE 4.2 Schematic view of the connections within the medial temporal lobe 
memory system. The hippocampus, defined here as the DG, CA3, CA1, and 
subiculum (S), is anatomically situated to receive highly processed information 
from widespread neocortical regions through three temporal cortical areas, the 
entorhinal, perirhinal, and parahippocampal cortices (in the rat, the term postrhi-
nal cortex replaces the term parahippocampal cortex), as well as through other 
direct projections to the entorhinal cortex from areas outside the temporal lobe. 
The figure shows a simplified view of the way in which information enters the 
hippocampus from the superficial layers (II and III) of the entorhinal cortex and 
then flows in a largely unidirectional feed forward direction to return (predomi-
nantly) ultimately to the deep layers of entorhinal cortex (IV and V). The output 
and input layers refer to the entire entorhinal cortex and not to its medial or lateral 
subdivisions.
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of the perforant pathway, provides a substantial input to the DG, which, 
in turn, provides the major input to CA3 via the mossy fiber projection. 
There is also a smaller unidirectional projection to CA3 from layer II of the 
entorhinal cortex. CA3 provides the major input to CA1 via the Schaffer 
collateral/commissural pathway, but there is also a substantial recurrent 
associational projection within the CA3 field. CA1 also receives a direct 
projection from layer III of the entorhinal cortex, as does the subiculum 
(the temporoammonic pathway). Both the Schaffer collateral and tempo-
roammonic projections to CA1 are unidirectional. CA1 primarily projects 
to the subiculum but also sends a projection to layer V of the entorhinal 
cortex. The subiculum sends projections primarily to layers IV and V of 
the entorhinal cortex (Witter and Amaral, 2004).

The hippocampus can be viewed as residing at the end of the process-
ing hierarchy of the medial temporal lobe, receiving input from both the 
perirhinal and parahippocampal cortices, as well as the entorhinal cortex 
(Fig. 4.2). Guided by the anatomy, it seems plausible that the hippocampus 
extends and combines functions performed by the structures that project 
to it (Squire et al., 2007). Note also that anatomical connections from dif-
ferent regions of neocortex enter the medial temporal lobe at different 
points. Thus, the higher visual areas TE and TEO project preferentially 
to the perirhinal cortex. Conversely, spatial information that comes to 
the medial temporal lobe from parietal cortex arrives exclusively at the 
parahippocampal cortex. Consistent with these anatomical facts, damage 
to parahippocampal cortex was found to impair spatial memory more 
than did damage to perirhinal cortex (Parkinson et al., 1988; Malkova and 
Mishkin, 2003), and damage to perirhinal cortex impaired performance on 
the visual DNMS task more than did damage to parahippocampal cortex 
(Zola-Morgan et al., 1994). Finally, the relative segregation of visual and 
spatial information appears to be maintained within the entorhinal cortex, 
such that the lateral entorhinal cortex processes more visual information 
and the medial entorhinal cortex processes more spatial information.

CHALLENGE TO THE ANIMAL MODEL AND 
TO CROSS-SPECIES COMPARISONS

As discussed earlier, during the 1960s and early 1970s, the develop-
ment of an animal model of human memory and human memory impair-
ment was challenged by the fact that animals could use nondeclarative 
memory to solve some memory tasks that humans typically approached 
using declarative memory. It therefore became important to understand 
under what conditions this occurs and to identify what kind of memory 
is used in each case.
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This issue can be illustrated by considering concurrent discrimination 
learning, a standard task that has been used to study mammalian memory 
for more than 50 years. In a common version of the task, eight pairs of 
objects are presented side-by-side five times each day, one pair at a time 
in a mixed order, for a total of 40 trials. One object in each pair is always 
correct, and a choice of the correct object yields a reward. The left/right 
position of the correct object varies randomly across trials. Humans readily 
learn this task, performing at a level better than 80 percent correct after 
only 1 or 2 days of training (Squire et al., 1988). That performance ordinar-
ily depends on declarative memory, and on memorizing which object is 
correct in each pair, is demonstrated by the fact that task performance was 
correlated highly with the ability to describe the objects and by the fact 
that memory-impaired patients performed poorly during the period that 
their controls mastered the task. In contrast, this same task was acquired 
at a normal rate by monkeys with hippocampal lesions (Teng et al., 2000). 
Importantly, monkeys with hippocampal damage that also included dam-
age to the caudate nucleus (Teng et al., 2000) or monkeys with selective 
damage to the caudate nucleus (Fernandez-Ruiz et al., 2001) were severely 
impaired at learning the task. These findings suggested that monkeys 
learn the concurrent discrimination task via a trial-and-error stimulus/
response strategy that relies on nondeclarative memory. If so, the ques-
tion naturally arises as to whether humans also have a similar capacity 
for nondeclarative memory that could support learning of this same task.

To address this question, patients with large lesions of the medial 
temporal lobe, and essentially no residual declarative memory, were given 
extended training on the concurrent discrimination task over a period of 
several weeks (Bayley et al., 2005). Fig. 4.3A shows the performance of 
four control participants on the task. The controls learned the task easily 
within three sessions. One key feature of declarative memory is that it 
can be expressed flexibly. To demonstrate this feature, the controls were 
given a sorting task 3–6 days after learning. The 16 objects used in this 
task were placed together on a table, and participants were told that some 
of the objects had been consistently designated as correct. They were then 
asked to sort the objects, placing the correct objects to one side of the table 
and the other objects to the other side. Fig. 4.3A shows that controls had 
no difficulty with this modification of the task.

By contrast, patient E.P. gradually learned the object pairs across 36 
test sessions (Fig. 4.3B) but then failed the sorting task altogether 5 days 
later. Nonetheless, immediately afterward, E.P. performed well in the 
standard task format (Fig. 4.3B). Seventeen days later, E.P. again failed the 
sorting task but performed well in the original task format. The results for 
patient G.P. were essentially the same as for E.P. (Fig. 4.3C).
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FIGURE 4.3 Performance on the concurrent discrimination task. (A) Controls 
(n = 4) learned the task easily within three sessions and performed well on the 
sorting task 3–6 days later (gray bar). The black bar shows performance im-
mediately afterward, when participants were asked to verbalize their choices 
rather than reach for objects. Results are means ± SEM. (B) Patient E.P. gradually 
learned the object pairs across 18 weeks. Five days later, he failed the sorting 
task (gray bar) but then, immediately afterward, performed well in the stan-
dard task format while verbalizing his responses (black bar). Seventeen days 
later, E.P. again failed the sorting task (gray bar) but performed perfectly when 
40 trials were given exactly as in original training (white bar). (C) Patient G.P. 
learned the object pairs gradually during 14 weeks. Like E.P., he failed the sort-
ing task on two different occasions, 5 days after training and again 17 days later. 
In both instances, he performed well immediately afterward when the original 
task format was reinstated [verbalizing (black bar), standard task (white bar)]. 
The dashed line indicates chance performance (50% correct). Reproduced from 
Bayley et al. (2005).

Some informal observations are informative. At the beginning of each 
testing day, the patients were asked about the objects and about what had 
occurred on previous visits. However, they were never able to remember 
anything about earlier test sessions and could not describe how the objects 
had been used. Nonetheless, as training proceded from day to day, both 
patients (without explicit instructions about what to do on each trial) read-
ily picked up one of the objects in each pair and turned it over to receive 
feedback (the word “correct” or “incorrect” was printed under the base 
of each object).

Thus, both patients gradually acquired the standard eight-pair object 
discrimination task over many weeks; however, at the start of each ses-
sion, they could not describe the task, the instructions, or the objects. The 
acquired knowledge was rigidly organized, and performance collapsed 
when the task format was altered. The findings indicate that humans 
possess a robust capacity for gradual trial-and-error learning that can 
operate outside awareness for what is learned and independent of the 
medial temporal lobe. What is acquired is inflexible and altogether differ-
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ent from declarative memory. These findings show that humans possess a 
nondeclarative learning system like other primates and suggest what the 
characteristics of this system are likely to be (e.g., inflexible, inaccessible 
to awareness).

In summary, the development of a model of human memory and 
human memory impairment in the monkey and rat is a success story, and 
the work has provided important insight into the anatomy and organiza-
tion of mammalian memory. Still, challenges can arise because these spe-
cies have evolved under different selection pressures that can bias them 
to approach tasks with different strategies than the strategies used by 
humans. Analysis of such cases, based on our understanding that there 
are multiple memory systems with different properties, has, in the end, 
served to emphasize the similarities in memory function across mam-
malian species.
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Working memory (WM) is fundamental to many aspects of human life, 
including learning, speech and text comprehension, prospection and 
future planning, and explicit “system 2” forms of reasoning, as well as 
overlapping heavily with fluid general intelligence. WM has been inten-
sively studied for many decades, and there is a growing consensus about 
its nature, its components, and its signature limits. Remarkably, given its 
central importance in human life, there has been very little comparative 
investigation of WM abilities across species. Consequently, much remains 
unknown about the evolution of this important human capacity. Some 
questions can be tentatively answered from the existing comparative 
literature. Even studies that were not intended to do so can nonetheless 
shed light on the WM capacities of nonhuman animals. However, many 
questions remain.

The nature of human working memory (WM) has been extensively 
investigated, with thousands of articles and books on the topic 
produced over the last half-century. Some of the main findings of 

this research will be outlined shortly. However, we know hardly anything 
about how WM evolved. For that (if we are to go beyond plausible specu-
lation), we need detailed comparative studies. However, remarkably few 
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such studies have been conducted, as we will see. Nevertheless, the emerg-
ing consensus about the nature of human WM allows us to frame a series 
of questions or alternative hypotheses concerning the possible differences 
between human and animal WM. Some of these can be answered, at least 
tentatively, from the results of existing work. However, they should also 
be used to frame and guide future comparative experiments.

WORKING MEMORY IN HUMANS

WM is the domain-general subsystem of the mind that enables one 
to activate and sustain (sometimes via active rehearsal) a set of mental 
representations for further manipulation and processing. The contents of 
working memory are generally thought to be conscious. Indeed, many 
identify the two constructs, maintaining that representations become con-
scious by gaining entry into WM (Baars, 2002). WM is generally thought 
to consist of an executive component that is distributed in areas of the 
frontal lobes working together with sensory cortical regions in any of the 
various sense modalities, which interact through attentional processes 
(Postle, 2006). It is also widely accepted that WM is quite limited in span, 
restricted to three or four chunks of information at any one time (Cowan, 
2001). Moreover, there are significant and stable individual differences 
in WM abilities between people, and these have been found to predict 
comparative performance in many other cognitive domains (Engle, 2010). 
Indeed, they account for most (if not all) of the variance in fluid general 
intelligence, or g (Kane et al., 2005).

The primary mechanism of WM is thought to be executively con-
trolled attention (Cowan et al., 2005; Postle, 2006). It is by targeting atten-
tion at representations in sensory areas that the latter gain entry into WM, 
and in the same manner they can be maintained there through sustained 
attention. Attention itself is thought to do its work by boosting the activity 
of targeted groups of neurons beyond a threshold at which the information 
they carry becomes “globally broadcast” to a wide range of conceptual 
and affective systems throughout the brain while also suppressing the 
activity of competing populations of neurons (Baars, 2002; Gazzaley et al., 
2005; Knudsen, 2007). These consumer systems for WM representations 
can produce effects that in turn are added to the contents of WM or that 
influence executive processes and the direction of attention. It is through 
such interactions that WM can support extended sequences of processing 
of a domain-general sort.

It is also widely accepted that WM and long-term (especially episodic) 
memory are intimately related. Indeed, many claim that representations 
held in WM are activated long-term memories (Unsworth and Engle, 
2007). This might appear inconsistent with the claim that WM representa-
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tions are attended sensory ones. However, the two views in part can be 
reconciled by noting that most models maintain that long-term memories 
are not stored in a separate region of the brain [although the hippocam-
pus does play a special role in binding together targeted representations 
in other regions (Squire, 1992)]. Rather, information is stored where it is 
produced (often in sensory areas of cortex). Moreover, although attention 
directed at midlevel sensory areas of the brain appears to be necessary 
(and perhaps sufficient) for representations to enter WM, information of 
a more abstract conceptual sort can be bound into those representations 
in the process of global broadcasting (Kosslyn, 1994). As a result, what 
figures in WM are often compound sensory–conceptual representations, 
such as the sound of a word together with its meaning or the sight of a 
face experienced as the face of one’s mother.

A final factor to stress is that WM is also intimately related to motor 
processes, probably exapting mechanisms for forward modeling of action 
that evolved initially for online motor control (Wolpert and Ghahramani, 
2000; Jeannerod, 2006). Whenever motor instructions are produced, an 
efferent copy of those instructions is sent to a set of emulator systems 
to construct so-called “forward models” of the action that should result. 
These models are built using multiple sensory codes (primarily proprio-
ceptive, auditory, and visual), so that they can be aligned with afferent 
sensory representations produced by the action itself as it unfolds. The two 
sets of representations are compared, issuing in altered motor instructions 
if the action is failing to proceed as expected. These same systems are then 
used in the mental rehearsal of action, but with instructions to the muscles 
suppressed. The resulting sensory forward models, when targeted by 
attention, can gain entry into WM. Hence one can imagine oneself saying 
something and “hear” the result in so-called “inner speech,” or one can 
imagine oneself doing something and “see” or “feel” the results in visual 
or proprioceptive imagination.

Before we proceed to consider the evidence of WM in animals, it is 
important to distinguish WM from two other forms of memory with which 
it is sometimes conflated. One is sensory short-term memory, which can 
retain information in sensory cortices for around 2 seconds in the absence 
of attention. These representations can give rise to priming effects without 
ever being conscious (Dehaene et al., 2006). (However, they can become 
conscious if attention is directed toward them before they expire. Consider 
the famous example of only noting the clock strike at the third chime 
while at the same time recalling the previous two strokes.) These sensory 
short-term memory representations can also be used for online guidance 
of action in the absence of attention (Milner and Goodale, 1995). The 
contents of WM, in contrast, are attention-dependent and conscious and 
can be held in an active state for as long as attention is directed at them. 
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(Note, however, that attention is quite sensitive to interference, so sustain-
ing a representation in WM for an extended period is by no means easy.)

Some experimental results with animals that might be thought to sup-
port the existence of WM capacities are in fact best interpreted as tests of 
sensory short-term memory. Thus, consider the finding that chimpanzees 
and baboons can reliably recall a random sequence of spatial positions 
up to a limit of five to six items (or in the case of one animal, nine items) 
(Inoue and Matsuzawa, 2007; Fagot and De Lillo, 2011). The temporal 
delays in these experiments are of the order of fractions of a second, with 
the animals’ responses to the entire sequence generally being executed 
very swiftly over a period of around 2 seconds. So although these tasks 
might involve WM, the data can be accounted for in terms of sensory 
short-term memory alone.

The other contrast is with what is sometimes called in the human 
literature “long-term working memory” (Ericsson and Kintsch, 1995). 
Long-term working memory representations are those that are no longer 
among the active contents of WM (having fallen out of the focus of atten-
tion for too long), but which remain readily accessible to WM processes. 
Sometimes these representations have been recently activated from long-
term memory, but sometimes they concern stimuli that were previously 
encoded into WM but were forgotten within a period of minutes. Long-
term WM is thought to be important in speech and text comprehension, as 
well as underlying such phenomena as a bus conductor’s ability to know 
which of dozens of passengers on a bus have already paid for a ticket and 
which are newly arrived.

In this context it is important to note that numerous comparative stud-
ies of animals, such as those that use the radial-arm maze with rodents, 
use the term “working memory,” when it is really a form of long-term WM 
that is being measured. The timescales involved, as well as the number of 
items that can be recalled, far exceed human WM abilities. Indeed, some 
writers are quite explicit that “working memory” in such studies should 
be defined as a memory that is used within a testing session (often lasting 
for minutes or hours) but not typically between testing sessions (such as 
the next day) (Dudchenko, 2004; Shettleworth, 2010).

Empirically, WM can be distinguished from all forms of long-term 
memory by its sensitivity to attentional interference. Information sus-
tained in WM will be lost if subjects are distracted and turn their atten-
tion fully to other matters. Long-term memories, in contrast, will merely 
decay at the normal rate in such circumstances. The authors of the study 
of serial-position memory in chimpanzees described above (Inoue and 
Matsuzawa, 2007), for example, note that on some occasions the test 
subject was interrupted for a few seconds by a loud disturbance in a 
neighboring cage, but was nevertheless able to complete the sequence. 
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Although the authors suggest that this behavior manifests the operation 
of WM, in fact it is unlikely (Inoue and Matsuzawa, 2007). Undiminished 
performance following sustained and full distraction is a signature that 
long-term WM is involved.

WORKING MEMORY IN ANIMALS

As we have seen, there are a number of aspects or components of 
normal WM function in humans, including capacities to sustain, rehearse, 
and manipulate active representations, with a signature limit of three to 
four items or chunks of information. We also know that WM is attention 
dependent and hinges critically on capacities to resist interference from 
competing representations. Moreover, we know that WM plays a central 
role in many aspects of intelligent human life. As a result, there are a 
range of possible positions that one can take concerning the comparative 
psychology of WM. These are listed below, organized roughly in terms of 
how great a gulf they envisage between the WM abilities of animals and 
ourselves. Thereafter they will be discussed in turn and evaluated in light 
of the available evidence.

1. Animals lack WM abilities altogether. They (like humans) have 
forms of sensory short-term memory that can retain reverberating infor-
mation within sensory cortices for about 2 seconds following the removal 
of a stimulus, but they have no capacity to further sustain or refresh those 
representations.

2. Animals do have the capacity to sustain a representation of an 
object or event beyond the 2-second window of sensory short-term mem-
ory, but it is a very limited capacity—perhaps being restricted to one or 
two chunks in comparison with the three- to four-limit of humans.

3. Animals, like humans, can sustain three to four chunks of informa-
tion in WM, but only in the absence of interference. Their abilities collapse 
(or are much weaker) when required to undertake a dual task or ignore 
intervening distractor items.

4. Animals have capacities to sustain representations that have been 
activated bottom-up, but they lack the capacity to activate a representation 
ab initio, using top-down attention to insert it into the global workspace. 
Basically, they lack imagination.

5. Animals can create and sustain representations in WM, but they 
lack any capacity to use mental rehearsals of action to generate contents for 
WM. [Some researchers use the term “rehearsal” to refer to the refreshing 
process that sustains short-term sensory representations in WM (Jonides 
et al., 2008). I shall use it (as is commonly done) to refer to offline rehears-
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als of action schemata that can be used to populate and sustain some of 
the contents of WM.]

6. Animals can create, sustain, and rehearse representations in WM, 
but they have limited capacities to manipulate those representations, 
transforming them and organizing them into effective problem-solving 
sequences in a controlled manner.

7. Animals have capacities to sustain, rehearse, and manipulate rep-
resentations in WM much like our own. However, humans are unique 
in the extent to which they use their WM abilities. Specifically, humans 
frequently use WM in ways that are irrelevant to any current task (con-
stituting the so-called “default network”), whereas animals’ use of WM 
is always or generally task oriented.

8. Animals have WM abilities much like our own and may even 
make chronic use of them. However, they differ in the sorts of represen-
tations that they can use in WM (in particular, lacking linguistic abilities, 
animals cannot generate inner speech), and their more limited conceptual 
repertoire limits the extent to which their WM performance can benefit 
from chunking.

We presently lack the evidence necessary for a thorough evaluation of 
any of these hypotheses beyond #1 and #8 of the list. However, there are 
data that bear directly on some of them, and some are more plausible than 
others on theoretical grounds. A sustained research effort by comparative 
psychologists is necessary for us to resolve these questions.

No Capacity to Refresh and Sustain?

The most extreme position is to deny that animals have WM capaci-
ties at all. Animals nevertheless have forms of long-term memory as well 
as sensory short-term memory. But they have no capacity to refresh and 
sustain sensory activity in the absence of a stimulus or to keep representa-
tions active and available for longer time periods.

There are extensive data sufficient to exclude this possibility, much of 
it using match-to-sample or non–match-to-sample tasks. (Recall that data 
from animal experiments using the radial maze involve timescales too 
great to serve as direct tests of WM ability.) These tasks require an animal 
to remember the identity or location of a stimulus for more than a few 
seconds. By themselves these results of course cannot distinguish between 
the contributions of WM and long-term WM, and no doubt over extended 
intervals it will be long-term memory that is implicated. However, we 
also know from such studies that there are content-specific neurons in the 
prefrontal cortex that show sustained activity during retention intervals 
that are at least a few seconds long (Goldman-Rakic, 1995). Moreover, a 
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great deal of what we know about the neurophysiology of human atten-
tional and WM systems derives initially from work of this sort conducted 
with monkeys (Goldman-Rakic et al., 1990; Luck et al., 1997; Baluch and 
Itti, 2011). So we can be confident that the mechanisms underlying WM 
performance in match-to-sample tasks are conserved across primates, and 
perhaps more widely.

In addition, numerous other studies have required animals to keep a 
representation of a target stimulus active beyond the 2-second window of 
sensory short-term memory. Some have used parallel object-displacement 
tests with apes and human children, with very similar results across all 
groups (Barth and Call, 2006). Others have tested both apes and dogs to 
see whether they will continue to search for an item that they had seen 
placed in a “magic cup” after they had unexpectedly retrieved an item of 
a different sort with positive results (Bräuer and Call, 2011).

The suggestion that basic WM capacities are quite widespread among 
animals receives additional support from neurobiology, given the tight 
connection between the WM system and episodic memory. (This will be 
discussed again in Lack of Imagination? below, where we review behavioral 
evidence of episodic-like memory in animals. Note here, however, that 
WM is the workspace within which episodic memories are activated and 
sustained by top-down attentional systems. And we have already noted 
that attentional networks are homologous among primates at least.) This 
is because the brain mechanisms subserving episodic-like memory are 
highly conserved among mammals. In particular, all mammals share 
homologous hippocampal and parahippocampal structures organized 
into homologous subregions, which have strong reciprocal connections to 
areas of the frontal cortex (Allen and Fortin, Chapter 6, this volume). These 
structures serve to integrate and store information about what occurred, 
where it occurred, and when it occurred (Eichenbaum, 2013). Indeed, even 
birds appear to share a similar, and at least partly homologous, network 
(Allen and Fortin, Chapter 6, this volume).

One- or Two-Item Limit?

Some claim that nonhuman apes have a WM limit of two items, in 
contrast with the human WM limit of three to four chunks (Read, 2008). 
However, this claim is based on a questionable analysis of the WM require-
ments of various tasks that apes cannot solve and assumes that failure 
does not result from other sources, such as a lack of understanding of 
physical forces and their effects. In contrast, experimental work with 
animals suggests that their WM limits may fall within the human range. 
Consider, for example, a test of serial recall of position conducted with 
a macaque monkey, modeled on tests that have been used with humans 

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


82 / Peter Carruthers

(Botvinick et al., 2009). The retention interval required in this test was 
about 4 seconds for the first item in the sequence, increasing to 11 sec-
onds for the fourth, which places it squarely in the domain of WM. The 
monkey was successful in recalling the first three items in a sequence, but 
was at chance with the fourth. The experiment also demonstrated a very 
similar profile of recency, latency, and other effects commonly found with 
humans, suggesting that both species use a homologous WM mechanism 
with similar limits.

It should be stressed, however, that the work on human WM dem-
onstrating that it has a capacity limit of three to four chunks [rather than 
Miller’s famous 7 ± 2 (Miller, 1956)] has focused on the pure memory-
sustaining function of WM. Great care has been taken to exclude other 
strategies for maintaining representations in WM, such as covert mental 
rehearsal and informational chunking, which can extend its overall capac-
ity still further (Cowan, 2001). In the serial recall test just described, in 
contrast, the monkey may have used mental rehearsals of its planned 
movements to support its WM of the sequence of positions, thereby 
extending its pure memory-sustaining limits. This would be consistent 
with a claimed WM limit of one to two items.

Other data with animals suggesting WM limits in the human range 
are not so easily critiqued, however. For example, using paradigms that 
have previously been used with human infants, it has been shown that 
monkeys can track three to four items of food placed sequentially into one 
of two opaque containers (within which those items remain out of sight 
for a period of at least a few seconds). The monkeys reliably distinguish 
between containers that hold two versus three items, and also three versus 
four items, but not three versus five items (Hauser et al., 2000). One might 
wonder why these data do not demonstrate that monkeys have a WM 
limit of seven (three items in one container and four in another) rather 
than four. The answer is that comparisons between containers benefit from 
chunking and do not just reflect raw retention limits. (A similar point holds 
for the infancy data.)

Similar tests have been conducted with horses, showing that they can 
distinguish between a bucket into which two apples have been placed 
and one containing three apples and fail to distinguish between buckets 
containing four apples and six apples, respectively (Uller and Lewis, 2009). 
In such experiments, it seems unlikely that the animals could benefit from 
chunking because all of the items are of the same type. And it is likewise 
unclear how nonverbal forms of behavioral rehearsal could assist with the 
task (especially in the case of horses, whose repertoire of actions differs 
so widely from that of the human demonstrator). So the limit of three to 
four items revealed here seems most likely to reflect their pure WM reten-
tion capacity. However, until comparative psychologists use direct tests of 
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simple WM retention abilities that can be conducted in parallel with adult 
humans, children, and members of various other species of animals, we 
will not be able to know for sure.

These results give rise to a puzzle, however. For, as noted earlier, 
variations in WM ability in humans are reliable predictors of fluid g. How-
ever, it seems that even monkeys have a WM span in the human range.1 
This might lead one to expect similar general-learning abilities across all 
primates, which is manifestly false. A potential solution to the puzzle 
emerges when we note that the simple retention component of WM is not 
a reliable predictor of fluid g in humans (nor is it stable within a single 
individual across separate occasions of testing). Rather, only complex span 
tasks and so-called “n-back” tasks lead to stable results over time and are 
reliable predictors of g (Engle, 2010). (In a complex span test, one has to 
undertake some other task, such as judging whether a simultaneously pre-
sented sentence makes sense or performing some simple mental arithmetic 
while also retaining an unrelated list in WM. In an n-back task, one has to 
keep track of the nth prior item in a continually presented series, which 
requires one to resist interference from similar memories.) Moreover, at 
present it appears that it is training in n-back tasks—and not in simple 
span tasks—that issues long-term improvements in fluid g [Jaeggi et al. 
(2008, 2011); but see also Chooi and Thompson (2012)].

One possible construal of this set of findings is that there are no stable 
differences in simple span between people or across primate species. (As 
a result, simple span tests only measure noise contributed by endogenous 
factors or the environment.) All of the stable differences between people 
(and among species) may lie in the flexibility with which attention is allo-
cated and the retention strategies used, as well as in the capacity to ignore 
sources of interference with targeted WM representations.

1A similar puzzle arises in the context of human development as it has been shown that 
WM capacity increases through the childhood years (Cowan et al., 2011). In particular, 6- to 
9-year-olds have a span of only two items or less in these experiments, whereas young adults 
have a span of three items. However, in other experiments, infants as young as 11 months 
seem to already have an adult-like span of three items (Feigenson and Carey, 2005). One 
possible explanation is that speed of presentation differs between the two paradigms. In the 
experiments with children, the items-to-be-remembered are presented at a rate of one per 
second. In the experiments with infants, in contrast, presentation of each item takes a few 
seconds as the experimenter draws the infant’s attention to it, saying “Look at this.” An-
other possible explanation is that the infants participated in only a single trial, whereas the 
children had to keep attention to task across multiple presentations. Perhaps what changes 
through the childhood years is the capacity to maintain focused attention, rather than WM 
capacity as such. However, it may be that both of these explanations really amount to the 
same thing because the first explanation can be described in terms of the difference between 
directing attention toward an event (in accordance with task requirements) and having one’s 
attention drawn to an event.
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Inability to Resist Interference?

There have been no controlled experiments comparing the abilities 
of humans and other animals to resist interference with WM representa-
tions. Clearly, the kinds of complex span tasks that have been used with 
humans are unsuitable for this purpose because most require linguistic 
abilities. However, there have been tests used with mice that tap into 
something quite similar. Some of these could be adapted for purposes of 
cross-species comparison.

Recent studies with mice have identified a general intelligence factor 
that explains about 40 percent of variance across a range of dissimilar 
learning tasks (Matzel et al., 2003). Moreover, although this g factor is 
not significantly correlated with measures of simple WM retention, it is 
strongly correlated with performance in a more complex WM task, in 
which the animals have to resist interference from competing memories 
(Kolata et al., 2005). In both cases the animals were first trained on two 
visually distinct radial-arm mazes located in the same room. In the test of 
WM retention, the animals were confined to the central compartment of 
one of the mazes for a fixed interval of 60 or 90 seconds, having made their 
first four correct choices before being allowed to complete their search. In 
the test of WM interference, in contrast, the animals were removed from 
the first maze, having made three correct choices and placed in the second 
maze; after three correct choices there, they were returned to the first maze 
until they had made another three correct choices, and so on. The fact that 
performance on the interference WM test but not on the retention WM test 
correlates with a measure of g in mice is suggestive of WM mechanisms 
homologous with those of humans.

One might question whether this and other experiments conducted 
in the same laboratory are genuinely measuring active WM rather than 
long-term WM. For how are we to know that the mice kept a representa-
tion of the arms already visited active in the focus of attention? Indeed, in 
experiments with rats using the eight-arm radial maze, rats typically show 
a near-perfect performance on the final four arms of the maze following 
delays of a number of hours after visiting the first four arms, enabling us 
to be quite confident that long-term memory is involved (Shettleworth, 
2010). On reflection, however, we can be sure that active WM is also 
used. So although the tests might not be suitable for measuring WM 
span (because both short-term and long-term WM are involved), they can 
enable us to draw conclusions about the relationship between WM and g.

Why should tests using interrupted search in a radial-arm maze 
involve interactions between short-term and long-term WM? When com-
mencing search following an interruption, the animal will need to access 
long-term representations of the four arms previously visited, holding 
those in active WM long enough to select a fifth. And thereafter, for the 
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final three choices, the animal will need to use spatial retrieval cues to 
access a long-term memory of each of the arms initially visited while 
keeping active in WM the immediately previous selections and while 
orienting itself appropriately to make another choice. In addition, in the 
interference condition of the experiments described earlier (in which the 
mice are switched back and forth between two mazes), irrelevant memo-
ries will need to be suppressed, requiring the mice to pay careful online 
attention to the cues that individuate the arms of the two mazes. At the 
very least we can be confident that this task will place significant demands 
on the animals’ use of selective attention, which is at the core of human 
WM abilities.

A subsequent study of correlations between WM abilities and g in 
mice attempted to determine the components of WM still further (Kolata 
et al., 2007). It involved tests of WM retention time, WM retention capacity, 
as well as capacities for selective attention. The first experiment measured 
the temporal limits of the animals’ capacity to recall which of the two 
arms in a T maze they had previously visited. The test of WM capacity 
used a nonspatial version of the radial-arm maze, in which cues attached 
to baited cups at the end of each arm were randomly shuffled, following 
each choice, in such a way that the mice would need to keep in mind 
the cues (and which ones they had already selected) without relying on 
spatial position. Finally, the test of selective attention used two distinct 
discrimination tasks (one involving shapes and the other involving odors) 
that had initially been learned in separate contexts. During the test, the 
animals were presented with all cues of both kinds in one or the other 
of the two contexts, so that they would need to ignore one set of cues on 
which they had previously been trained in favor of the other. The results 
of this experiment were that retention time did not correlate with g at all 
and that WM capacity correlated moderately with g, whereas selective 
attention was strongly correlated with g. This, too, is what one might have 
predicted from what we know about human WM.

Perhaps the most impressive set of results from this series of studies 
with mice is the finding that WM training improves g, just as it appears 
to do in humans (Jaeggi et al., 2008; Light et al., 2010). In the first of these 
experiments, animals who received training using two alternating radial-
arm mazes scored significantly higher than controls on subsequent tests 
of general learning abilities and also scored higher on a test of selective 
attention. The second experiment then showed that it is the attentional 
component of WM training specifically that leads to an improvement in g. 
This experiment used three groups of mice. One group received training 
in two alternating and visually similar radial-arm mazes located within 
the same room, which would require the mice to attend to minor differ-
ences in cues provided by spatial context to discriminate the arms of the 
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two mazes. A second group also received training on two alternating 
radial-arm mazes, but this time located in separate rooms, thus placing 
fewer attentional demands on the animals. The third group was a control 
and received no WM training. The findings were that the attentionally 
demanding group showed the greatest increase in g and the second group 
also displayed significant improvement relative to controls.

Taken together, this series of findings with mice suggests that WM 
abilities in this species are heavily dependent on attentional capacities (just 
as they are in humans) and that mice not only have a simple capacity to 
retain salient information beyond the temporal window of sensory short-
term memory, but also (like humans) can do so in the face of interference. 
It may be, then, that the basic structure of WM is at least homologous 
across all mammals. However, we do not know to what extent (if at all) 
capacities to direct and control attention and to resist interference differ 
between humans and other mammals. Given that such capacities are 
aspects of executive function, and that humans are generally supposed to 
excel at executive function tasks, one might predict significant differences. 
However, the situation cries out for direct tests of attentional abilities and 
complex WM capacities across species.

Lack of Imagination?

There are two basic ways in which offline representations can gain 
entry into WM. One is through mental rehearsals of action, which are 
discussed in Inability to Mentally Rehearse Action? below. The other is 
through top-down executive–attentional processes. One can search for, 
and activate into WM, a visual image of one’s mother’s face or an audi-
tory image of the sound of her voice, for example. However, one can also 
search for and activate a specific episodic memory of one’s graduation 
or one’s most recent birthday dinner. It seems most likely that these two 
forms of ability are paired together. However, it would be possible to claim 
that a creature can have a capacity for generic semantic imagery without 
being capable of episodic memory, perhaps because representations of 
specific episodes are never stored in memory at all. So even if animals 
are incapable of mental time travel (including episodic remembering), as 
some have claimed (Suddendorf and Corballis, 2007), this would fail to 
show that they are incapable of using attentional resources to generate 
imagistic contents for WM in an offline manner. If animals are capable of 
episodic remembering, in contrast, they then will surely also be capable 
of generic imagery because it is hard to see what more might be required 
for the latter than is already present in the former.

Most tests of mental time travel in animals have focused on prospec-
tion of the future (discussed in Inability to Mentally Rehearse Action? below). 
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However, there have also been experiments with corvids showing these 
birds to be at least capable of recalling and reasoning appropriately from 
the what, where, and when components of episodic memory (Clayton 
et al., 2003b). Admittedly, it does not follow that the birds are experi-
entially projecting themselves back into specific episodes of food cach-
ing. However, it does at least seem likely that they are activating into 
WM episodic-like representations of types of food and their locations, 
together with some sort of representation of elapsed time. At any rate, 
this is how humans would solve a problem of this sort if compelled to 
do so nonverbally. This consideration would provide a stronger argu-
ment, of course, if corvids were not so evolutionarily distant from us. 
However, despite this distance, we noted earlier that birds possess brain 
networks that are similar to, and at least partly homologous with, those 
that support episodic memory in humans and other mammals (Allen and 
Fortin, Chapter 6, this volume). Moreover, experiments with rats show 
that they, too, form tightly integrated what, where, and when represen-
tations (Ergorul and Eichenbaum, 2004; Babb and Crystal, 2005). Such 
data suggest that episodic-like memory representations are widespread 
among animals. However, in any case it seems that the animals must at 
least be capable of activating representations into WM using top-down 
attentional control.

Recall, moreover, the experiments with rodents using interrupted 
search of a radial-arm maze, discussed in Inability to Resist Interference? 
above. Although there is nothing in the data to suggest that in the second 
phase of the experiments the animals are accessing episodic memories 
of their earlier visits to some of the arms of the maze, they will surely at 
least be activating a semantic representation of some sort. For example, 
it might be a representation of an arm as being empty of any reward. In 
humans, such a memory would need to be searched for using a combina-
tion of environmental cues and top-down attentional control, resulting in 
that representation being activated into WM. It is therefore reasonable to 
assume that the same is true of rodents.

There are tentative grounds, then, for thinking that other animals are 
capable of top-down activation of representations for use in WM. Fur-
ther grounds are discussed in Inability to Mentally Rehearse Action? below, 
because it is unlikely that the use of WM for prospection depends solely 
on activation of motor schemata without any enrichment from semantic or 
episodic memory. Indeed, we know that long-term memory systems and 
capacities for prospection are tightly linked, with the hippocampus being 
heavily implicated in each (Buckner, 2010). In fact, some have argued that 
the structure of long-term memory systems has been specifically adapted 
and shaped in the service of prospective reasoning (Schacter et al., 2007).
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Moreover, one might think, on purely theoretical grounds, that any 
creature capable of top-down attentional selection of stimuli should also 
be capable of top-down activation of similar representations in an offline 
manner. For as we noted earlier, attention operates by boosting the neural 
activity of some groups of neurons while simultaneously suppressing the 
activity of competing populations, resulting in global broadcast of the 
information encoded in the former set. The same mechanisms should then 
be capable of operating in the presence of background levels of neural 
activation in the absence of an external stimulus, resulting in endogenous 
activation of representations in the global workspace.

Inability to Mentally Rehearse Action?

Evidence of mental rehearsal of action comes from studies of long-
term planning in animals. We know that in humans such planning is con-
ducted in large part through rehearsal of alternative actions, with people 
responding affectively to the WM representations that result (Damasio, 
1994; Gilbert and Wilson, 2007). Although there is powerful evidence of 
future planning in corvids (Correia et al., 2007; Taylor et al., 2010), I shall 
focus on data from primates, where the argument for homologous under-
lying mechanisms is strongest.

One study has carefully documented the behavior of an alpha male 
chimpanzee in an open-plan zoo (Osvath, 2009; Osvath and Karvonen, 
2012). He began to collect and store piles of stones early in the morning to 
throw at zoo visitors later in the day as part of an aggressive threat display. 
When the zookeepers responded by removing his stashes each day before 
zoo opening time to prevent this, he proved quite adept at concealing his 
stashes and at manufacturing projectiles afterward by breaking off pieces 
of brittle concrete from the walls in his enclosure. Note that at the times 
when he collected and concealed his stashes he was in a calm state, in the 
absence of the stimuli (human visitors) that would provoke his rage later. 
Such behavior in a human would likely be caused by imagining the later 
presence of the audience and mental rehearsal of the actions involved in 
grasping and throwing projectiles, issuing in a positive affective response 
that would in turn motivate the collection of some stones. It is reasonable 
to assume that similar processes took place in the mind of the chimpanzee.

Experimental data with chimpanzees point toward the same conclu-
sion. In one experiment, chimpanzees not only selected and carried with 
them to their sleeping quarters a tool that they would need the next day to 
access a desired reward, but also remembered to bring it back with them 
on their return (Mulcahy and Call, 2006). In a conceptual replication of 
this experiment by another laboratory, chimpanzees again selected a tool 
needed to retrieve a later reward and remembered to bring the tool with 
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them when returning (Osvath and Osvath, 2008). Moreover, the animals 
were able to resist a smaller current reward (a grape), choosing instead 
the tool that would get them a more valued reward later (a container of 
juice). In addition, when presented with a number of unfamiliar objects 
(while being prevented from handling them), they reliably selected and 
took with them the one best suited to obtain the future reward. Note 
that humans would solve a task of this sort by mentally rehearsing some 
actions directed toward the juice container involving the various objects, 
noting which ones could be successful.

This evidence from captive chimpanzees is fully consistent with what 
we know of the behavior of chimpanzees in the wild. For example, chim-
panzees in the Congo regularly harvest termites from both aboveground 
and subterranean nests, each of which requires a distinct set of tools. The 
subterranean nests, in particular, require a sharp stout puncturing stick, 
which is always made from the branches of a particular species of tree. 
The chimpanzees never arrived at the site of a subterranean nest without 
bringing such a stick with them, unless one had previously been left at the 
site. And this was true even though the nearest appropriate tree was tens 
of meters away in the forest, from which point the nest site could not be 
seen (Sanz et al., 2004). Such behavior in humans would involve imagina-
tion of the target together with mental rehearsal of the actions needed to 
acquire it, which would both remind and motivate one to deviate from 
one’s path to find an appropriate species of tree.

The behavioral data suggest, then, that other apes (at least) are capable 
of mentally rehearsing actions and that they do so for purposes of future 
planning, just as humans do. However, at present the argument for this 
conclusion is one of analogy, assuming that similar forms of behavior 
across closely related species should be explained in terms of similar 
underlying processes. Evidence of a more direct sort would be quite wel-
come. In particular, we need experimental paradigms that can be matched 
across species, whose parameters can be varied in parallel to see whether 
performance profiles respond similarly also. A positive outcome would 
provide much stronger evidence of homologous processes.

Limited Manipulative Abilities?

In one sense, the manipulative component of WM consists of an abil-
ity to organize and control sequences of representations in a task-relevant 
manner. The evidence of future planning in apes and corvids suggests that 
they are capable of doing just that. In another sense, however, manipula-
tion involves targeting an image with a mentally rehearsed action, thereby 
transforming it. This has been extensively studied in humans using the 
visual rotation paradigm (Kosslyn, 1994). Participants are presented with 
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two shapes of varying orientation and are asked to judge whether or not 
the shapes are the same. People solve these tasks by mentally rotating the 
image of one shape to match the orientation of the other and answering 
depending on whether or not the result is a fit. Among the classic findings 
in this literature are that participants take longer to judge shapes whose 
orientations are further apart from one another, suggesting that the move-
ment of the initial image through the intervening space takes time.

What we know from brain-imaging and transcranial magnetic stimu-
lation studies using the visual rotation paradigm is that activity in the 
motor or premotor cortex precedes and causes the subsequent transforma-
tion of the visual image (Ganis et al., 2000). It seems that people imagine 
acting on the shape represented in one of the images, initiating offline an 
action of twisting it with one’s hand, for example, thereby causing the 
represented shape to change through the process of forward modeling of 
the action. One might wonder, then, whether animals have similar capaci-
ties. Studies conducted with baboons and sea lions suggest that they do, 
with the animals showing larger differences in reaction time to images 
that would need to be rotated through larger arcs to secure a match, just 
as humans do (Vauclair et al., 1993; Mauck and Dehnhardt, 1997). How-
ever, to justify claiming that the processes are homologous it would be 
important to know whether motor-control areas of the animals’ brains are 
likewise involved in the process.

Similar conclusions are supported by studies of problem solving and 
insight in apes. For example, confronted by a peanut at the bottom of 
a glass container that is too deep to reach into (and which is strapped 
to the bars of the cage), some animals will hit upon the strategy of col-
lecting water in their mouths and spitting it into the container until the 
peanut floats to the top (Mendes et al., 2008; Hanus et al., 2011). (The 
same task was presented to human children, with similar rates of success 
among 4- and 6-year-old children, but with more frequent achievement 
among 8-year-olds.) To arrive at the solution to this problem, one needs 
to mentally rehearse an action of putting water into the container, thereby 
transforming one’s mental representation of the position of the peanut 
and enabling one to predict that iterated performance of the action will 
permit one to reach it successfully. However, once again the argument for 
homologous processes here is only one of analogy.

Rarity of Use?

Even if the WM capacities of animals are comparable to those of 
humans in all major respects, it may be that animals make use of WM only 
when confronted with specific practical, learning, or reasoning problems. 
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Humans, in contrast, make frequent use of WM in ways that are irrelevant 
to any current task, thereby constituting the default network (Buckner 
et al., 2008; Spreng et al., 2009).2 Even when we are not confronted with 
a task, our minds will be occupied with fantasies, episodic memories, 
imagined social situations, imagined conversations, snatches of song, and 
so on, all of which heavily involve WM. Indeed, even when humans are 
engaged in a task, they are apt to slip into so-called “mind wandering,” 
in which WM is populated with representations unrelated to the task 
demands (Mason et al., 2007).

There are little comparative data bearing directly on this question. 
However, the suggestion that humans may be unique in this respect is at 
least consistent with the vastly greater extent of human creativity, innova-
tion, and long-term planning. Much of the time that humans spend mind 
wandering is occupied with reviewing and exploring future scenarios and 
anticipating future problems or successes. Moreover, there is evidence that 
mind wandering is significantly correlated with creativity, involving, as it 
does, defocused attention combined with executive control and selection 
(Baird et al., 2012). It has also been suggested that the uniquely human 
disposition to engage in pretend play in childhood is an adaptation for 
increased creativity in adulthood, encouraging us to use WM for purposes 
of creative scenario building (Picciuto and Carruthers, 2013).

Data suggesting that mind wandering may not be uniquely human 
come from a study comparing default network activity in humans and 
chimpanzees (Rilling et al., 2007). Similar regions of the brain displayed 
greater activity at rest in both species, including in the medial prefrontal 
cortex and posterior cingulate cortex, suggesting that chimpanzees, too, 
spend much of their time ruminating when not engaged in other tasks. 
These data need to be treated with caution, however, because default-
mode networks overlapping those of humans have been found in both 
monkeys and rodents under conditions of general anesthesia (Vincent 
et al., 2007; Lu et al., 2012). Therefore, default-mode activity does not entail 

2 Brain-imaging studies of the default network rarely find activity in sensory cortices of the 
sort that one would expect to accompany WM use. In part, this may be an artifact of the 
subtraction methodology involved in these studies because the paired nondefault condi-
tions will generally involve attention to some perceptually presented task. However, it may 
also be because different participants (or the same participant at different times) are using 
the resources of distinct sense modalities, engaging in inner speech on some occasions and 
visual imagery on others. What is generally agreed is that default-mode operation consists 
of episodic remembering, prospection of the future, and so on, which are known to make use 
of WM. And indeed, paired perception and imaging tasks in two distinct sense modalities 
(hearing and vision) show both a common core network implicated in each (which largely 
overlaps with the default-mode network) and modality-specific activity in midlevel sensory 
areas that varies by condition (Daselaar et al., 2010).
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conscious mind wandering of the sort that would implicate the resources 
of WM. Rather, the explanation for these findings may be that the main 
components of the default network (especially medial regions of both 
the prefrontal and the parietal cortex) are important connecting hubs in 
the neural architecture of the brain, serving to link together other more 
modular regions (Sporns, 2011). As such the prefrontal and the parietal 
cortex will generally exhibit greater neural activity than the regions that 
they connect, just as airports that serve as major hubs show greater flight 
activity than others. In humans, we know that these default-network hubs 
play an important role in mind wandering. However, it does not follow 
that any animal with similar brain connectivity will also make use of its 
WM when at rest to replay the past and explore the future in the ways in 
which humans do.

It might be proposed that we have direct evidence of such replay 
activity in rats. When at rest, or during pauses in exploration of a track, 
place cells in the rat hippocampus fire in sequences corresponding to por-
tions of the route already traveled or about to be traveled (Davidson et al., 
2009). However, although these firing sequences take place over intervals 
that are linearly related to the distances represented, firing rates are very 
fast in comparison with the rat’s normal rate of motion (corresponding 
to rates of about 8 m/s). In fact, the rate of “mental travel” is 15–20 times 
faster than actual travel. This contrasts sharply with the finding that, 
when humans imagine walking across a room, their imagined journey 
takes place at approximately the same speed as an actual journey (Decety 
et al., 1989). This suggests that the processes are not homologous across 
the two species and may serve quite different functions. Indeed, it is 
generally thought that rapid place-cell firing probably plays a role in the 
consolidation of memory (and, as such, is likely to take place in humans 
as well as in rodents).

It seems, then, that at present there is no real evidence to counter the 
suggestion that humans are unique in making frequent use of WM for 
purposes of rumination and mind wandering. However, this suggestion is 
supported (albeit quite weakly) by a theoretical inference from differences 
in long-term planning and creativity.

More Limited Behavioral and Conceptual Resources

Even if animals have WM capacities that are in all respects like our 
own, and likewise make chronic use of them, we can be confident that 
they are systematically different from us in the contents that figure in 
their WM. The primary reason for this is that only humans are capable of 
speech. This means that there is an entire range of actions (namely, speech 
actions) that only humans can mentally rehearse. In addition, the vastly 
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greater conceptual repertoire possessed by humans (in part resulting from 
previous speech communication) will mean that humans have available 
many more ways in which to chunk information in WM, thereby extend-
ing the latter’s scope and flexibility.

It is in these terms that we can characterize the unique character of 
so-called “system 2” reasoning and decision making in humans. Psy-
chologists who study human reasoning have increasingly converged on 
the hypothesis that we use two distinct sets of processes when doing so 
(Evans and Frankish, 2009; Evans, 2010; Kahneman, 2011). System 1 is 
swift, unconscious, and intuitive and is thought to be largely shared with 
other animals. System 2 is reflective, serial, and slow, and its operations 
are largely conscious, using the limited resources of WM. Many (but by 
no means all) system 2 processes use mental rehearsals of sentences and 
phrases in inner speech, so in this respect system 2 is uniquely human. 
Moreover, given that WM and fluid g largely coincide, differences in WM 
capacities explain a significant portion of the variance between people in 
tests of their reasoning abilities, with the remainder of the variance being 
accounted for by differences in people’s disposition to stop and reflect 
before answering and in their knowledge of norms of reasoning, or their 
“mindware” (Stanovich, 2009).

If the animal studies reviewed above have been correctly interpreted, 
then system 2 as such will not be uniquely human. For any animal 
engaged in prospection, envisaging and responding affectively to the con-
sequences of the various actions open to it (which are mentally rehearsed 
in sequence) will qualify as engaging in system 2 processing. What is 
unique to humans is our ability to vastly extend the topics and forms of 
reflective thinking in which we can engage by virtue of our capacity for 
mental rehearsal of speech.

CONCLUSION

We can be confident that other primates, at any rate, have WM systems 
in many respects homologous with our own. We can be just as confident 
that humans are unique in some of the uses that they make of WM, spe-
cifically of inner speech. However, between these two items of knowledge 
there is a large space of possibilities about which little is known for sure. 
It seems likely, on current evidence, that other primates (and perhaps all 
mammals) have pure retention abilities whose limits are similar to those 
of humans. Moreover, whereas humans are by no means unique in hav-
ing a capacity for prospection and future planning using WM, it seems 
likely that humans excel in their abilities to withstand interference and to 
deploy attention and rehearsal in flexible ways to maintain and manipu-
late representations in WM. In addition, there is some reason to suspect 
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that humans may be unique in making frequent task-independent use of 
their WM abilities. However, until there is a sustained effort by compara-
tive psychologists to devise and carry out matching tests of WM ability 
involving humans and various other species of animal, many of these 
claims must remain at least partly speculative.
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One prominent view holds that episodic memory emerged recently in 
humans and lacks a “(neo)Darwinian evolution.” Here, we review evi-
dence supporting the alternative perspective that episodic memory has a 
long evolutionary history. We show that fundamental features of episodic 
memory capacity are present in mammals and birds and that the major 
brain regions responsible for episodic memory in humans have anatomi-
cal and functional homologs in other species. We propose that episodic 
memory capacity depends on a fundamental neural circuit that is simi-
lar across mammalian and avian species, suggesting that protoepisodic 
memory systems exist across amniotes and, possibly, all vertebrates. The 
implication is that episodic memory in diverse species may primarily 
be due to a shared underlying neural ancestry, rather than the result of 
evolutionary convergence. We also discuss potential advantages that 
episodic memory may offer, as well as species-specific divergences that 
have developed on top of the fundamental episodic memory architecture. 
We conclude by identifying possible time points for the emergence of 
episodic memory in evolution, to help guide further research in this area.
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In humans, episodic memory has been defined as the capacity to recall 
specific experiences, as if one were to “mentally time travel” to reex-
perience individual events (Tulving, 1972, 2002). Although a promi-

nent view holds that episodic memory is unique to humans (Tulving 
and Markowitsch, 1998; Tulving, 2002), accumulating evidence indicates 
that birds and rodents can demonstrate a memory capacity that satisfies 
behavioral criteria for episodic memory (Clayton et al., 2003a; Eichenbaum 
et al., 2005; Crystal, 2010). Does this evidence imply that episodic mem-
ory capacity is fundamentally conserved across avian and mammalian 
species? Or does it suggest “episodic-like” memory capacity evolved 
separately in a few species and thus is the result of convergent evolu-
tion? Notably, these important questions cannot be answered by focusing 
on behavior alone because it is difficult, perhaps impossible, to distin-
guish between homologous and analogous memory capacities. Here, our 
objective is to shed light on the potential evolution of episodic memory. 
We go beyond previous efforts by integrating the behavioral evidence 
across species with a comparative analysis of the neurobiology and neural 
mechanisms underlying episodic memory capacity. We also discuss the 
potential functions of episodic memory in an evolutionary context, as well 
as species-specific divergences.

EPISODIC MEMORY CAPACITY ACROSS SPECIES

Episodic memory refers to the memory for specific personal experi-
ences. Although accurate, this definition does not capture the considerable 
challenge associated with distinguishing episodic memory from other 
memory capacities. A common mistake is to assume that one-trial learning 
is a sufficient criterion for episodic memory capacity. This is clearly not 
the case, as nonepisodic memories can be formed after a single exposure 
[e.g., conditioned taste aversion or familiarity (Morris, 2001; Clayton et al., 
2003a; Eichenbaum et al., 2007)]. In this section, we consider the main 
approaches used to define and demonstrate episodic memory capacity 
across species.

Subjective Measures of Episodic Recall

Because the concept of episodic memory was first studied in cognitive 
psychology, one approach is to define it in terms of the subjective experi-
ence associated with episodic recall. Specifically, Tulving (2002) proposed 
that episodic recall involves the ability to “mentally time travel” to reex-
perience specific events, a capacity that requires a sense of self, subjective 
time, and autonoetic awareness (conscious awareness that the experience 
occurred in the past). Although this definition may capture the phenom-
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enological aspects associated with episodic memory in humans, it relies 
entirely on verbal reports of subjective mental experiences. Because this 
definition of episodic memory precludes its investigation in animals, the 
hypothesis that this capacity is unique to humans lacks falsifiability. The 
absence of objective measures for episodic memory is also not conducive 
to rigorous scientific investigation in human studies. A more productive 
approach to defining episodic memory is to identify fundamental features 
that can be measured experimentally.

Receiver Operating Characteristics

The main objective of the receiver operating characteristics (ROC) 
approach is to use signal detection analyses to characterize recognition 
memory performance. More specifically, this method can be used to objec-
tively quantify the relative contributions of episodic recollection versus 
familiarity in a recognition memory task. Although this approach was 
originally developed for human studies, it was successfully adapted to 
rodents and provided strong evidence that rodents have recollective and 
familiarity processes similar to those of humans (Fortin et al., 2004). How-
ever, considerable effort is required to adjust the experimental parameters 
(e.g., response biases) for each species. Therefore, although this approach 
has distinct advantages [for a comprehensive review, see Eichenbaum et 
al. (2007, 2010)], it is unlikely to become widely used across species.

Memory for “Events in Context”

The events-in-context approach capitalizes on the fact that, in the 
episodic memory system, information about specific events is tied to the 
spatial, temporal, and other situational contexts in which they occurred 
(Tulving, 1972; Mishkin et al., 1997; Clayton and Dickinson, 1998). Based 
on this operational definition, demonstrations that animals can remember 
events in context (Clayton and Dickinson, 1998; Fortin et al., 2002; Babb 
and Crystal, 2006) provided compelling evidence that core properties of 
episodic memory are present in nonhumans. This capacity is often termed 
episodic-like to emphasize that, whereas it does not address the phenom-
enological aspects associated with episodic memory in humans, it satisfies 
three key behavioral criteria (Clayton et al., 2003a):

(i) Content: The individual remembers information about the event 
(“what”) and its context of occurrence (e.g., “where” or “when” it happened).

(ii) Structure: The information about the event and its context is inte-
grated in a single representation.
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(iii) Flexibility: The memory can be expressed to support adaptive 
behavior in novel situations.

These criteria have provided a solid theoretical framework for behav-
ioral tests of episodic memory. It is important to note that the criteria are 
usually satisfied using converging evidence from multiple studies, as it is 
impractical to address them all in every experiment. Here, we examine the 
three main approaches used to study the memory for events in context: 
(i) “what-where-when,” (ii) “what-where,” and (iii) “what-when.” The 
distinct content requirements of these models provide an opportunity to 
investigate different aspects of episodic memory capacity.

Memory for What-Where-When

An influential animal model of episodic memory took advantage of 
the natural caching behavior of scrub jays. In an ingenious paradigm, 
Clayton and Dickinson (1998) demonstrated that scrub jays could remem-
ber what food they stored (worms or peanuts), as well as where (the 
location in the cage) and when (4 hours or 124 hours ago) it was cached, 
thus fully satisfying the content criterion. Similar evidence of what-where-
when memory has also been reported in other bird species, including other 
corvids [magpies (Zinkivskay et al., 2009)] and noncorvids [black-capped 
chickadees (Feeney et al., 2009)]. This approach has also been adapted to 
many mammalian species, including rats (Ergorul and Eichenbaum, 2004; 
Eacott et al., 2005; Babb and Crystal, 2006; Kart-Teke et al., 2006), mice 
(Dere et al., 2005), meadow voles (Ferkin et al., 2008), pigs (Kouwenberg 
et al., 2009), nonhuman primates (Hoffman et al., 2009; Martin-Ordas 
et al., 2010), and humans (Hayne and Imuta, 2011; Holland and Smulders, 
2011). It is important to note that the structure and flexibility criteria have 
been much less investigated than the content criterion, so it remains to be 
determined whether all these species will meet all three behavioral criteria. 
As of now, there is evidence for what-where-when integration (structure 
criterion) in birds (Clayton et al., 2001), rodents (Ergorul and Eichenbaum, 
2004), and primates (Hoffman et al., 2009). Evidence for the flexibility cri-
terion comes from the demonstration that the what-where-when memory 
can be updated with new information [birds (Clayton and Dickinson, 
1999; Clayton et al., 2003b); rodents (Babb and Crystal, 2006)], and that it 
can be expressed spontaneously [i.e., without training or in response to 
an unexpected test; birds (Singer and Zentall, 2007); rodents (Dere et al., 
2005; Kart-Teke et al., 2006)]. Although this approach has been momen-
tous, leading to the development of a number of animal models of episodic 
memory, it also has limitations. In particular, the content criterion is very 
stringent, requiring memory for what, where, and when. On one hand, 
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this is a positive aspect of the model as it established a very high threshold 
for the first convincing behavioral demonstration of episodic memory in 
animals. On the other hand, this criterion may be overly restrictive. In fact, 
there is no clear evidence that all episodic memories contain all three types 
of information. Therefore, other forms of memory for events in context 
should also be considered episodic, such as memories involving a subset 
of the two (e.g., what-where), other types of contextual information [e.g., 
internal context (Kennedy and Shapiro, 2004)], or possibly where-when 
associations [no “what” component (Mankin et al., 2012)].

Memory for What-Where

This approach focuses on the memory for the spatial context of epi-
sodic memory, the ability to remember where specific events occurred. 
It is important to note that this capacity does not simply correspond to 
spatial memory (memory for “where”), as it requires animals to remember 
specific what-where associations (i.e., specific items in specific places). In 
these paradigms, the “what” component refers to the presentation of a 
specific item (e.g., odor, object). The “where” component varies depend-
ing on the species, typically referring to a specific place in an environ-
ment in rodent studies, or to a specific location on a screen (or complex 
visual scene) in primate studies. Tasks involving item-place associations 
have been used extensively in rats (e.g., Gilbert and Kesner, 2002, 2003; 
Day et al., 2003; Rajji et al., 2006) and nonhuman primates [e.g., item-
scene associations (Gaffan, 1994)], particularly to study the neural basis 
of episodic memory. Paradigms relying on spontaneous preference, which 
require no training, have also been developed [e.g., Dix and Aggleton 
(1999)]. A more detailed review of what-where approaches, including 
their use as preclinical tests for assessment of cognitive function in animal 
models of aging and Alzheimer’s disease, is available elsewhere (Snigdha 
et al., 2013).

Memory for What-When

This approach requires subjects to remember the temporal context 
in which specific events occurred, a defining feature of episodic memory 
(Tulving, 1972, 2002). There are different forms of memory for when 
events occurred, including memory for the order of events in a sequence, 
for how long ago events happened, and for the time of day at which they 
took place (Friedman, 1993; Roberts, 2002; Eichenbaum and Fortin, 2003; 
Crystal, 2010; Eacott and Easton, 2010; Jacobs et al., 2013). The vast major-
ity of studies have focused on memory for the order of events, which 
reflects the capacity of episodic memory to preserve the “flow of events” 
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as they occurred in experience (Tulving, 1972, 2002). The typical paradigm 
involves the presentation of a sequence of items (e.g., odors, objects), fol-
lowed by a choice between two of the presented items. Memory for order 
is expressed by selecting [e.g., Fortin et al. (2002) and Kesner et al. (2002)], 
or preferentially exploring [e.g., Hannesson et al. (2004)], the item that 
appeared earlier in the sequence. Importantly, information about the spa-
tial context is irrelevant to performance. This basic approach has been used 
in rodents (Fortin et al., 2002; Kesner et al., 2002), and similar approaches 
have been developed in nonhuman primates (Petrides, 1995; Naya and 
Suzuki, 2011; Templer and Hampton, 2013) and humans (Kumaran and 
Maguire, 2006; Lehn et al., 2009; Ross et al., 2009). Notably, the NIH Tool-
box Cognition Battery proposes a what-when paradigm, which requires 
memory for sequences of pictured events, as the new standard measure 
for episodic memory capacity in humans [for a review, see Snigdha et al. 
(2013) and Weintraub et al. (2013)].

Section Summary

The evidence reviewed strongly suggests that core properties of epi-
sodic memory are present across mammals, as well as in a number of bird 
species. Although the ROC method has distinct advantages, the memory 
for the events-in-context approach is more practical and widely used. 
Therefore, the latter is more appropriate to examine episodic memory 
capacity across species and shed light on its evolution. What-where-when 
paradigms have the strictest behavioral criteria and thus are better suited 
for determining whether a given species has the capacity for episodic 
memory. In contrast, paradigms that focus on isolating a specific form of 
contextual information (e.g., what-where, what-when) are promising for 
investigating the types of contextual information fundamental to episodic 
memories, as well as elucidating its critical neurobiological substrate (see 
below). Although no single definition or approach is likely to capture all 
features of episodic memory, converging evidence from these operational 
approaches has greatly furthered our understanding of episodic memory 
across phylogeny.

BRAIN STRUCTURES IMPORTANT FOR EPISODIC MEMORY

Studies of neurological patients and functional neuroimaging in 
humans have shown that episodic memory critically depends on the 
integrity of the hippocampus (Vargha-Khadem et al., 1997; Tulving and 
Markowitsch, 1998; Eichenbaum and Fortin, 2005) but also involves a 
large network of cortical areas that includes the adjacent parahippocampal 
region and the prefrontal cortex (Cabeza and St. Jacques, 2007; Schacter 
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et al., 2007). In this section, we review basic anatomical and functional 
evidence to determine the extent to which these structures are conserved 
in mammals and birds.

Hippocampus

The hippocampus has been identified in many species, including 
a large breadth of mammals (Insausti, 1993; Manns and Eichenbaum, 
2006), birds (Székely, 1999; Atoji and Wild, 2006), reptiles [medial cor-
tex (Rodríguez et al., 2002)], and teleost fish [dorsolateral telencephalon 
(Rodríguez et al., 2002; Broglio et al., 2005)]. The neurobiological and func-
tional evidence strongly suggests that the hippocampus is a homologous 
structure across species.

In mammals, the hippocampus is remarkably conserved across spe-
cies, including humans, nonhuman primates, pigs, rodents, and bats 
(Insausti, 1993; Manns and Eichenbaum, 2006). The cytoarchitecture can be 
easily identified by the dense layers of folded cell bodies that make up hip-
pocampal subregions, including the subiculum, dentate gyrus, and cornu 
ammonis (CA) fields (Amaral and Witter, 1989; Manns and Eichenbaum, 
2006; van Strien et al., 2009) (Fig. 6.1). Major inputs to the hippocampus 
originate from the entorhinal cortex and synapse on all subfields. Within 
the hippocampus, the dentate gyrus projects to CA3 through mossy fiber 
connections. CA3 projects to itself, through recurrent connections, as well 
as to CA1, through the Schaffer collaterals. The major outputs of the 
hippocampus originate from CA1 and the subiculum, and terminate in 
the entorhinal cortex [for a comprehensive account of the hippocampal 
circuitry, see van Strien et al. (2009)]. Additionally, a major anatomical 
characteristic of the mammalian hippocampus is a connection with the 
septum, which is conserved across all mammals. The function of the hip-
pocampus is also well conserved across mammalian species. In fact, the 
hippocampus is critical for spatial memory in rats [reviewed in O’Keefe 
and Nadel (1978)], nonhuman primates (Banta Lavenex and Lavenex, 
2009), and humans (Burgess et al., 2002). Moreover, neurophysiological 
studies have identified hippocampal neurons that encode specific places 
in an environment (place cells) in rodents (O’Keefe and Dostrovsky, 1971; 
Wilson and McNaughton, 1993; Knierim et al., 2006), nonhuman primates 
(Nishijo et al., 1997; Matsumura et al., 1999), and humans (Ekstrom et al., 
2003), as well as in bats (Yartsev et al., 2011).

Birds also have a hippocampus, which arises from the same devel-
opmental origin as in mammals (Székely, 1999; Atoji and Wild, 2006; Rat-
tenborg and Martinez-Gonzalez, 2011). As in mammals, a hippocampal–
septal pathway is a major feature of the avian hippocampus (Atoji and 
Wild, 2004; Rattenborg and Martinez-Gonzalez, 2011). The avian hippo-
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FIGURE 6.1 Brain regions important for episodic memory. Anatomical compari-
son of the hippocampus (avian hippocampus), parahippocampal region (avian 
area parahippocampalis), associational neocortex (avian dorsal ventricular ridge), 
and prefrontal cortex (avian nidopallium caudolaterale). The mammalian hip-
pocampus shows distinct subregions, which are less evident in the avian hippo-
campus. The mammalian parahippocampal region is shown in diagrams [adapted 
with permission from Furtak et al. (2007), copyright Wiley-Liss, Inc.] to highlight 
the conserved relative spatial locations among species, with similar adjacent loca-
tions of area parahippocampalis and hippocampus in birds. Neocortical areas in 
mammals and associational areas of the dorsal ventricular ridge are outlined. The 
prefrontal cortex is shown in whole brains in mammals (medial surface in rat) and 
in a sagittal section in the bird. Human, nonhuman primate (Macaca mulatta), and 
rodent (Rattus norvegicus) sections were adapted with permission from http://
www.brains.rad.msu.edu, and www.brainmuseum.org supported by the U.S. 
National Science Foundation, and bird (Taeniopygia guttata) sections from http://
zebrafinch.brainarchitecture.org. DG, dentate gyrus; DL, dorsolateral region; DM, 
dorsomedial region; EC, entorhinal cortex, HC, hippocampus; PER, perirhinal cor-
tex; PHC, parahippocampal cortex; POR, postrhinal cortex; Tr, triangular region; 
V, V-shaped layer.

campal subregions are not as visually obvious (Fig. 6.1) but nonetheless 
show homologies to those in mammals. Based on anatomical connectivity, 
Atoji and Wild (2006) noted that the dorsomedial area of the hippocam-
pus is similar to the mammalian subiculum and CA regions, whereas 
the V-shaped layer in the ventromedial portion is similar to the mam-
malian dentate gyrus. However, a consensus on the exact homologies of 
hippocampal subregions is lacking (Székely, 1999; Atoji and Wild, 2006; 
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Rattenborg and Martinez-Gonzalez, 2011). Functionally, the avian hippo-
campus is similar to the mammalian hippocampus. Neurons in the avian 
hippocampus also show distinct place fields [reviewed in Bingman and 
Sharp (2006)], and lesions to the avian hippocampus specifically disrupt 
spatial memories (Hampton and Shettleworth, 1996; Colombo et al., 1997; 
Gagliardo et al., 1999). Notably, hippocampal lesions similarly impair 
spatial memories in turtles and goldfish (Rodríguez et al., 2002), further 
evidence that these functional similarities result from a long neurobiologi-
cal ancestry.

Parahippocampal Region

In mammals, the hallmark of cortical–hippocampal connectivity is 
the existence of associative cortical structures that serve as an interface 
between the hippocampus and the rest of the neocortex. These associative 
regions include the entorhinal cortex, perirhinal cortex, and parahippo-
campal cortex [postrhinal cortex in rodents (Furtak et al., 2007)], which are 
collectively referred to as the parahippocampal region (Fig. 6.1). There are 
two main information processing pathways within the parahippocampal 
region (Fig. 6.2A). The “what” pathway, composed of the perirhinal and 
lateral entorhinal cortex, is important for processing and representing 
features of specific objects or items. In rodents and primates, this system 
receives information from all sensory modalities (Lavenex and Amaral, 
2000; Suzuki and Amaral, 2004; Furtak et al., 2007), is critical for object 
memory (Brown and Aggleton, 2001; Squire et al., 2004; Feinberg et al., 
2012), and contains neurons that respond to specific objects (Fried et al., 
2002; Allen et al., 2007; Naya and Suzuki, 2011; Deshmukh et al., 2012). The 
second pathway processes “where” information and is composed of the 
parahippocampal/postrhinal cortex and medial entorhinal cortex. This 
system primarily receives visuospatial information (Suzuki and Amaral, 
2004; Furtak et al., 2007). Consistent with a role in processing “where” 
information, neurons in a subregion of the medial entorhinal cortex fire 
in a triangular grid pattern as animals explore an environment [grid cells 
(Fyhn et al., 2004)]. Evidence for grid cells has been reported in rodents 
(Fyhn et al., 2004), nonhuman primates (Killian et al., 2012), and humans 
(Doeller et al., 2010), as well as in bats (Yartsev et al., 2011). Although 
species differences exist in the information processed by these pathways, 
the distinct informational segregation is conserved across rats, nonhu-
man primates, and humans (Burwell, 2000; Suzuki and Amaral, 2004; 
Eichenbaum et al., 2007).

In birds, the primary inputs and outputs of the hippocampus originate 
in the area parahippocampalis (Atoji and Wild, 2006) (Figs. 6.1 and 6.2B). 
Afferents to area parahippocampalis arise from several locations, includ-
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A B C

FIGURE 6.2 Neural circuits underlying episodic memory capacity in mamma-
lian and avian species. (A) Schematic diagram of neural mechanisms supporting 
episodic memory encoding and expression in mammals. After information 
from the environment reaches the neocortex, the processing of “what” and 
“where” information is divided in parallel streams of cortical association areas. 
This functional segregation is maintained in the parahippocampal region, where 
the information is further processed before it reaches the hippocampus. Episodic 
memories are formed when the hippocampus integrates information about a 
specific event (what happened) with the context in which it occurred (e.g., where 
and/or when it happened). Although what-where coding has been shown in re-
gions CA3 and CA1, lesion studies suggest that this type of integration depends 
specifically on region CA3. Recent evidence suggests that region CA1 provides 
an internal representation of elapsed time (when), which could support the 
formation of what-when and what-where-when associations. Episodic recall 
is thought to occur when the integrated event-in-context representation is 
reactivated in the hippocampal network, which leads to the reactivation of the 
associated representations in parahippocampal and neocortical association areas. 
The process by which the retrieved memories can guide behavior depends on 
the prefrontal cortex. (B) Comparable circuit in the avian brain. Note that con-
nectivity between the area parahippocampalis and the nidopallium caudolaterale 
is indirect, as depicted with a broken arrow. (C) Fundamental circuit hypoth-
esized to support episodic memory across species. Anatomical, behavioral, and 
physiological evidence demonstrates that this system involves homologous and 
analogous structures. DG, dentate gyrus; DL, dorsolateral region; DM, dorso-
medial region (lateral and medial); DVR, dorsal ventricular ridge; LEC, lateral 
entorhinal cortex; MEC, medial entorhinal cortex; PER, perirhinal cortex; PHC, 
parahippocampal cortex; POR, postrhinal cortex; Sub, subiculum; Tr, triangular 
region; V, V-shaped layer.

ing the dorsal ventricular ridge and hyperpallium. Its efferents project 
back to the same structures and to the V-shaped layer and triangular 
region of the avian hippocampus. Therefore, the avian hippocampus 
has access to information from all modalities through the area parahip-
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pocampalis (Atoji and Wild, 2006), much like the mammalian system. 
However, it is unknown whether the dorsolateral and dorsomedial subre-
gions of area parahippocampalis are involved in segregated informational 
streams. As in the medial entorhinal cortex in mammals, grid-like cells 
have been observed near the avian hippocampus, although their exact 
location remains unclear (Bingman and Sharp, 2006).

To summarize, the extent to which the mammalian parahippocampal 
region and the avian area parahippocampalis are homologous remains to 
be determined. However, it is clear that there are similarities in the circuit 
organization and functions of these regions across mammals and birds, 
and especially within mammals.

Prefrontal Cortex

The size of the prefrontal cortex varies greatly across mammals, espe-
cially between primates and rodents (Fig. 6.1), but there is strong evidence 
of anatomical and functional correspondence across species (Kesner, 1998; 
Brown and Bowman, 2002; Uylings et al., 2003). The prefrontal cortex 
receives information from most cortical association areas and strongly 
projects to cortical and subcortical motor regions, suggesting that it plays 
a key role in the representation and execution of actions (Goldman-Rakic, 
1996; Fuster, 2001) (Fig. 6.2A). The prefrontal cortex is also connected to 
the hippocampus by a direct pathway from CA1 (Verwer et al., 1997) 
and indirect connections through the parahippocampal region (Lavenex 
and Amaral, 2000; Furtak et al., 2007). Importantly, individual prefrontal 
neurons exhibit delay-related activity in nonhuman primates [reviewed in 
Goldman-Rakic (1996) and Fuster (2001)] and rodents (Jung et al., 1998), 
activity that may contribute to working memory, inferential reasoning, 
and decision-making abilities. These findings are consistent with the view 
that the prefrontal cortex is the primary executive region of the brain, a 
structure particularly important for bridging perception, memory, and 
action (Goldman-Rakic, 1996; Fuster, 2001).

Birds also have an executive region thought to be similar to the 
mammalian prefrontal cortex, called the nidopallium caudolaterale 
(Güntürkün, 2005; Herold et al., 2011). Importantly, the nidopallium cau-
dolaterale directly projects to motor regions and has indirect access to the 
hippocampus and the area parahippocampalis [Güntürkün (2005); see 
also Allen and Fortin (2013)] (Fig. 6.2B). Delay-related neuronal activity 
has also been observed in individual nidopallium caudolaterale neurons 
(Rose and Colombo, 2005). However, it is important to note that, despite 
these similarities to the mammalian prefrontal cortex, the nidopallium 
caudolaterale is not homologous to its mammalian counterpart [i.e., the 
similarities are due to convergent evolution (Rose and Colombo, 2005)].
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Section Summary

In sum, the hippocampus, parahippocampal region, and prefrontal 
cortex form a neural system that is thought to underlie episodic memory 
capacities in humans, but this basic neurobiology is not unique to humans. 
Considerable evidence shows that this circuit is present across mammals 
and that a comparable circuit exists in the avian brain. Interestingly, 
regions that are homologous to the hippocampus also exist in reptiles 
and bony (teleost) fish. Considering the long evolutionary history and 
structure–function similarities, it seems reasonable to hypothesize that the 
human episodic memory circuit shares an ancestral protoepisodic memory 
system with other mammals and possibly birds.

NEURAL MECHANISMS UNDERLYING EPISODIC MEMORY

Episodic memory in mammals depends on the hippocampus, the 
parahippocampal region, and the prefrontal cortex. However, until 
recently, it was unclear how this network of structures could give rise to 
episodic memory. In fact, considerable progress has been made in recent 
years toward understanding the specific contribution of each structure, 
as well as the nature of their functional relationships. Here, we describe a 
model, derived primarily from rodent and primate studies, summarizing 
the neural mechanisms thought to support the encoding and expression 
of episodic memories in mammals (Fig. 6.2A).

Processing Information About Events and Elements of Context

After being processed by sensory receptors and thalamic nuclei, infor-
mation from the external world reaches primary sensory areas of the 
neocortex. A hierarchy of association cortical areas then processes this 
information at increasing levels of complexity and abstraction, culminat-
ing in multimodal representations. This information is funneled into the 
parahippocampal region, which mediates communications between the 
neocortex and the hippocampus (McClelland and Goddard, 1996).

The processing of “what” (e.g., stimuli, items) and “where” informa-
tion is generally segregated into parallel streams. This functional seg-
regation is maintained in the parahippocampal region (Burwell, 2000; 
Lavenex and Amaral, 2000; Eichenbaum et al., 2007): the perirhinal and 
lateral entorhinal areas play a critical role in item memory (what) whereas 
the postrhinal and medial entorhinal areas are important for the memory 
of contextual information (where). In contrast, the neural basis of the 
memory for “when” is much less understood. Although the hippocampus 
may play a critical role in processing “when” information under specific 
conditions (Meck et al., 1984; Jacobs et al., 2013), this capacity is gener-
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ally thought to depend on other cortical and subcortical structures [e.g., 
striatum (Buhusi and Meck, 2005)].

Integrating Event and Context Information

Before reaching the hippocampus, information about the “what,” 
“where,” or “when” of individual events is not yet integrated into a single 
representation and thus does not satisfy the structure criterion for episodic 
memory. Episodic memory requires the integration of the representation 
of a single event with its distinctive contextual information, and it is this 
process that critically depends on the hippocampus [for potential mecha-
nisms, see Buzsáki and Moser (2013)].

What-Where Integration

Studies in rodents (Gilbert and Kesner, 2002, 2003; Day et al., 2003; 
Rajji et al., 2006) and primates (Gaffan, 1994) show that the hippocam-
pus plays a critical role in forming specific item–place associations. It is 
important to note that the spatial layout is already well learned in these 
paradigms, so deficits after hippocampus lesions cannot be solely attrib-
uted to an impairment in processing “where” information. Similarly, the 
deficits cannot be attributed to a deficiency in processing “what” infor-
mation, as this capacity is normal in animals with hippocampal damage 
(Fortin et al., 2002; Gilbert and Kesner, 2002; Feinberg et al., 2012). The 
integration of what-where information can also be demonstrated in the 
coding properties of individual hippocampal neurons. A study by Wood 
et al. (1999) showed that different subsets of neurons selectively coded 
for “what” (e.g., a specific odor) and “where” (e.g., a specific location) 
information, whereas others coded for specific what-where conjunctions 
(a specific odor in a particular place). More recent studies have shown 
that the emergence of what-where coding parallels the learning of item-
place associations (Komorowski et al., 2009; Kim et al., 2011). Although 
lesion studies suggest what-where integration depends on subregion CA3 
but not CA1 (Gilbert and Kesner, 2003), what-where neural coding has 
been reported in both subregions with no significant differences reported 
(Wood et al., 1999; Komorowski et al., 2009).

What-When Integration

Accumulating evidence suggests that the hippocampus also plays a 
critical role in forming what-when associations, including memory for the 
order in which specific events occurred. For instance, in sequence memory 
paradigms, rats with hippocampal damage were shown to have normal 
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memory for the individual items presented (what) but consistently failed 
to remember the temporal relationships among events [what-when (Fortin 
et al., 2002; Kesner et al., 2002)]. Functional neuroimaging studies have 
shown that the hippocampus is strongly engaged during performance of 
similar tasks in humans as well (Kumaran and Maguire, 2006; Lehn et al., 
2009; Ross et al., 2009). Furthermore, recent electrophysiological evidence 
suggests that a fundamental role of the hippocampus is to provide an 
internal representation of elapsed time, which could support the forma-
tion of what-when memories (MacDonald et al., 2011; Naya and Suzuki, 
2011; Shapiro, 2011). In fact, recent studies have shown that individual 
hippocampal neurons exhibit robust timing signals during stimulus-free 
intervals [“time cells” (Pastalkova et al., 2008; MacDonald et al., 2011)] and 
during the presentation of sequences of events (Naya and Suzuki, 2011). 
In addition, the pattern of activity in hippocampal ensembles has been 
shown to gradually change over time, a form of population coding that 
could serve as a timing signal (Manns et al., 2007; Mankin et al., 2012). 
The above lesion and electrophysiological studies provide converging 
evidence that this capacity primarily depends on subregion CA1 of the 
hippocampus.

Episodic Recall and Response Selection

Episodic recall is thought to occur when the integrated event-in-
context representation is reactivated, involving a pattern completion pro-
cess that can be initiated by cueing the hippocampal network with ele-
ments of the event or context. This hippocampal reactivation leads to the 
reactivation of the corresponding representations in the parahippocampal 
region and other cortical association areas (McClelland and Goddard, 1996; 
Eichenbaum et al., 2007). The process by which the retrieved information 
can guide behavior is thought to critically depend on the prefrontal cortex 
(Goldman-Rakic, 1996; Fuster, 2001; Ninokura et al., 2003; Eichenbaum 
and Fortin, 2009). First, the episode-specific patterns of activity retrieved in 
the hippocampus are thought to reach the prefrontal cortex, either directly 
or through the parahippocampal region. The prefrontal cortex then evalu-
ates the retrieved information and plans the appropriate course of action, 
which is then conveyed to motor regions (Goldman-Rakic, 1996; Fuster, 
2001; Ninokura et al., 2003; Eichenbaum and Fortin, 2009).

Section Summary

Significant progress has been made in our understanding of the neu-
ral circuits underlying episodic memory capacity in mammals. In its 
essence, the circuit requires higher association areas to process the sensory 
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information (neocortex), interface areas to communicate with the hip-
pocampus (parahippocampal region), the hippocampus to integrate and 
retrieve information about the episode, and executive areas to produce 
the appropriate behavior (prefrontal cortex). Although little is known 
about the neural mechanisms underlying episodic memory in birds, it 
is important to note that they have a similar circuit that could perform 
the same fundamental operations. The corresponding system in birds 
involves a combination of homologous (the hippocampus and, to some 
degree, the area parahippocampalis) and analogous (dorsal ventricular 
ridge, nidopallium caudolaterale) structures (Fig. 6.2B). Therefore, we 
hypothesize that a fundamental circuit may be shared between species 
that demonstrate episodic memory abilities (Fig. 6.2C).

FUNCTIONS OF EPISODIC MEMORY ACROSS SPECIES

As we examine the evolution of episodic memory, it is important 
to consider its potential functions across species. What are its potential 
contributions to the fitness of an individual? What advantage could it 
provide? Episodic memory is not necessary for animals to find food, shel-
ter, mates, or to avoid dangerous situations. However, given the dynamic 
nature of the environment, the ability to remember unique experiences 
could certainly help animals be more successful. This advantage may be 
especially beneficial under conditions of limited resources, when incre-
mental gains in the likelihood of success can amount to large effects on 
long-term survival. As mentioned earlier, our central argument is that 
fundamental properties of episodic memory, as well as their underlying 
neural circuits, are shared across mammals and birds. Therefore, some 
basic functions of episodic memory should be common across species.

Memory-Based Predictions

The purpose of memory is not to reminisce about the past, but to 
allow us to think, reason, and plan for the future (McGaugh, Chapter 9, 
this volume). Along these lines, we propose that the main function of 
episodic memory is to provide memory-based predictions to support 
adaptive behavior in the present or immediate future (Eichenbaum and 
Fortin, 2009). There are two ways in which episodic memory could con-
tribute to this capacity. First, episodic memory is the only memory system 
to provide spatially and temporally specific information about single 
experiences. For instance, when faced with a specific need (e.g., a tool), 
an individual could use episodic memory to make predictions as to how 
to satisfy this need (e.g., look where the tool was last seen). This unpar-
alleled specificity allows animals to take into account unique events in 
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guiding their behavior and to quickly adapt to changing circumstances. 
Second, episodic memory could contribute to memory-based predictions 
by supporting the capacity to make novel inferences. In fact, it has been 
proposed that a fundamental role of the hippocampus is to integrate 
episodic and semantic memories into a relational (declarative) memory 
network (Eichenbaum et al., 1999; Eichenbaum and Fortin, 2009). Because 
many of our memories overlap in information content, the network is 
thought to represent relationships among memories by linking them using 
their common elements. This network structure could support the flexible 
expression of inferred relationships between elements that were never 
experienced together, such as deducing a novel trajectory between two 
locations or the social hierarchy among a group of individuals. It should 
be noted that nondeclarative memory abilities also extract regularities 
from the environment to support the ability to generalize to other situa-
tions, but the process requires multiple exposures and lacks flexibility of 
expression (i.e., is tied to specific cues).

Planning for the Distant Future

Future planning involves making predictions about the distant future 
(many hours ahead) to anticipate future needs, an extension of the capacity 
for memory-based predictions described above. In humans, future plan-
ning involves “episodic future thought,” the ability to simulate plausible 
future events or scenarios [e.g., imagining future activities to determine 
what to pack for an upcoming trip (Addis et al., 2007; Hassabis et al., 
2007; Szpunar et al., 2007)]. Interestingly, there is considerable overlap 
between the neural circuits involved in retrieving episodic memories 
and those involved in simulating future events, suggesting that the two 
capacities are intrinsically linked (Addis et al., 2007; Hassabis et al., 
2007; Szpunar et al., 2007). Does this capacity for future planning extend 
beyond humans? Any attempt to examine future planning in animals must 
address the Bischof-Köhler hypothesis, which states that only humans 
can dissociate themselves from their current motivational state and take 
action for future needs (Suddendorf and Corballis, 2007). The criteria for 
demonstrating future planning in animals are as follows: (i) the behavior 
involved should be a novel action or combination of actions, (ii) the action 
should be appropriate for the future motivational state, and (iii) the antici-
patory action should not have been extensively reinforced (Clayton et al., 
2003a; Raby et al., 2007; Shettleworth, 2007; Suddendorf and Corballis, 
2007). The first study satisfying all criteria has been conducted in scrub 
jays. In this study, the birds demonstrated the ability to make provisions 
for a future need, thus showing that they could dissociate themselves 
from their current motivational state and spontaneously plan for the next 
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day (Raby et al., 2007). Accumulating evidence suggests that apes are also 
capable of future planning, as they can save tools for future use (Mulcahy 
and Call, 2006) and can override immediate drives in favor of future needs 
(Naqshbandi and Roberts, 2006; Osvath and Osvath, 2008). Although it is 
clear that the behavior of other animals can be future oriented or based on 
future consequences [e.g., selecting an item to receive a reward (Roberts, 
2002)], it remains to be determined whether animals other than humans, 
apes, and scrub jays are capable of future planning.

Building Social Relationships and Networks

Episodic memory could be particularly useful for processing and 
using social information. Although some aspects of social information are 
static (e.g., who is related to whom?), others can change over time (e.g., 
who has been cooperative? who has been aggressive?) and thus could 
depend on the capacity to remember specific experiences. Interestingly, the 
species in which episodic memory capacity has been most convincingly 
demonstrated (primates, rodents, and scrub jays) are highly social (Emery 
and Clayton, 2004; Brennan and Kendrick, 2006). Recent evidence suggests 
that humans with episodic memory impairments have social circles that 
are limited compared with controls, suggesting that episodic memory may 
be crucial for establishing and/or maintaining social bonds (Davidson et 
al., 2012). Thus, there may be a relationship between episodic memory 
capacity and social interactions.

Species-Specific Uses of Episodic Memory

Although we have so far emphasized the commonalities in episodic 
memory capacity, there are also clear differences across species. These 
divergences include unique uses of episodic memory, as well as species-
specific attributes. For instance, in humans, episodic memory is thought to 
be intrinsically tied to other mental capacities such as language, a sense of 
self, empathy, and theory of mind (Tulving, 2002; Schacter et al., 2007; Duff 
and Brown-Schmidt, 2012). Although such characteristics were initially 
used as evidence that episodic memory is unique to humans, according 
to the present conceptual framework, they represent species-specific attri-
butes (or modules) associated with the expansion of neocortical (particu-
larly prefrontal) areas in humans. Other species-specific uses of episodic 
memory may include meadow voles predicting when and where sexually 
receptive females will be located (Ferkin et al., 2008) and hummingbirds 
keeping track of the location, quality, and renewal rate of different sources 
of nectar (González-Gómez et al., 2011). Episodic memory may be of par-
ticular importance in hummingbirds because of the enormous energy cost 
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in gathering nectar, which makes repeat visits or poor planning highly 
detrimental (González-Gómez et al., 2011).

Section Summary

Given that several species demonstrate episodic memory capacity, it 
is reasonable to assume that it offers significant advantages. Some of these 
benefits could be common across species; others may be species-specific. 
However, further research is needed before we can understand the specific 
nature of these advantages or establish that they are causally linked with 
an increase in fitness.

CONCLUSIONS

Episodic memory is the remarkable capacity to remember specific 
personal experiences. Although it was originally thought that this capac-
ity was particular to humans, the ample evidence reviewed here indicates 
that core properties of episodic memory are present across mammals, as 
well as in birds. This cross-species approach to episodic memory research 
is made possible by the use of operational definitions that can be applied 
across species, a method we strongly suggest should be used in animal 
and human studies. The most common approach to investigate episodic 
memory capacity across species is to determine whether animals can 
remember events within the context in which they occurred (e.g., memory 
for what-where-when, what-where, or what-when). Using this conceptual 
framework, we showed that episodic memory in mammals depends on 
a functional relationship between the hippocampus, parahippocampal 
region, neocortical association areas, and prefrontal cortex. Importantly, 
we described a comparable neural circuit in birds, which includes homolo-
gous (hippocampus, and to some degree, parahippocampal region) and 
analogous (dorsal ventricular ridge association areas, nidopallium cau-
dolaterale “prefrontal” area) structures. Finally, we submit that this fun-
damental circuit underlies episodic memory capacity across species but 
that species-specific divergences have also evolved around this central 
architecture.

When did episodic memory emerge? Unfortunately, the available 
evidence cannot support a definitive answer at this time. We speculate 
that it evolved at a stage when the hippocampus was already present 
because the hippocampus is known to be a critical substrate. However, 
we are not implying a one-to-one relationship between the hippocampus 
and episodic memory (e.g., if the hippocampus is present, the animal 
has episodic memory capacity). Because the hippocampus is essential for 
spatial memory across species, ranging from humans to teleost fish, it is 
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likely that its role was limited to the processing of “where” information 
when it first emerged (Fig. 6.3). We propose that episodic memory capac-
ity emerged at a later time, when the hippocampus began supporting the 
integration of information about events in context (e.g., “what,” “where,” 
and/or “when” information). As the neural architecture of the hippocam-
pus indicates, the content of its associations is determined by its inputs. 
Thus, the change to supporting episodic memory likely occurred when 
the hippocampus began receiving highly processed event and contextual 
information from higher association areas. In light of the cross-species 
behavioral and neurobiological similarities reviewed here, it is tempting 
to conclude that episodic memory capacity emerged before mammals 
and reptiles diverged (possibility 1 in Fig. 6.3). However, because of the 
limited data available in nonavian reptiles, the hypothesis that it resulted 
from convergent evolution (e.g., possibilities 2 and 3 in Fig. 6.3) cannot be 
rejected at this time. Addressing this important issue will require converg-

FIGURE 6.3 Possible time points for the emergence of episodic memory in evo-
lution. Initially, the role of hippocampus was likely limited to the processing of 
spatial information (“where”). We hypothesize that episodic memory capacity 
emerged later on, when the hippocampus began supporting the integration of 
information about events in context (e.g., “what,” “where,” and/or “when” 
information). The striking behavioral and neurobiological similarities reviewed 
in this chapter suggest that episodic memory capacity emerged before mammals 
and reptiles diverged (possibility 1). However, additional evidence from birds and 
reptiles is needed before the alternative hypothesis that episodic memory is the 
result of convergent evolution (e.g., possibilities 2 and 3) can be safely rejected.
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ing evidence from anatomical, behavioral, and neurobiological studies in 
different avian and reptilian species.
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A neuroethological approach to human and nonhuman primate behavior 
and cognition predicts biological specializations for social life. Evidence 
reviewed here indicates that ancestral mechanisms are often duplicated, 
repurposed, and differentially regulated to support social behavior. 
Focusing on recent research from nonhuman primates, we describe how 
the primate brain might implement social functions by co-opting and 
extending preexisting mechanisms that previously supported nonsocial 
functions. This approach reveals that highly specialized mechanisms 
have evolved to decipher the immediate social context, and parallel cir-
cuits have evolved to translate social perceptual signals and nonsocial 
perceptual signals into partially integrated social and nonsocial motiva-
tional signals, which together inform general-purpose mechanisms that 
command behavior. Differences in social behavior between species, as 
well as between individuals within a species, result in part from neuro-
modulatory regulation of these neural circuits, which itself appears to be 
under partial genetic control. Ultimately, intraspecific variation in social 
behavior has differential fitness consequences, providing fundamental 
building blocks of natural selection. Our review suggests that the neu-
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roethological approach to primate behavior may provide unique insights 
into human psychopathology.

Sensitivity and responsiveness to information about others is critical 
for human health (Berkman, 2000; Cohen, 2004), survival (Barefoot 
et al., 2005), and even financial success (Baron and Markman, 2003). 

To navigate our social worlds, we track the behavior of others and form 
models of their intentions and emotional states, we actively seek out and 
exchange information about others, and we flexibly alter our behavior in 
response to what we know about others. These faculties are so important 
to human behavior that their disruption constitutes psychopathology 
(Adolphs, 2003; Meyer-Lindenberg et al., 2011). These specializations for 
social behavior reflect a rich evolutionary heritage of adaptation to group 
life (Byrne and Whiten, 1989; Dunbar, 1998; Allman, 1999). Like humans, 
many nonhuman primates also live in large groups characterized by pat-
terns of social behaviors like grooming, imitative and cooperative forag-
ing, differentiated affiliative relationships, ritualized courtship and mating 
behavior, and competitive interactions structured by social dominance 
(Wilson, 1975; Smuts et al., 1987). Not surprisingly, the ability to deftly 
navigate the social environment has observable consequences for repro-
ductive success in some nonhuman primates (Silk et al., 2003).

EVOLUTIONARY PERSPECTIVE ON SOCIAL BEHAVIOR

Social behavior places strong and unique demands on the nervous sys-
tem. Across primate species, group size (a potential proxy of social com-
plexity) is correlated with forebrain volume, after correcting for body size 
(Dunbar, 1998). Additional brain tissue beyond that required to maintain a 
body of a particular size is costly, in both developmental complexity and 
metabolic demands (Aiello and Wheeler, 1995; Allman, 1999; Lennie, 2003; 
Leonard et al., 2003). Indeed, social complexity and the elaboration of neu-
ral mechanisms to support it are associated with diets high in dependable 
calorie-rich foods (Harvey et al., 1980; Harding, 1981; Milton, 1981). Major 
expansion of the hominine brain during human evolution appears to have 
coincided with the development of new behaviors that added more calo-
ries to the diet, such as eating meat (Homo habilis, ~2.3 Mya) (Leakey et al., 
1964) and cooking (Homo erectus, ~1.5 Mya) (Wrangham, 2009).

Social behavior seems likely to depend on homologous neural mecha-
nisms in humans and nonhuman primates (Rushworth et al., 2013). Novel 
behaviors can evolve by connecting, repurposing (i.e., shifted to serve a 
new function), or elaborating upon ancestral mechanisms that originally 
served a different function (Katz and Harris-Warrick, 1999), and the evo-
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lution of social behaviors seems likely to follow this pattern. A striking 
example of such elaboration and repurposing is the electrocommunication 
system of mormyrid fish. These fish have electrosensory receptors that are 
part of their lateral line system, which originally evolved to aid orienting 
and the detection of motion (Montgomery, 1991; Katz, 2006). In mor-
myrids, the cerebellum, where sensations from the lateral line system are 
processed, is greatly enlarged and serves an important role in electrocom-
munication, a social function absent in the ancestral state (Montgomery, 
1991; Katz, 2006). The evolution of the neuropeptide oxytocin (OT) is 
another excellent example of repurposing for social functions. The ances-
tral anxiolytic (Neumann et al., 2000; Yoshida et al., 2009), approach- and 
tolerance-enhancing (Young, 2002; Averbeck, 2010; Kemp and Guastella, 
2010) roles of OT in early vertebrates may have been co-opted to support 
parental behavior and social bonding in mammals.

In this review, we discuss recent evidence supporting the idea that 
social behavior can be constructed from the basic building blocks of non-
social behaviors. In some cases, sociality is supported by general-purpose 
mechanisms whereas others may require special-purpose mechanisms. By 
“general purpose,” we mean that a given mechanism is used generally 
across both social and nonsocial domains, whereas, by “special purpose,” 
we mean that a given mechanism has a privileged role in the social domain. 
Specialized mechanisms, such as the electrosensory receptor organ of mor-
myrid fish tuned for species communication and face identification cells in 
the temporal lobes of primates (Perrett et al., 1982; Desimone et al., 1984; 
Desimone, 1991; Tsao et al., 2003) and ungulates (Kendrick, 1994), are more 
frequently found near the input stages of social processing (i.e., receiving 
social information) whereas generalized mechanisms are more common 
near the output stages of effector control (Klein et al., 2008). By contrast, a 
mixture of specialized and generalized mechanisms appear to character-
ize intermediate computational stages of processing that translate socially 
specific inputs into motivational signals that guide learning and decision 
making, ultimately resulting in motor commands that generate behavior 
(Watson and Platt, 2012; Chang et al., 2013; Klein and Platt, 2013). Our 
review focuses on recent behavioral, neurobiological, and genetic findings 
supporting these general principles. Selected examples used in this review 
to support our claim are summarized in Table 7.1.

PARALLELS BETWEEN SOCIAL AND NONSOCIAL BEHAVIORS

Many of our behaviors are driven by reinforcement, and we and other 
animals seek a variety of rewards by foraging. Foraging is one of the most 
primitive and basic behavioral states, being a feature of essentially all 
motile, heterotrophic life. It is therefore unsurprising that foraging strate-
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TABLE 7.1 Summary List of Selected Examples from the Current Paper on How 
Nonsocial Functions Are Repurposed to Serve Social Functions Throughout Evolution

Biological Units
Type/ 
Region

Nonsocial 
Functions Social Functions

Behaviors Foraging Reward seeking, 
information 
seeking (Charnov, 
1976; Stephens and 
Krebs, 1986; Miller 
and Remington, 
2004; Pirolli, 2007; 
Lawrance et al., 
2013)

Social information 
seeking (Keating and 
Keating, 1982; Johnson 
et al., 1991; Emery, 2000; 
Deaner et al., 2005; 
Hayden et al., 2007; 
Adams et al., 2012)

Imminent 
threat 
response

Reflexive, 
escape behavior 
(Fanselow and 
Lester, 1988)

Gaze aversion (Deaner 
et al., 2005; Watson and 
Platt, 2012)

Distant  
threat 
response

Cautious 
exploratory 
behavior 
(Dielenberg et al., 
2001)

Social exploration 
(Deaner et al., 2005; 
Watson and Platt, 2012)

Neural  
circuits

Posterior 
superior 
sulcus  
(pSTS)

Multisensory 
integration, 
perceiving 
intention from 
animacy (Bruce 
et al., 1981; Gao et 
al., 2012)

Gaze perception, gaze 
following (Hoffman and 
Haxby, 2000; Roy et al., 
2014)

Lateral 
intraparietal 
area (LIP)

Spatial orienting, 
motor planning 
(Snyder et al., 
2000; Bisley and 
Goldberg, 2010)

Gaze direction, social 
value associated with 
space (Klein et al., 2008; 
Roy and Platt, 2009; 
Shepherd et al., 2009)

Striatum 
(medial)

Reward and 
learning (Moll et 
al., 2006; Izuma et 
al., 2008)

Social image category, 
reward donation (Izuma 
et al., 2008; Klein and 
Platt, 2013)

Orbitofrontal 
cortex (OFC)

Social image category, 
received reward during 
social interactions, 
social network size 
(Dunbar, 1995; Lewis et 
al., 2011; Watson and 
Platt, 2012; Chang et al., 
2013)
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Biological Units
Type/ 
Region

Nonsocial 
Functions Social Functions

Anterior 
cingulate 
sulcus 
(ACCs)

Foraging 
decisions, 
performance 
monitoring 
(Hayden et al., 
2011)

Foregone reward during 
social interactions 
(Chang et al., 2013)

Anterior 
cingulate 
gyrus 
(ACCg)

Reward and 
learning 
(Amemori and 
Graybiel, 2012)

Shared and donated 
reward during social 
interactions, social 
evaluation, other-regard, 
mentalizing about others’ 
states of mind (Singer et 
al., 2004; Rudebeck et al., 
2006; Saxe, 2006; Mobbs 
et al., 2009; Waytz et al., 
2012; Chang et al., 2013)

Neuromodulators Oxytocin/
vasopressin

Water regulation, 
reproduction, 
anxiolysis (Belin 
and Moos, 1986; 
Neumann et al., 
2000; Donaldson 
and Young, 2008; 
Yoshida et al., 
2009)

Pair-bonding, parental 
care, selective 
aggression, social 
salience, generosity, 
trust (Pedersen et al., 
1982; Winslow et al., 
1993; Cho et al., 1999; 
Young, 2002; Kosfeld et 
al., 2005; Zak et al., 2007; 
Heinrichs et al., 2009; 
Averbeck, 2010; Kemp 
and Guastella, 2010; Bartz 
et al., 2011; Chang et al., 
2012; Crockford et al., 
2013)

HPA axis Physical stress Psychosocial stress 
(social status) (Abbott et 
al., 2003; Blumstein et al., 
2006; Tung et al., 2012)

HPG axis Reproduction Social regulation/
control, social 
opportunity (social 
status) (Wingfield et al., 
1990; Burmeister et al., 
2005; Hirschenhauser and 
Oliveira, 2006; Fernald, 
2012; Higham et al., 2013)

TABLE 7.1 Continued
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gies are under strong selective pressure for maximizing returns on invest-
ment. Animals often forage for foods sparsely distributed in locally dense 
patches (Charnov, 1976). As an animal forages in a patch, resources are 
depleted and the rate of energy intake slows. However, traveling to a new 
patch may be costly and accompanied by uncertain outcomes, leading to a 
decision to abandon a patch to maximize its overall rate of consumption. 
The same principle applies to many everyday decisions made by people. 
Because resources are often patchily distributed, this model has broad 
applicability. The optimal solution, known as Charnov’s Marginal Value 
Theorem, is that a patch should be abandoned when the current rate of 
consumption falls to the average for the overall environment (Charnov, 
1976). This model has been remarkably successful at describing the forag-
ing behavior of a wide variety of organisms (Stephens and Krebs, 1986) 
and recently has been applied to understand neural correlates of foraging 
decisions (Hayden et al., 2011; Kolling et al., 2012). In fact, foraging theory 
has also been applied to problems far afield from its original purpose, 
including the efficient design of websites (Miller and Remington, 2004) 
and a description of how computer programmers search for errors in code 
(Lawrance et al., 2013).

Organisms searching for information can be said to be “information 
foraging” (Pirolli, 2007). Like foraging for primary rewards, information 
foraging presents opportunities as well as costs. Costs come in the form of 
missed opportunities to eat, drink, or sleep because information-seeking 
behaviors often demand certain postures or behavioral states incompatible 
with attentive orienting, as well as social costs, such as aggression from 
conspecifics and missed opportunities to interact with partners. Because 
social information has reinforcement value (either positive or negative), 
the basic problems studied by foraging theory may apply to the acqui-
sition of social information. A wealth of behavioral data indicates that 
both humans and nonhuman primates actively seek social information. 
Humans and nonhuman primates find social stimuli to be intrinsically 
rewarding, and certain types of social stimuli are more interesting and 

Biological Units
Type/ 
Region

Nonsocial 
Functions Social Functions

Serotonin Cardiac and 
gastrointestinal 
functions, mood, 
memory, reward 
and learning 
(Sirviö et al., 
1994; Hayes and 
Greenshaw, 2011)

Social network 
integration, social 
structure, social 
information processing 
(Wendland et al., 2006; 
Watson et al., 2009; Brent 
et al., 2013)

TABLE 7.1 Continued
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reinforcing than others (Emery, 2000; Deaner et al., 2005; Hayden et al., 
2007). For instance, even shortly after birth, human infants look longer 
at faces than at similar nonface stimuli (Johnson et al., 1991). Likewise, 
nonhuman primates spend more time looking at pictures of faces directed 
toward them compared with pictures of faces with averted gaze (Keating 
and Keating, 1982), and direct their gaze more often toward higher-
ranking than lower-ranking animals (McNelis and Boatright-Horowitz, 
1998). Furthermore, active social interactions such as cooperative transac-
tions (Rilling et al., 2002; Rand et al., 2012) or the opportunity to punish a 
traitor (de Quervain et al., 2004), which can be understood using a game 
theoretic framework (Lee, 2008), can be as motivating as primary rewards 
in humans. These observations support the hypothesis that the brains of 
many animals, especially those of primates, have evolved mechanisms 
that find social information rewarding and worth foraging.

We propose that, because a major function of the brain is to seek 
resources, it is likely that mechanisms that evolved to support foraging 
are readily repurposed to solve other, formally similar computational 
problems. With respect to social behavior, if information about others is 
a valuable resource, then the biological mechanisms underlying foraging 
decisions will be used to support social information seeking (Adams et al., 
2012). For example, opportunities and costs associated with social infor-
mation foraging are likely to engage fundamental biological mechanisms 
for computing opportunities and costs. Foraging mechanisms seem likely 
to have become further specialized to cope with the unique demands of 
interindividual dynamics that arise as a consequence of group living.

Another potential example of similarities between social and non-
social behaviors arises from the comparison of behavioral responses to 
predators and social threats. In both cases, an imminent threat evokes 
fast, reflexive behaviors, such as freezing, defensive aggression, or escape 
behavior (Fanselow and Lester, 1988). A distant threat, however, elicits 
cautious exploratory behavior of the threatening object (Dielenberg et al., 
2001). Rhesus macaques, when given the opportunity, will opt to view 
pictures of dominant monkeys, a potentially threatening social stimulus, 
over pictures of subordinates (Deaner et al., 2005; Watson and Platt, 2012). 
Despite this interest, low-status monkeys typically avert their gaze from 
high-status monkey faces when confronted (Deaner et al., 2005) and look 
quickly away from dominant male pictures after choosing to see them 
(Deaner et al., 2005). This behavior is reminiscent of the exploratory behav-
ior of rodents confronted with cat odor (Dielenberg et al., 2001) and the 
avoidance behavior in the presence of an actual predator. Indeed, many 
fundamental behavioral strategies designed for nonsocial settings seem to 
resonate across behavioral strategies used in social settings.
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NEURAL CIRCUITS GUIDING SOCIAL DECISIONS

The neural mechanisms supporting social behaviors are broadly 
distributed throughout the primate forebrain, overlapping with areas 
involved in more general-purpose functions (Fig. 7.1A). Current evidence 
suggests that most neural circuits involved in social behavior are not dedi-
cated exclusively to “social” functions. Rather, such circuitry is also typi-
cally engaged in related nonsocial behaviors, regardless of whether social 
information is processed in a privileged manner (i.e., special purpose) or 
not (i.e., general purpose). This evidence supports the hypothesis that the 
evolution of novel social behaviors has occurred by co-opting existing 
neural hardware for the purpose of interacting with others.
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FIGURE 7.1 Example neural circuits co-opted to serve social functions. (A) Repre-
sentative brain regions in rhesus macaques whose preexisting functions encom-
pass reward, attention, perception, and executive control. (B) Point of subjective 
equality (PSE), bias for socially cued target in terms of foregone juice, after saline 
or muscimol injections in pSTS. Reproduced from Roy et al. (2014) with permis-
sion from Oxford University Press. (C) LIP neuron showing firing rate enhance-
ment by observed gaze directed toward the receptive field (RF). (Upper) RF map. 
(Lower) Neuronal activity as a function of time. Reproduced with permission 
from Shepherd et al. (2009). [NOTE: Figure can be viewed in color in the PDF 
version of this volume on the National Academies Press website, www.nap.edu/
catalog.php?record_id18573.]
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Broadly speaking, these circuits can be thought of as organized into 
input, integrative, and output stages of social processing. The input stage 
of social processing comprises specialized sensory channels that transduce 
socially important information, including face-selective (Tsao et al., 2006) 
and identity-specific cells (Quiroga et al., 2005) in primates, pheromone-
sensing systems like the vomeronasal organ in rodents (Keverne, 1999), 
and specialized regions for species-specific vocalizations in birds (Doupe 
and Konishi, 1991) and mammals (Ghazanfar and Hauser, 2001; Eliades 
and Wang, 2008), and language in humans (Damasio and Geschwind, 
1984). The output stage of social processing comprises socially specific 
motor patterns, including highly stereotyped behaviors like allogrooming 
(Schino et al., 1988), ritualized play (Grant and Mackintosh, 1963), and 
threat and submission gestures (Deag, 1977). In the integrative stages of 
social information processing, studies in humans have shown that phe-
nomena such as opprobrium and moral disgust rely in large part on cir-
cuits involved in nociception and interoception, particularly those linking 
the amygdala, periaqueductal gray, insular cortex, and anterior cingulate 
cortex (ACC) (Moll et al., 2005). Experiments in both humans and other 
animals have shown that information about socially relevant stimuli such 
as attractive faces, bodies, and rewards delivered to others activate regions 
likewise implicated in nonsocial reward (Moll et al., 2006; Izuma et al., 
2008; Klein et al., 2008; Mobbs et al., 2009; Smith, 2010; Azzi et al., 2012; 
Watson and Platt, 2012; Chang et al., 2013). These results are consistent 
with the idea that social processing is largely built upon and extended 
from other nonsocial computations by these neural circuits.

The demands of dynamic social interactions are likely to have further 
shaped the functions of neural circuits involved in social behavior (i.e., 
selection on a mechanism for a specific function). Humans and other 
primates clearly elaborate upon the aforementioned basic, relatively ste-
reotyped patterns of social behavior. For example, both human and non-
human primates can covertly attend to a specific location in space without 
looking at it directly (Eriksen and Yeh, 1985; Herrington and Assad, 2010), 
a behavior that seems likely to have evolved to support monitoring of 
others in social groups (Moore et al., 2003; Hunnius, 2007). Watching 
another individual shift gaze to an object or location in space typically 
evokes a gaze shift, as well as a shift in covert attention, in the same 
direction, in humans and other nonhuman primates (Shepherd, 2010). 
This gaze-following response depends upon neural circuits involved in 
decoding where another individual is looking, and circuits that orient 
attention and plan gaze shifts. Neurons in the primate superior temporal 
sulcus (STS) are involved in the integration of converging inputs from 
multiple sensory modalities (Bruce et al., 1981). A posterior portion of STS 
(pSTS) seems to have evolved the specialized function of perceiving the 
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gaze of other individuals (Hoffman and Haxby, 2000) as well as intention 
implied from animacy (Gao et al., 2012). Consistent with its role in gaze 
perception, inactivating pSTS with muscimol abolishes gaze following 
in rhesus macaques (Roy et al., 2014) (Fig. 7.1B). Neurons in the primate 
lateral intraparietal area (LIP), an area important for spatial attention and 
the oculomotor planning (Snyder et al., 2000; Bisley and Goldberg, 2010), 
are activated by the mere observation of a monkey looking toward the 
region of space covered by the neurons’ receptive fields (Shepherd et al., 
2009) (Fig. 7.1C). Unlike pSTS, however, inactivating LIP has no specific 
impact on gaze following (Roy and Platt, 2009), consistent with a more 
generalized role in visuomotor behavior.

As mentioned previously, both human and nonhuman primates are 
highly motivated by social information. Social information activates key 
reward areas in humans and nonhuman primates, including the ACC, 
orbitofrontal cortex (OFC), nucleus accumbens, and caudate nucleus (Moll 
et al., 2006; Izuma et al., 2008; Mobbs et al., 2009; Smith, 2010; Azzi et al., 
2012; Watson and Platt, 2012; Chang et al., 2013; Klein and Platt, 2013). 
These observations suggest the possibility that social information and 
information about primary motivators like food are translated into a 
common framework or currency that drives both learning and decision 
making (Levy and Glimcher, 2012). When monkeys choose between fluid 
rewards and information about others (Deaner et al., 2005; Watson and 
Platt, 2012), neurons in area LIP simultaneously encode the social value 
and fluid value associated with a target in space, consistent with a com-
mon currency of target/action value (Klein et al., 2008). By contrast, neu-
rons in the primate striatum, particularly the medial aspect, appear to be 
more specialized for signaling social information (Klein and Platt, 2013). 
In monkeys choosing between fluid rewards and information about oth-
ers, similar proportions of neurons (~30–35 percent) carried information 
about fluid outcomes and social image outcomes, but these populations 
were largely nonoverlapping. Thus, multiple, unique, small ensembles of 
striatal neurons appear to convey idiosyncratic yet highly specific infor-
mation about motor responses, contexts, cues, outcomes, or combinations 
thereof, and this organization extends to social behavior.

The OFC also encodes the value of rewards like food and money 
(Padoa-Schioppa and Assad, 2006). Like the striatum, OFC also contains 
neurons specialized for social interaction. We found that even when mon-
keys’ choices were dominated by the value of fluid rewards, the responses 
of ~50 percent of neurons encoded social information, but only ~20 percent 
encoded information about fluid rewards (Fig. 7.2A) (Watson and Platt, 
2012). As in striatum, these populations of neurons were largely distinct, 
but, unlike striatum, they were anatomically intermingled. Notably, indi-
vidual OFC neurons also signaled categorical information with respect 
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FIGURE 7.2 Reward circuits co-opted to serve social functions. (A, Left) Firing 
rates aligned to social image onset for OFC neurons in a social choice task. (Right) 
Percentage of OFC neurons with activity significantly modulated by social image 
category (black bar), fluid amount (gray bar), or their interaction (white bar) for 
three monkeys (M1–M3). Reproduced from Watson and Platt (2012) with per-
mission from Elsevier. (B, Left) Firing rates of example neurons from each area, 
aligned to reward delivery. Box color signifies the category to which these 
neurons belong in the bar graphs. (Right) Proportion of significant neurons 
from OFC, ACCs, and ACCg using self, other, and shared frames of reference 
to encode reward outcomes during a reward-allocation task. Horizontal lines 
indicate significant differences (P < 0.05, χ2 test). Reproduced from Chang et al. 
(2013) with permission. [NOTE: Figure can be viewed in color in the PDF version 
of this volume on the National Academies Press website, www.nap.edu/catalog.
php?record_id18573.]

to images of other monkeys (Fig. 7.2A). On the basis of its connections 
to gustatory, olfactory, interoceptive, and limbic systems, OFC has been 
proposed to function as a feeding circuit (Carmichael and Price, 1995a,b, 
1996). Thus, the observation that more neurons responded to social infor-
mation than to fluid reward supports the idea that ancestral neural adapta-
tions are repurposed to serve social functions. These findings, along with 
the observed relationship of OFC size to social network size in humans 
(Lewis et al., 2011) and group size across primates (Dunbar, 1995), suggest 
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that OFC is part of a specialized neural circuit that evolved concomitantly 
with increasing sophistication of social behavior.

Highly specialized neural mechanisms may be required to support 
complex social interactions that depend on the behavior and intentions of 
other individuals. This process may require the brain to encode sensory, 
motor (Rizzolatti and Fabbri-Destro, 2008), and even reward information 
in multiple frames of reference (Chang et al., 2011). We recently investi-
gated how neurons in three frontal cortical areas—anterior cingulate gyrus 
(ACCg), anterior cingulate sulcus (ACCs), and OFC—encoded reward 
information while monkeys decided to deliver juice to themselves, to a 
recipient monkey, or to no one (Chang et al., 2013). In this social reward-
allocation task, monkeys tend to prefer to reward someone over no one, 
and this prosocial preference is magnified by familiarity and dominance 
status (Chang et al., 2011) and significantly modulated by neuropeptide 
OT (Chang et al., 2012). We found remarkable specializations in the way 
neurons in these three areas encoded reward information in this social 
task. OFC neurons predominantly signaled rewards directly received by 
the donor monkey, revealing its egocentric encoding scheme; ACCs neu-
rons predominantly signaled rewards foregone by the donor monkey, a 
process critical for monitoring outcomes and learning; and ACCg neurons 
signaled rewards delivered to the recipient or mirrored rewards delivered 
to either the donor or the recipient, indicating specialized functions for 
other-regarding social behaviors (Chang et al., 2013) (Fig. 7.2B). These find-
ings resonate with previous work showing that lesions in ACCg, but not 
ACCs or OFC, lead to deficits in understanding the meaning of social cues 
in monkeys (Rudebeck et al., 2006) and the activation of medial prefrontal 
and gyral portions of ACC in humans by observing events occurring to 
others or thinking about others’ states of mind (Singer et al., 2004; Saxe, 
2006; Mobbs et al., 2009; Waytz et al., 2012). Together, these observations 
suggest that ACCg is a key structure supporting shared experience and 
social reward and may be specialized in human and nonhuman primates 
to support complex social interactions.

NEUROMODULATORY INFLUENCES ON SOCIAL BEHAVIOR

Differences between species or between individuals within a species 
may reflect neuromodulatory influences on the development and function 
of neural circuits mediating social and nonsocial behaviors. Hormones 
strongly influence brain development (Keverne, 2004; McEwen, 2007) and 
shape the expression of fundamental behaviors like feeding, fleeing, fight-
ing, and mating (Adkins-Regan, 2005). Neuropeptides (peptides used by 
neurons to communicate with one another) set the tone for state-specific 
neuronal signaling by altering chemical transmission within individual 
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neurons as well as across networks of neurons (Adkins-Regan, 2005). For 
example, OT cells in the paraventricular and supraoptic nuclei synchro-
nize their activity to achieve coordinated neurosecretory bursts required 
for milk ejection during lactation (Belin and Moos, 1986).

Neuropeptides involved in these primary functions are often recruited 
to mediate social behavior. The nonapeptides OT and arginine vasopres-
sin (AVP) nicely illustrate this principle. Both OT and AVP are involved 
in basic reproductive functions in mammals, including parturition and 
lactation in females and erection and ejaculation in males (Donaldson and 
Young, 2008). Building on pioneering work demonstrating a role for OT in 
maternal behavior in rats (Pedersen et al., 1982), a series of elegant stud-
ies in voles has revealed that OT and AVP also regulate social behaviors 
like pair bonding (Cho et al., 1999) and selective aggression (Winslow 
et al., 1993). More recently, it has been shown that exogenous application 
of OT can promote emotions like trust (Kosfeld et al., 2005) and encour-
age generosity (Zak et al., 2007), in a context-dependent and sometimes 
idiosyncratic fashion (Bartz et al., 2011).

Recently, we demonstrated that OT inhaled via a nebulizer effectively 
penetrates the central nervous system in rhesus macaques (Chang et al., 
2012) (Fig. 7.3A), endorsing the potential promise of OT inhalation therapy 
in individuals with neuropsychiatric disorders marked by social deficits 
(Meyer-Lindenberg et al., 2011). Increasing OT levels in the brain via inha-
lation also promotes prosocial decisions in monkeys as well as their atten-
tion to a social partner (Fig. 7.3B and C). Surprisingly, OT also promotes 
selfish decisions in the same task when there is a perceived cost (Chang 
et al., 2012) (Fig. 7.3B). Furthermore, a recent study in chimpanzees has 
shown that a rise in OT levels following grooming depends on whether 
the two animals have strong bonds (Crockford et al., 2013), suggesting 
that the OT system has been further specialized to process partner-specific 
affiliative interactions. Together, these observations endorse the idea that 
neuropeptides like OT, which serves basic sexual and parenting functions, 
can be co-opted to regulate more complex social behaviors in species that 
live in large, complex groups, like humans and rhesus macaques.

Ultimately, neuropeptides like OT may impact even complex social 
behavior via a basic set of mechanisms. The anxiolytic effects (Neumann 
et al., 2000; Yoshida et al., 2009) of OT may have served as a preadapta-
tion for the prolonged interaction necessary for high-intensity parental 
care in mammals by promoting approach behavior and enhancing toler-
ance (Young, 2002; Averbeck, 2010; Kemp and Guastella, 2010). These 
basal functions could then serve as building blocks for more complex 
social behaviors. Suppressing vigilance and increasing tolerance to non-
offspring may permit extended interactions with others. Ultimately, com-
plex emotions like trust may arise via reduced social apprehension and 
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Welch two-sample t test). Colored outlines on data points indicate animal IDs. 
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Number of gaze shifts to recipient after reward delivery over the course of 
each session for other vs. neither choice trials. Reproduced from Chang et al. 
(2012) with permission. [NOTE: Figure can be viewed in color in the PDF version 
of this volume on the National Academies Press website, www.nap.edu/catalog.
php?record_id18573.]

enhanced tolerance, under the regulatory influence of neuropeptides like 
OT (Heinrichs et al., 2009).

Other neuromodulatory systems also contribute to variation in social 
behavior. For example, the hypothalamic–pituitary–adrenal (HPA) axis 
has long been associated with social status in primates (Abbott et al., 2003; 
Tung et al., 2012) and may play a critical role in the production of behav-
ior. Yellow-bellied marmots were shown to be more likely to emit alarm 
calls during periods in which their HPA axis activity (measured by fecal 
cortisol concentrations) was high compared with periods during which 
it was low (Blumstein et al., 2006). The hypothalamic–pituitary–gonadal 
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(HPG) axis also shapes social behavior in vertebrates. According to the 
“challenge hypothesis,” males’ androgen levels are modulated according 
to context-dependent requirements for aggressive behavior (Wingfield 
et al., 1990), and this prediction has been substantiated broadly among 
vertebrates (Hirschenhauser and Oliveira, 2006). In rhesus macaques, 
modulations of testosterone levels in response to social challenge are 
also dependent on social rank (Higham et al., 2013). Male social status in 
African cichlid fish is regulated by gonadotropin-releasing hormone 1, a 
hormone critical for reproduction, at various levels of neuronal process-
ing (Burmeister et al., 2005; Fernald, 2012). These findings resonate with 
the idea that preexisting signaling pathways, in this case pathways that 
regulate stress and mating behaviors, are repurposed to shape the devel-
opment and function of neural circuits mediating social behavior. Through 
duplication, repurposing, and dynamic regulation of elements, a relatively 
limited toolkit of basic hormonal mechanisms can be used to generate a 
wide array of social behavior.

GENETIC REGULATION OF SOCIAL BEHAVIOR

The influence of genes on social behavior is undeniable because genes 
shape the neural circuits that produce behavior (Plomin, 2001). The adop-
tion of preexisting biological mechanisms for social purposes, and indeed 
the evolution of social behavior in general, must, therefore, have roots in 
genetic change, or, in more Darwinian terms, must be based on modifica-
tion through descent of inherited material. One hint that social behavior 
influences change in gene pools over time is a handful of studies linking 
sociality with fitness. In species such as baboons and rhesus macaques, 
engaging in social interactions is correlated with reproductive output; the 
offspring of individuals that spend a greater amount of time grooming and 
associating with others are more likely to survive to 1 year of age (Silk et 
al., 2003; Brent et al., 2013). This correlation, in female baboons at least, 
seems to be driven by the quality of social relationships as individuals 
with the strongest, most enduring social bonds have higher offspring sur-
vival (Silk et al., 2009) and greater longevity (Silk et al., 2010) than others. 
These findings suggest that there are adaptive benefits to interacting with 
others and that social behavior is shaped by natural selection.

However, such findings beg confirmation that social tendencies actu-
ally have a genetic basis and ask that we explore the roles of environment 
and experience in shaping the impact of genes on behavior. Quantitative 
genetic analysis is a tool that allows researchers to determine the amount 
of variance in a trait that can be attributed to genes, otherwise known as 
the amount of additive genetic variance or heritability. Using this tech-
nique, dimensions of human personality, including sociability, have been 
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shown to be heritable (Johnson et al., 2008). Similar findings show that the 
behavioral tendencies of a number of vertebrate species, including some 
nonhuman primates (Weiss et al., 2000; Williamson et al., 2003; Fairbanks 
et al., 2004), are heritable, thus pointing to a (partly) genetic basis for 
primate social behavior. Not only are social components of personality 
heritable, but so too is the extent to which individuals are integrated into 
their social networks in both humans (Fowler et al., 2009) and rhesus 
macaques (Brent et al., 2013). This integration includes social network 
connections mediated by multiagent relationships, such as friend-of-a-
friend relationships. Such indirect social connections might be emergent 
properties of a social network or reflect meaningful aspects of the way 
individuals navigate large groups. Nevertheless, humans exploit these 
connections, and our actions (consciously or not) are influenced by them 
via reputation, one of the primary mechanisms believed to underlie the 
evolution of cooperation in humans (Nowak, 2006b).

Genetic information also shapes the specific proximate mechanisms 
that underlie the processing of social information and expression of social 
behavior. An excellent example is the serotonin pathway. Serotonin is 
involved in a host of peripheral functions, including cardiac and gastro-
intestinal functions (Hayes and Greenshaw, 2011). Centrally, serotonin 
regulates mood, memory, and reward (Sirviö et al., 1994; Hayes and 
Greenshaw, 2011). The serotonin pathway is also involved in the expres-
sion of social behavior. Genetic studies have tied this neuromodulatory 
pathway to social behavior in humans and other primates, with variants 
of two serotonergic genes having been examined in particular depth: a 
variable insertion in the gene encoding tryptophan hydroxylase (TPH2), 
the rate-limiting enzyme in serotonin synthesis, and the 5HTTLPR (sero-
tonin-transporter-linked polymorphic region) polymorphism within the 
promoter region of the serotonin transporter gene (SLC6A4, solute carrier 
family 6 member 4). Both variants have orthologs in humans and rhesus 
macaques, have been associated with altered development of several brain 
regions (Hariri and Holmes, 2006; Jedema et al., 2010), and may influence 
the intensity and duration of signaling at serotonergic synapses (Hariri 
and Holmes, 2006; Chen et al., 2006).

Both TPH2 and SLC6A4 have been associated with social behavior 
phenotypes and endophenotypes, many of which are likely to have strong 
ties to serotonin’s central functions, such as the regulation of reward. For 
example, both genes have been implicated in neuropsychiatric diseases, 
such as autism and depression (Caspi et al., 2003; Coon et al., 2005), which 
are partly characterized by disruptions in social attention and interaction, 
and are accompanied by differences in brain response to social stimuli 
(Canli et al., 2008). The 5-HTTLPR polymorphism predicts social avoid-
ance in rhesus macaques in response to familiar dominant face images 
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across many contexts. Specifically, rhesus macaques with a copy of the 
“short” allele spend less time looking at the eyes of other monkeys, show 
greater pupil dilation—a peripheral index of arousal—when viewing 
dominant faces, shy away from risk after being primed with dominant 
faces, and typically avoid dominant faces during a reward-guided deci-
sion-making task (Watson et al., 2009) (Fig. 7.4A).

Across the genus Macaca, the 5-HTTLPR polymorphism has been 
related to social structure, with more despotic species, such as the rhesus 
macaque, possessing both long and short numbers of repeats, whereas 
purportedly less despotic macaque species are monomorphic for the long 
allele (Wendland et al., 2006). This finding may suggest that this polymor-
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phism confers resilience to psychosocio challenges (Suomi, 2006) but may 
also point to the interplay between serotonin, social behavior, reward, and 
risk aversion. Heightened social vigilance may confer particular advan-
tages in the competitive situations that occur more frequently in despotic 
societies (Homberg and Lesch, 2011). The 5-HTTLPR polymorphism is 
associated with differential activation of a number of brain regions associ-
ated with affiliative behavior (e.g., ACC, insular cortex) (Canli and Lesch, 
2007), leading to speculation that serotonergic gene profiles play a role 
not only in competition, but also in positive social interactions (Canli and 
Lesch, 2007).

We recently found preliminary evidence supporting this hypothesis 
in a study of rhesus macaques living in a free-ranging colony on Cayo 
Santiago Island, Puerto Rico. An individual monkey’s position in the 
social (grooming) network was predicted by the interaction between the 
5-HTTLPR and TPH2-length polymorphisms. Either mutation alone had 
no effect on network position, but monkeys with the rare allele of both 
genes were less well integrated socially (Brent et al., 2013) (Fig. 7.4B). 
Overall, these results suggest that genetic factors that influence the devel-
opment and functioning of the serotonin system shape primate social 
behavior. Serotonin-related genes therefore may be viewed as a valuable 
example of “candidate genes” that provide tractability to empirical ques-
tions about the interaction of genes, neural circuits, and social behavior. 
These tantalizing findings require further study to understand the specific 
genetic contributions of this system and other neuromodulatory systems 
to various aspects of social behavior and cognition.

It is fitting to end a survey of the neuroethology of social behavior on 
a genetic note, as in doing so we return to the very roots of evolutionary 
change. Genetic information not only represents a powerful tool to inves-
tigate the proximate bases of social behavior, but also allows us to estab-
lish direct links between sociality and evolutionary fitness, the ultimate 
driving force behind natural selection. Genetic information exposes the 
dynamic contingencies upon which sociality is based, where the interac-
tions between genes that lay the foundations of neural architecture and the 
social, physical, and biochemical environments in which those genes exist 
are brought to light, and wherein lie some of the greatest challenges facing 
future researchers hoping to understand this complex and enigmatic trait.

CONCLUDING REMARKS

Social information is clearly valuable—it is worth foraging, often 
receives privileged attention over other types of information, and is inher-
ently rewarding. The social environment is rife with information and 
tinged with uncertainty, and as a result much of our mental machinery is 
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applied to reducing the cognitive load of social interaction. Social behav-
iors impact evolutionary fitness (Silk et al., 2003; Brent et al., 2013), sug-
gesting they are critical for survival and reproduction. Biological mecha-
nisms that primarily functioned to mediate nonsocial behaviors in the 
ancestral state have been repurposed in some species, like humans and 
rhesus macaques, to mediate social behavior. Biological mechanisms are 
rededicated and further modified for social functions at multiple levels 
of organization, from neurons and circuits, to hormones and genes. It is 
important to note, however, that social behavior also feeds back upon 
these mechanisms to shape their structure and function. Manipulations 
of social network size in rhesus macaques alter cortical thickness and 
functional coupling across brain areas that support social functions (Sallet 
et al., 2011). Epigenetics and gene regulation are also essential to guiding 
changes in neural development and social behavior (Curley et al., 2011; 
Fernald, 2012; Tung et al., 2012). Epigenetic changes that are related to rein-
forcement and learning might be particularly powerful and are important 
directions for future research.

A neuroethological approach to the study of human and nonhuman 
primate social behavior is powerful in the extent to which it is encompass-
ing and holistic. By presenting the evolution of social behavior through 
a lens of nonsocial functions, we have provided evolutionarily parsimo-
nious lines of reasoning and evidence, along with tractable avenues for 
future research. For many human psychopathologies, the interactions 
between social and nonsocial deficits are poorly understood. Greater 
comprehension of the general-purpose mechanisms that generate social 
action and translate social signals may therefore improve disease diagno-
sis and treatment.
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Neocortical development in humans is characterized by an extended 
period of synaptic proliferation that peaks in mid-childhood, with sub-
sequent pruning through early adulthood, as well as relatively delayed 
maturation of neuronal arborization in the prefrontal cortex compared 
with sensorimotor areas. In macaque monkeys, cortical synaptogenesis 
peaks during early infancy and developmental changes in synapse den-
sity and dendritic spines occur synchronously across cortical regions. 
Thus, relatively prolonged synapse and neuronal maturation in humans 
might contribute to enhancement of social learning during development 
and transmission of cultural practices, including language. However, 
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because macaques, which share a last common ancestor with humans ~25 
million years ago, have served as the predominant comparative primate 
model in neurodevelopmental research, the paucity of data from more 
closely related great apes leaves unresolved when these evolutionary 
changes in the timing of cortical development became established in the 
human lineage. To address this question, we used immunohistochemis-
try, electron microscopy, and Golgi staining to characterize synaptic den-
sity and dendritic morphology of pyramidal neurons in primary somato-
sensory (area 3b), primary motor (area 4), prestriate visual (area 18), and 
prefrontal (area 10) cortices of developing chimpanzees (Pan troglodytes). 
We found that synaptogenesis occurs synchronously across cortical areas, 
with a peak of synapse density during the juvenile period (3–5 years). 
Moreover, similar to findings in humans, dendrites of prefrontal pyra-
midal neurons developed later than sensorimotor areas. These results 
suggest that evolutionary changes to neocortical development promoting 
greater neuronal plasticity early in postnatal life preceded the divergence 
of the human and chimpanzee lineages.

Among primates, humans are characterized by an especially pro-
longed period of postnatal brain development during which cul-
tural traditions and practices, including language, are acquired. 

Because culture plays a fundamental role in the human adaptive complex 
(Boyd et al., 2011), the comparative examination of neural development is 
important to understand the origins of human sociocognitive specializa-
tions. Compared with other primates, in humans a relatively large pro-
portion of brain size growth takes place postnatally, allowing for social 
and environmental factors to powerfully impact the establishment of 
neural connectivity (Sacher and Staffeldt, 1974; Leigh, 2004; DeSilva and 
Lesnik, 2008; Barton and Capellini, 2011; McFarlin et al., 2012). Whereas 
macaque monkeys, the primate species that has been studied most exten-
sively as a comparative model of neurodevelopment, are born with brains 
that are already ~70 percent of adult mass and neonatal brain mass in 
great apes ranges from 36 percent to 56 percent of adult size (DeSilva, 
2011; McFarlin et al., 2012), in humans only ~25 percent of adult mass is 
achieved at birth (Robson and Wood, 2008). Concomitantly, the postnatal 
refinement of cortical microstructure in humans progresses along a more 
protracted schedule relative to macaques. In macaques, the process of 
synaptogenesis, whereby new synapses are formed, peaks during infancy 
at around 3 months of age, and pruning of excess synapses is completed 
by the end of adolescence (Rakic et al., 1986; Liu et al., 2012). In contrast, 
in humans, peak synapse density occurs in mid-childhood around 5 years 
of age (Huttenlocher and Dabholkar, 1997; Liu et al., 2012), with pruning 
of synapses extending into the third decade of life (Petanjek et al., 2011).
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Interspecific differences between macaque and human neural devel-
opment have also been reported in the timing of maturation among dif-
ferent cortical regions. Whereas synaptogenesis occurs synchronously 
across the entire cerebral cortex in macaques (Rakic et al., 1986), it appears 
delayed in the prefrontal region in humans (Huttenlocher and Dabholkar, 
1997). In macaques, moreover, densities of spines located on the dendrites 
of prefrontal pyramidal neurons are higher than other areas from the 
time of birth and throughout postnatal development (Elston et al., 2009). 
In humans, however, dendritic arbors of prefrontal cortex pyramidal 
neurons reach adult-like morphological complexity and spine density 
later in development than dendritic arbors in sensory and motor cortices 
(Travis et al., 2005). A temporally staggered, or heterochronous develop-
ment of the human cerebral cortex, with association regions maturing later 
than sensorimotor cortices, has also been documented through imaging 
techniques assessing longitudinal changes in metabolic activity (Chugani 
et al., 1987), gray matter growth (Gogtay et al., 2004), and cortical thick-
ness (Shaw et al., 2008).

Relatively slow development of neocortical connectivity might con-
tribute to the emergence of uniquely human cognitive abilities. This inter-
pretation is supported by evidence that the cortical regions that develop 
later in human ontogeny also underwent the greatest expansion during 
human brain evolution (Hill et al., 2010; Sherwood et al., 2012), suggesting 
that evolutionary selection to enlarge these regions was accompanied by 
a prolongation of their development. Among these regions, the prefrontal 
cortex, which shows particularly extended maturation in humans relative 
to macaques, has also been reported to exhibit uniquely human neuroana-
tomical and molecular specializations (Deacon, 1997; Elston et al., 2001; 
Semendeferi et al., 2001; Cáceres et al., 2007; Fu et al., 2011; Spocter et al., 
2012). However, because macaques and humans shared a last common 
ancestor ~25 million years ago, it is currently unclear whether features 
that distinguish human cortical development (i.e., extended period of syn-
aptogenesis and maturational delay of prefrontal pyramidal neurons) are 
unique to our lineage, or if they evolved before the divergence of modern 
humans and more closely related great ape species, such as chimpanzees.

Relative to macaques, chimpanzees display greater behavioral simi-
larities with humans, including slow postnatal development during which 
socially learned and “culturally” transmitted behaviors, such as tool use, 
are acquired (Lonsdorf, 2006; Lonsdorf and Bonnie, 2010). Although chim-
panzees provide one of the best animal models for comparison with which 
to investigate human-unique specializations, studies of cortical develop-
ment in this species are lacking because of ethical and practical barriers 
and the rare availability of postmortem brain tissue from infants and 
juveniles. To date, only a few comparative studies of brain development 
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have included data from chimpanzees. By examining ontogenetic changes 
through longitudinal MRI, it has been shown that, similar to humans, the 
maturation of white matter volume in chimpanzees is not complete at 
early puberty (6 years), but in macaques it reaches adult values during 
earlier juvenile development (Sakai et al., 2011). Relative to chimpanzees, 
however, human brain development is marked by more rapid addition of 
white matter volume during the first year of life (Sakai et al., 2011, 2013). 
That white matter growth differs between humans and chimpanzees has 
been further demonstrated by recent histological analyses demonstrating 
that myelination within the cerebral cortex continues past adolescence 
in humans, whereas it is completed by sexual maturity in chimpanzees 
(Miller et al., 2012).

With regard to synaptogenesis, current data from chimpanzees are 
extremely limited (Liu et al., 2012). Therefore, the present study examined 
two developmental markers in chimpanzees, synaptogenesis and den-
dritic growth of pyramidal neurons, in four regions, including prestriate 
visual (area 18), primary motor (area 4), primary somatosensory (area 3b), 
and prefrontal (area 10) cortices. Previous studies of neuron morphology 
in adult primates have shown that these areas form a functional hierar-
chy whereby association cortices (i.e., area 10) that integrate input from 
other areas display greater potential for corticocortical connectivity than 
unimodal, sensory and motor regions (areas 4, 3b, and 18) (Elston et al., 
2001; Jacobs et al., 2001; Bianchi et al., 2012). We predicted that, if chim-
panzee cortical development is more similar to humans than to macaques, 
synaptogenesis and maturation of dendritic arbors of pyramidal neurons 
would be extended into the juvenile period, and show a more prolonged 
trajectory in the prefrontal cortex relative to other regions.

RESULTS

Synaptogenesis

We used immunohistochemistry against synaptophysin, a protein 
localized in presynaptic vesicles, to label the density of synapses in chim-
panzee neocortical samples (Fig. 8.1). To assess the effect of age on synapse 
density during postnatal development, a cubic regression model was fitted 
to synaptophysin-immunoreactive puncta densities from each of the four 
neocortical regions. Individual cubic polynomial regression curves were 
significant for most cortical areas (Table 8.1), indicating the presence of 
developmental changes in synapse density. A steep rise was observed in 
early postnatal life across all regions followed by a peak at approximately 
3 years, which was sustained until the age of 5 years. Synapse densities 
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then declined gradually through late juvenile life and approached adult-
like levels around puberty (~10 years of age) (Fig. 8.1).

To test for similarities in the cubic polynomial fit among the different 
cortical regions, we used a generalized least-squares model. This model 
confirmed a significant cubic polynomial regression based only on age, 
and showed a better Akaike information criterion value than a model 
including the cubic polynomial based on both age and a term for cortical 
region differences. The model with differences by cortical region did not 
fit significantly better according to a likelihood ratio test; P values were 
0.55 and 0.48 for either an unstructured or a compound symmetry model, 
respectively. These results suggest that there is a similar developmental 
trajectory of synaptogenesis across cortical regions, and were further 

FIGURE 8.1 (A) Individual cubic polynomial regression curves fit to counts of 
synaptophysin-immunoreactive puncta densities for areas 3b, 4, 18, and 10. (B) 
Photomicrograph of synaptophysin-immunoreactive puncta from the prefrontal 
cortex of an 11-year-old chimpanzee. (Scale bar, 25 μm.) [NOTE: Figure can be 
viewed in color in the PDF version of this volume on the National Academies 
Press website, www.nap.edu/catalog.php?record_id18573.]
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confirmed by using a cubic model including age with random effects by 
subjects.

Although the patterns of synaptic development were similar across 
cortical areas, we found regional differences in synapse density to emerge 
between newborns and adults (Fig. 8.1). A repeated-measures ANOVA of 
synapse density indicated that there were no significant differences across 
cortical areas in neonates (n = 6, 0- to 1-month-old; F3, 15 = 0.580, P = 0.637). 
However, by adulthood, regional differences in synapse density emerged 
(n = 5, 10+ years old; F3, 12 = 5.974, P = 0.010; after correcting for spheric-
ity that was not assumed: P = 0.061), with the prefrontal cortex showing 
greater synapse density than prestriate visual cortex (P = 0.022).

Examination of synaptogenesis by electron microscopy (EM) (Fig. 8.2A) 
in the same regions of four of the chimpanzee brains that had also been 
processed for synaptophysin immunohistochemistry corroborated these 
findings. Agreement between counts of synaptophysin-immunoreactive 
puncta and synapse density by EM was demonstrated by a significant, 
positive relationship between both measures (Fig. 8.2B) (r = 0.63, P = 0.009, 
n = 16). Results from EM synapse density counts showed a pronounced 
developmental increase in the prefrontal cortex, which can be attributed 
mostly to postnatal changes in the density of excitatory asymmetric syn-
apse subtypes.

FIGURE 8.2 (A) Photomicrograph of synapses as observed under EM. Arrows 
indicate synaptic junctions. (Scale bar, 0.5 μm.) (B) Bivariate plot between synap-
tophysin-immunoreactive puncta densities and synaptic densities from EM data. 
Squares represent age 0, triangles age 2, diamonds age 6, and circles age 11. Color 
scheme for areas as in Fig. 8.1. [NOTE: Figure can be viewed in color in the PDF 
version of this volume on the National Academies Press website, www.nap.edu/
catalog.php?record_id18573.]

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


142 / Serena Bianchi et al.

Development of Pyramidal Neuron Dendritic Morphology

We analyzed the morphology of pyramidal neurons from seven infant 
and juvenile chimpanzee brains that were used in the immunohisto-
chemistry and EM studies of synapse densities described above. Results 
indicated significant regional differences in the dendritic structure of pyra-
midal neurons across areas of the infant chimpanzee neocortex (n = 4, 0- to 
24-month-old), as assessed by six measures of morphological complexity, 
including cell body size: F12, 144 = 1.86, P = 0.04; total dendritic length 
(TDL): F12, 144 = 3.64, P < 0.001; mean segment length (MSL): F12, 144 = 5.34, 
P < 0.001; dendritic segment count (DSC): F12, 144 = 2.09, P = 0.021; den-
dritic spine number (DSN): F12, 144 = 10.65, P < 0.001; and dendritic spine 
density (DSD): F12, 144 = 21.373, P < 0.001 (Table 8.2). Pairwise comparisons 
revealed that dendrites in prefrontal cortex (area 10) were significantly 
shorter than those in areas 3b (P = 0.022) and area 4 (P = 0.037). Pyrami-
dal neurons in prefrontal area 10 also had shorter mean segment length 
than area 3b (P < 0.001) and area 4 (P = 0.002), as well as fewer spines 
(area 3b, P < 0.001; area 4, P = 0.005; area 18, P = 0.005) and lower spine 
density (area 3b, P < 0.001; area 4, P < 0.001; area 18, P < 0.001) than in 
other regions. On average, prefrontal neurons in infant chimpanzees had 
dendrites that were 22 percent shorter, had 44 percent fewer spines, and 
30 percent lower spine density than the mean for neurons from areas 3b, 
4, and 18. No differences were found in the number of dendritic segments 
(P = 1.000) across cortical areas (see, e.g., Fig. 8.4).

Because pyramidal neuron morphology in infant chimpanzees was 
analyzed with the same methodology used in a previous study of adult 
chimpanzees (Bianchi et al., 2012), we could compare regional variation 
in dendritic complexity in these two age groups (Figs. 8.3 and 8.4, and 
Table 8.2). It should be noted that, similar to reports in human infants 
(Travis et al., 2005), in the young chimpanzees, the rapid Golgi technique 
stained neurons predominantly in layer V, whereas neurons in layer III 
were typically best impregnated in adults. For this reason, only the pat-
tern of relative differences in dendritic complexity across regions between 
infant and adult chimpanzees can be interpreted. Illustrations of regional 
variation by age are provided in Fig. 8.4. Pyramidal neurons of the pre-
frontal cortex continued to be the least elaborate among the cortical areas 
examined according to most measures of dendritic complexity through 
infancy and juvenile development (ages 5–6) and only began to increase 
in the later juvenile period (age 9), ultimately becoming the most complex 
neurons in adulthood (Bianchi et al., 2012).
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FIGURE 8.3 (A) Tracings of Golgi-stained pyramidal neurons in cortical areas 
3b, 4, 18, and 10 in infant and adult chimpanzees. (Scale bar, 100 μm.) Below the 
tracing, closeup photomicrographs depict dendritic shafts of pyramidal neurons 
in (B) area 10 of a 1-year-old chimpanzee, (C) area 10 of an adult chimpanzee, 
(D) area 3b of a 1-year-old chimpanzee, and (E) area 3b of an adult chimpanzee. 
(Scale bar, 25 μm.) 
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FIGURE 8.4 Regional differences in 
morphological measures of complex-
ity of basilar dendrites for all cortical 
regions of interest between adult and 
infant chimpanzees, including TDL, 
MSL, DSC, DSN, and DSD. Data from 
juveniles (5–9 years), for which one 
individual per age group was avail-
able, are illustrated as individual data 
points. Error bars represent SEM. 
[NOTE: Figure can be viewed in color 
in the PDF version of this volume on 
the National Academies Press website, 
www.nap.edu/catalog.php?record_
id18573.]
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DISCUSSION

Similar to humans, chimpanzees have a relatively long lifespan and 
prolonged period of dependency during which “cultural traditions” (e.g., 
tool use, grooming postures) are acquired from conspecifics (Lonsdorf, 
2006; Lonsdorf and Bonnie, 2010). As postnatal experience shapes cogni-
tive and social development, changes in the timing of cortical maturation 
may be important for understanding the evolution of species differences 
in behavior. Indeed, many genetic differences between humans and other 
primates affect processes involved in cerebral development (Pollard et al., 
2006; Dennis et al., 2012; Derrien et al., 2012). Until recently, however, 
little was known about the nature of microstructural changes during 
neural ontogeny in the cerebral cortex of nonhuman primates other than 
macaques, making it difficult to assess how the developmental trajectory 
of the human brain might be unique (Miller et al., 2012). Our current 
analyses demonstrate that similar to humans, synaptic proliferation in 
chimpanzees is prolonged through the mid-juvenile period, and develop-
ment of pyramidal neurons in the prefrontal cortex is delayed relative to 
other cortical areas.

Prolonged Synaptogenesis

Like humans (Huttenlocher and Dabholkar, 1997; Petanjek et al., 
2011), chimpanzees exhibit a substantially later peak in synapse density 
(between 3 and 5 years) than macaques (3 months) (Rakic et al., 1986), 
and a prolonged phase of synapse pruning, which extends into the late 
juvenile period (around 10 years). Evidence for an extended period of 
synaptic refinement in chimpanzees is consistent with previous findings 
indicating that prefrontal white matter development is prolonged until 
at least the mid-juvenile period in this species (Sakai et al., 2011). This 
finding contrasts, however, with a recent report by Liu et al. (2012), sug-
gesting that relatively increased synapse-associated gene expression in 
the prefrontal cortex continues until 5 years of age in humans only, but 
in chimpanzees and macaques synaptic gene expression peaks within the 
first year of life. Because the analysis by Liu et al. (2012) included only 
three chimpanzee brains between 1 year of age and adulthood, however, 
differences in the sample sizes represented in these two studies could 
contribute to the divergent findings, especially because interindividual 
variation is pronounced. Additionally, little is still known regarding how 
gene expression regulates anatomical changes in synapse densities during 
development (Goyal and Raichle, 2013).

Prolonged synaptogenesis in chimpanzees is consistent with behav-
ioral evidence indicating that the juvenile period is critical for social 
learning of group-specific behaviors acquired from conspecifics. Tool use 
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in chimpanzees displays regional variation to an extent that exceeds other 
nonhuman animals, including such varied techniques as stone hammer-
ing to access nuts, dipping or digging for ants or termites with sticks, 
and stabbing small vertebrates with spears (Whiten et al., 1999). Young 
chimpanzees require at least 5 years of postnatal development before they 
are able to master tool use, and the acquisition of competence in these 
skills depends on environmental variables, such as the time spent with the 
mother and her proficiency (Lonsdorf, 2006). Thus, an extended period of 
synaptogenesis in chimpanzees through juvenile life may be important to 
enhance neuronal plasticity for the experience-dependent behaviors that 
emerge following social exposure and learning from conspecifics.

We found no differences in the timing of peak synapse density across 
different regions of the chimpanzee neocortex. These findings appear 
to contrast with reports in humans indicating that the prefrontal cortex 
matures later than other cortical areas, as reflected by metabolic rate, corti-
cal thickness, and peak synapse density (Chugani et al., 1987; Huttenlocher 
and Dabholkar, 1997; Giedd et al., 1999; Shaw et al., 2008; Liu et al., 2012). 
It should be noted, however, that prior data suggesting a relative delay 
of synaptogenesis in the human prefrontal cortex are based on a single 
study of a modest sample that lacked statistical analysis (Huttenlocher 
and Dabholkar, 1997). Thus, evidence of heterochronous development 
within the human neocortex as measured by metabolic activity and corti-
cal thickness may reflect the combined effect of multiple microstructural 
changes, including neuronal dendritic branching growth (Travis et al., 
2005), synapse density, glial cell numbers, and other factors.

Delayed Dendritic Growth in the Prefrontal Cortex

In addition to synaptogenesis, we examined regional changes in the 
development of dendritic branching of pyramidal neurons. In adult pri-
mates, remarkable variation in the morphology and complexity of pyra-
midal neurons has been reported (Giedd et al., 1999; Elston et al., 2001; 
Jacobs et al., 2001; Bianchi et al., 2012). Specifically, it has been shown 
that pyramidal neurons of the prefrontal cortex are characterized by more 
elaborate dendritic trees than other cortical areas, to support increased 
connectivity from integrating diverse corticocortical inputs and to orches-
trate cognitively complex behaviors (Elston et al., 2001; Jacobs et al., 2001; 
Semendeferi et al., 2011; Bianchi et al., 2012). Although dendritic arbors 
are more extensive in the prefrontal cortex relative to other cortical regions 
in adult humans (Jacobs et al., 2001), chimpanzees (Bianchi et al., 2012), 
and macaques (Elston et al., 2001), the timing of development of these 
neuronal specializations appears to be species specific (Travis et al., 2005; 
Elston et al., 2009).
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By demonstrating that dendritic arborization and spine density in the 
prefrontal cortex of infant chimpanzees is not as extensive as other cortical 
areas, our data indicate a delay in the maturation of pyramidal neurons 
in this region, a pattern that shares greater similarities with dendritic 
development in humans (Travis et al., 2005) than with macaques (Elston 
et al., 2009). Dendrites regulate the integration of inputs and provide sites 
for synapses on spines (Yuste and Tank, 1996; Spruston, 2008). As such, 
they are extremely plastic structures that undergo changes in response to 
experience, which is especially evident during development (Diamond 
and Connor, 1982; Jacobs and Scheibel, 1993; Moser et al., 1994; Anderson 
et al., 1995; Koenderink and Uylings, 1995; Jacobs et al., 1997; van Praag 
et al., 2000; Grutzendler et al., 2002; Sin et al., 2002; Radley et al., 2006; 
Kabaso et al., 2009; Yang et al., 2009; Bose et al., 2010; Bloss et al., 2011; 
Petanjek et al., 2011; Yadav et al., 2012). For this reason, a delay in the 
formation of dendritic trees in the prefrontal cortex may be important for 
processing and integrating the extensive load of information that both 
humans and chimpanzees acquire during development and for maintain-
ing plasticity of executive functions. Although the present study focused 
on the rostral prefrontal cortex to be consistent with previous research in 
adult chimpanzees and humans, it is possible that delayed maturation of 
pyramidal neurons also characterizes association cortices in other frontal, 
parietal, and temporal regions.

Despite sharing these neurodevelopmental similarities, it is important 
to note that cognitive ontogeny in chimpanzees differs from humans in 
several respects. Behavioral studies suggest that the different social and 
environmental contexts in which humans and chimpanzee develop may 
have also been important in the evolution of human-specific sociocogni-
tive abilities (Burkart et al., 2009). For example, whereas young chimpan-
zees do not fully wean until 4–5 years of age and remain closely attached to 
their mothers during the early years of development, human infants often 
interact with multiple caregivers and engage in joint attention (Carpenter 
and Tomasello, 2006). Experiments with enculturated great apes demon-
strate the modulating effect of social environment on cognition; being 
reared in close human contact in an enriched environment is associated 
with improved performance on sociocognitive tasks and tool use (Buttel-
mann et al., 2007; Furlong et al., 2008; Lyn et al., 2010; Russell et al., 2011).

Future studies investigating whether the progression of cortical devel-
opment in chimpanzees also characterizes other great apes (bonobos, 
gorillas, and orangutans) would help identify more precisely the evolu-
tionary emergence of these traits. In this regard, genome sequences and 
brain transcriptome datasets from multiple great apes may be helpful in 
identifying the specific gene sequence or regulatory changes that contrib-
ute to phylogenetic variation in the timing of neocortical development. 
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The study of other large-brained and long-lived species, such as cetaceans 
and elephants, may also shed light on the evolutionary mechanisms and 
constraints of developing a plastic, “cultural” brain.

Altogether, our findings indicate that brain development in humans 
and chimpanzees are both characterized by an extended period of corti-
cal synaptogenesis and a delay in the maturation of dendritic arbors in 
pyramidal neurons of the prefrontal cortex. These results suggest that 
several key features of human brain ontogeny for enhanced develop-
mental plasticity emerged before the divergence of the chimpanzee and 
human lineages. In addition to these shared similarities of early postnatal 
development, later phases of human neocortical maturation appear to be 
more evolutionarily modified and distinct from chimpanzees, involving 
prolonged myelination that continues into early adulthood (Miller et al., 
2012). When combined with changes to human social organization, the 
prolonged developmental plasticity and shift toward delayed develop-
ment of the prefrontal cortex present in hominin ancestors may have 
increased learning potential for higher-order sociocognitive functions.

MATERIALS AND METHODS

Specimens

Formalin-fixed brain samples were obtained from the left hemisphere 
of 17 common chimpanzees (Pan troglodytes) (age range: 0–41 years) and 
one case where only the right hemisphere was available (5.3-year-old). 
Chimpanzees were housed according to each institution’s Animal Care 
and Use Committee guidelines, and died for reasons unrelated to the 
present study. Within 14 hours of each individual’s death, the brain was 
removed and immersed in 10 percent (vol/vol) formalin. After a variable 
period of fixation, brains were then transferred to 0.1 M PBS with 0.1 per-
cent sodium azide solution and stored at 4°C. Blocks of tissue containing 
prefrontal (area 10), primary motor (area 4), primary somatosensory (area 
3b), and the lateral surface of the prestriate cortex (area 18) were dissected 
and used for immunohistochemistry against synaptophysin protein, rapid 
Golgi impregnation, and quantification of synapses using electron micros-
copy. These regions were chosen to be consistent with previous studies 
in adult chimpanzees and humans. Because chimpanzees reach sexual 
maturity around 10–13 years (females), and 12–15 years (males), individu-
als up to the age of 10 years were considered subadults, age 5–9 years as 
juveniles, and 0–2 years as infants.
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Immunohistochemistry for Synaptophysin and Stereologic 
Quantification

All 18 individuals were used for immunohistochemistry analyses (age 
range: 0–41 years). Free-floating sections of the regions of interest were 
stained with rabbit polyclonal IgG1 antibodies against synaptophysin, 
which is an acidic, homo-oligomeric integral membrane glycoprotein 
isolated from presynaptic vesicles (1:100 dilution, A0010; DakoCytoma-
tion). Before immunostaining, sections were rinsed thoroughly in PBS and 
pretreated for antigen retrieval by incubation in 10 mM sodium citrate 
buffer (pH 3.5) at 37°C in an oven for 30 min. Sections were rinsed and 
immersed in a solution of 0.75 percent hydrogen peroxide in 75 percent 
methanol to eliminate endogenous peroxidase activity, then incubated in 
the primary antiserum diluted in PBS with 2 percent normal goat serum 
and 0.1 percent Triton X-100 for ~24 hours on a rotator at 4°C. After rins-
ing in PBS, sections were incubated in biotinylated anti-rabbit IgG (1:200 
dilution, BA-2000; Vector Laboratories) and processed with the avidin-
biotin-peroxidase method using a Vectastain Elite ABC kit (pk-6100; Vector 
Laboratories). Sections were rinsed again in PBS, followed by a rinse in 
sodium acetate buffer. Immunoreactivity was revealed using 3,3′-diamino-
benzidine and nickel enhancement according to a modification of methods 
described previously (Shu et al., 1988; Van der Gucht et al., 2001). Specific-
ity of the reaction was confirmed by processing negative control sections 
as described, excluding the primary antibody. No immunostaining was 
observed in the control sections.

Quantification of the numerical density of synaptophysin-immunore-
active puncta was performed using StereoInvestigator software (v9; MBF 
Bioscience). Beginning at a random starting point, three equidistantly 
spaced sections were chosen for stereologic analysis. To quantify the 
density of synaptophysin-immunoreactive puncta, the area comprising 
the cortex, spanning layers I to VI, of each region of interest was outlined 
at low magnification and segmented through a set of optical disector 
frames (3 × 3 μm) with a square scan grid size ranging between 400 × 400 
μm and 700 × 700 μm. Disector analysis was performed under Koehler 
illumination using a 100× oil objective (Zeiss Plan-Apochromat, N.A. 1.4). 
The thickness of optical disectors was set to 1 μm, with a 1-μm guard 
zone at the top of the section. All numerical densities of synaptic puncta 
derived from these optical disector counts were corrected by the number-
weighted mean section thickness as described previously (Sherwood et al., 
2007). All synapse counting was performed blind to the region of interest 
and age of the specimen. Data were analyzed by fitting cubic regression 
models to synapse counts from each of the four regions separately using 
standardized polynomials in R software (R Development Core Team, 
2010). Testing for similarities in cubic polynomial fit to the regions of 
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interest was accomplished by using a generalized least-squares model 
and a linear mixed model. Results were plotted against age (0–10 years), 
where individuals older than 11 years were grouped together with adults 
to emphasize changes during growth (Fig. 8.1).

EM Counts of Synaptic Density

Sections from four individuals (age 0 year, n = 1; age 2 years, n = 1; 
age 6 years, n = 1; age 11 years, n = 1) that contained the regions of inter-
est were postfixed (1 percent OsO4), and stained with 1 percent uranyl 
acetate. After embedding in Epon, ultrathin sections were collected on 
mesh copper grids. Quantification of synapse density was then measured 
on digital images obtained from a JEOL JEM 1200EX transmission EM 
at a magnification of 40,000×. Sampling fields were chosen by using the 
random sampling method and the number of synapses per unit volume 
was calculated through the following formula: NV = NA/d, where NV is the 
number of synapses per unit volume, NA is the number of synaptic junc-
tions per unit area of an electron micrograph, and d is the mean length of 
densities associated with the synaptic junctions (Colonnier and Beaulieu, 
1985). One hundred images from each cortical area were analyzed. Mea-
sures of synapse length were also obtained from 50 to 130 randomly cho-
sen synapses in each set of micrographs for an individual cortical region. 
Criteria for identification of synapses included the presence of a postsyn-
aptic density, synaptic vesicles at the presynaptic terminal, and opposing 
membranes between the pre- and the postsynaptic terminals. A synapse 
was only marked if the synaptic junction was apparent, and if at least two 
synaptic vesicles were seen in the presynaptic component of the synapse.

Rapid Golgi Staining

Adjacent blocks (3–5 mm in thickness) from 14 individuals were 
stained with a modified rapid Golgi technique (Scheibel and Scheibel, 
1978) for neuronal morphology quantification. However, only seven (age 
range 0–9 years) yielded complete neuron staining that met criteria for 
tracing and quantification (see below). Blocks were sectioned on a Vibra-
tome at 120 μm, mounted, coverslipped, and stored at 4°C. Morphological 
analyses of dendritic complexity were conducted on 10 neurons per region 
(n = 280). Criteria for neuron selection required that neurons be relatively 
isolated and unobstructed, located within the center of the section, and 
as complete as possible (Jacobs et al., 2001). Neurons were sampled from 
layer V, at a similar depth across regions: area 3b, 1,314 ± 733 μm; area 
4, 1,040 ± 548 μm; area 18, 1,062 ± 468 μm; and area 10, 1,151 ± 603 μm.
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Neurons meeting criteria were traced using a Zeiss Axioplan 2 photo-
microscope equipped with a Ludl XY motorized stage (Ludl Electronics), 
Heidenhain z-axis encoder, and an Optronics MicroFire color videocamera 
coupled to a Dell PC workstation running Neurolucida software (MBF 
Bioscience). Tracings were performed under Koehler illumination using 
a 40× dry objective (Zeiss Plan-Apochromat, N.A. 0.75), and involved fol-
lowing dendrites along their entire length across the z-plane and manually 
marking all visible spines. Once tracing was complete, neuronal morphol-
ogy was quantified in NeuroExplorer (MBF Bioscience), according to the 
following measurements of dendritic morphology, derived from Jacobs 
et al. (2001): (i) TDL, the sum of the individual lengths of all dendritic 
segments; (ii) DSC, the number of all dendritic segments; (iii) MSL, which 
is essentially TDL/DSC; (iv) DSN, the number of all spines marked on 
the dendritic arbor; and (v) DSD, the number of spines per micrometer 
of dendritic length. The cell body cross-sectional area was also recorded. 
For each variable of dendritic morphology, measurements were taken 
for both basilar and apical dendrites. However, because apical dendrites 
were often incomplete because of sectioning, quantitative comparisons 
of dendritic length and spine number across cortical regions were limited 
to basilar dendrites. All tracings were performed blind to the regions of 
interest by C.D.S. and S.B., who were normed with another rater (A.L.B.), 
and checked by C.C.S. Intra- and interrater reliability of measures were 
determined to be in good concordance.

Because of the small size in the juvenile and subadult category, statisti-
cal analyses were conducted only on the group including newborns and 
infants; data from the juveniles and subadults are illustrated as individual 
points (Fig. 8.4). To analyze regional differences in dendritic complexity, 
we used a nested ANOVA design (IBM SPSS 18.0), in which each neuron 
was nested within region (areas 3b, 4, 10, 18), which was nested within 
individual brains. Data for each variable of interest (soma area, TDL, 
DSC, MSL, DSN, DSD) were analyzed separately. Pairwise contrasts were 
then performed using a Bonferroni correction for multiple comparisons. 
Data for comparisons with adult chimpanzees, as shown in Fig. 8.4, were 
taken from a previous study that used the same methodological procedure 
(Bianchi et al., 2012), and included seven individuals, age 35+ years.
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Part III

THE HUMAN DIFFERENCE: FROM ETHICS TO AESTHETICS

As stated in earlier chapters, our species and other primates share 
different memory systems. However, James McGaugh argues in 
Chapter 9 that, although forgetting is the common fate of most of 

our experiences, mechanisms exist that somehow permit us to create last-
ing memories of our more important experiences. The author explores such 
mechanisms. Several neurobiological systems link this selective capacity 
to emotional arousal, giving clues about how humans and other animals 
reach memory-enhancement episodes by means of an activation of brain 
regions such as the amygdala. The fact that some subjects are able to keep 
highly superior autobiographical memory raises the question of how this 
capacity might be associated with genetic and brain particularities.

Self-awareness and the capacity to evaluate others’ acts and their 
consequences are among the main components of altruistic behavior. 
Three chapters in these proceedings deal with different aspects of altruism 
and its more extreme related behaviors. In Chapter 10, Barbara Oakley 
examines the mechanistic bases of biased altruism, in which attempts to 
promote the welfare of others result in unanticipated harm. She defends 
the need for quantitative models of altruistic behavior along a spectrum 
ranging from strong benefit to extreme harm. These models might help to 
scientifically distinguish between beneficial and harmful egoistic behavior, 
as well as clarify the relationships between egoism, altruism, and patho-
logical altruism.

Next, in Chapter 11, Sarah Brosnan begins her contribution with a 
question: What leads us to care about justice? She proposes a comparative 
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approach to clarify why justice, which is a highly important component of 
our values, is so difficult to achieve. By means of experiments on primates’ 
answers to perceived inequities in social interactions, Brosnan concludes 
that humans are not alone in responding negatively to differential treat-
ment. Although nonhuman primates do not show a sense of justice in the 
same sense that humans do, understanding their responses may help to 
anticipate, prevent, and perhaps solve problems arising from the human 
perception of inequity.

Beyond direct perception of equality/inequality in social relation-
ships, altruism and, more generally, human cooperation can be related to 
indirect reciprocity based on reputation. Since social reputation is directly 
observed, but widely spread by communication, indirect reciprocity can 
reach highly sophisticated patterns. In Chapter 12, Erez Yoeli et al. offer 
experimental results on large-scale (a total of 2,413 participants) coopera-
tion between small groups under laboratory conditions. Since subjects 
were California residents of 15 homeowners’ associations that voluntarily 
participated in an energy-saving program, the experiment matched real-
world conditions of cooperation. Yoeli and coworkers’ results provide 
evidence that observable participation in favor of public goods promotes 
cooperative behavior. The authors hold that reputational concerns were 
the driving force to reach such a high level of indirect cooperation, sug-
gesting easy and practical ways to improve future public policy initiatives.

Next, Robert Zatorre and Valorie Salimpoor review empirical evidence 
for the neural substrates of several aspects of musical perception. First, 
the authors identify the auditory cortical circuits that are responsible 
for encoding and storage of tonal patterns. Then, they study the func-
tional role of brain areas, such as the nucleus accumbens, codifying the 
reward value of music. The authors suggest that the cortical system, highly 
evolved, decodes tonal or rhythmic relationships present in music, thereby 
generating expectations about upcoming events based on the subjects’ 
former events. In turn, the striatal dopaminergic system would add the 
emotional arousal associated with these predictions.

Experimental approaches to visual issues constitute the next contribu-
tion to this colloquium. In Chapter 14, Leanne Chukoskie and coworkers 
study how subjects search a novel scene for a target whose location was 
stochastically drawn on each trial from a fixed prior distribution. Partici-
pants rapidly learn where to search, looking near previously rewarded 
locations and avoiding previously unrewarded sites. A reinforcement-
learning model, similar to that used previously to examine both foraging 
animal behavior and neuronal firing of dopaminergic cells, can describe 
the resulting search performance. In addition, this search performance 
approaches the theoretical optimum on this task. Thus, the authors offer 
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a framework for considering how prior experience guides saccade choice 
during natural vision.

A complementary phenomenon provides the focus for Oshin Vartanian 
and coworkers, who in Chapter 15 provide clues on how variation in 
contour impacts aesthetic judgments and approach decisions about the 
places in which we live and work, thereby influencing how we feel and 
act. Subjects are more likely to judge spaces as beautiful if they are curvi-
linear than rectilinear. Curvilinear spaces activate the medial orbitofrontal 
cortex, a region strongly implicated in reward and that is particularly 
activated among architects compared to nonarchitects when assessing 
the aesthetic value of buildings. In contrast, contour has no impact on 
approach decisions. Contemplating curvilinear spaces activates the pre-
central gyrus—a region engaged in motor imagery and the planning of 
voluntary motor movement. Although curvilinear spaces did not result in 
a greater likelihood of deciding to enter such areas, they might facilitate 
the production of visual and motor imagery consistent with movement 
planning in that context. The authors conclude that their research sheds 
light on a fundamental question—why is it that we have come to prefer 
the places that we do?

Finally, by analyzing the dynamics of brain functional connectivity, 
Camilo Cela-Conde and coworkers in Chapter 16 offer the first identi-
fication of brain networks engaged within distinct time frames during 
the appreciation of beauty. A fast aesthetic perception of the beautiful/
not-beautiful condition of each visual stimulus appears within 250–750 
ms, whereas further aesthetic appreciation processes are subsequently 
performed in the 1,000- to 1,500-ms range. The delayed processes activate 
a brain network matching the default mode network, present during 
subjects’ resting state.
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9

Making Lasting Memories: 
Remembering the Significant

JAMES L. MCGAUGH

Although forgetting is the common fate of most of our experiences, much 
evidence indicates that emotional arousal enhances the storage of memo-
ries, thus serving to create, selectively, lasting memories of our more 
important experiences. The neurobiological systems mediating emotional 
arousal and memory are very closely linked. The adrenal stress hormones 
epinephrine and corticosterone released by emotional arousal regulate 
the consolidation of long-term memory. The amygdala plays a critical 
role in mediating these stress hormone influences. The release of norepi-
nephrine in the amygdala and the activation of noradrenergic receptors 
are essential for stress hormone–induced memory enhancement. The 
findings of both animal and human studies provide compelling evidence 
that stress-induced activation of the amygdala and its interactions with 
other brain regions involved in processing memory play a critical role in 
ensuring that emotionally significant experiences are well remembered. 
Recent research has determined that some human subjects have highly 
superior autobiographic memory of their daily experiences and that there 
are structural differences in the brains of these subjects compared with 
the brains of subjects who do not have such memory. Understanding of 
neurobiological bases of such exceptional memory may provide addi-
tional insights into the processes underlying the selectivity of memory.

Department of Neurobiology and Behavior, Center for the Neurobiology of Learning and 
Memory, University of California, Irvine, CA 92697-3800. E-mail: jlmcgaug@uci.edu.
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Our brains, remarkable as they are, could not begin to contain and give 
equal weight to our every moment of life. 

Glore (1987)

The ability to learn and remember is essential for our survival. 
Remembering what has happened enables us to predict what is 
likely to happen and alter our behavior accordingly. As noted by 

Bernecker (2010, p. 1), “[r]emembering is a fundamental cognitive process, 
subserving virtually all other important cognitive functions . . . . Since 
without memory one couldn’t think, some philosophers go as far as to 
claim that memory is the mark of being human.” This latter claim is, of 
course, off of the mark, because most, if not all, animals display memory 
of their experiences. However, the many moments of their lives and our 
lives are not given equal weight in memory: we do not remember equally 
well all of our experiences. As James (1890, p. 643) commented, “[o]f 
some [experiences] no memory survives the instance of their passage. . . . 
Others . . . may be recalled as long as life endures. How can we explain 
these differences?” There are many possible explanations. Experiences 
that we attend to are, of course, more likely to be remembered. Some new 
experiences become lasting, because they fit well with and can be readily 
processed and integrated with existing memories (Craik and Lockhart, 
1972). Additionally, beginning with the pioneering studies of Ebbing-
haus (1885), we learned that memories are strengthened by repetition or 
retrieval (Roediger and Butler, 2011).

EMOTIONAL AROUSAL AND LASTING MEMORY

There is also extensive evidence that experiences that are emotionally 
arousing are well remembered (Brown and Kulik, 1977; Conway, 1995; 
McGaugh, 2003; Reisberg and Hertel, 2003). Experiences of unpleasant 
occasions, such as an automobile accident, a mugging, or learning about 
the death of a loved one, are remembered better than those experiences of 
a routine day (Stratton, 1919; Pillemer, 1984; Bohannon, 1988; Christianson, 
1992; Conway et al., 1994; Conway, 1995; Neisser et al., 1996; Schmolck 
et al., 2000; Sharot et al., 2007). Memories of pleasant occasions, such as 
birthdays, holidays, and weddings, are also well retained. The strength of 
memories of events varies with the emotional significance of the events. 
Individuals who were close to San Francisco at the time of the 1989 San 
Francisco earthquake had better memories of the earthquake months later 
compared with individuals in Atlanta, Georgia (Neisser et al., 1996). Three 
years after the terrorist attack on September 11, 2001, individuals who 
were in downtown Manhattan at the time of the attack had more detailed 
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memories of the attack compared with individuals who were in midtown 
Manhattan, several miles from the attack (Sharot et al., 2007).

MODULATION OF MEMORY CONSOLIDATION

These findings clearly support Bacon’s (2000) assertion that “[m]emory 
is assisted by anything that makes an impression on a powerful passion, 
inspiring fear, for example or wonder, shame or joy.” However, such 
evidence provides only the beginnings of an answer to William James’ 
wondering about why some memories are lasting. A more comprehensive 
answer requires an understanding of the effects of emotional arousal that 
regulate the strength of memories.

Lasting memories are not created at the time of an experience. There is 
considerable evidence supporting the hypothesis of Mueller and Pilzecker 
(1900) that experiences initiate neural processes that perseverate and 
induce, over time, the consolidation of memory. Subsequently, Hebb (1949) 
proposed a dual-trace hypothesis of memory formation. According to this 
hypothesis, memories are initially based on the reverberation of neural 
circuits, and long-term memory results from synaptic changes induced by 
the neural reverberation. Thus, for both the consolidation hypothesis and 
the dual-trace hypothesis, lasting memory is formed after an experience.

The time-dependent process of memory consolidation thus provides 
an opportunity for conditions occurring after learning (i.e., during the con-
solidation of memory) to regulate the strength of memory. Studies of the 
effects of electroconvulsive shock (Duncan, 1949) were the first studies to 
provide experimental evidence supporting the consolidation hypothesis. 
Electroconvulsive shock treatments impaired memory when administered 
to rats immediately after training. These findings were replicated and 
extended in extensive research with rats and mice in experiments using 
many kinds of treatments that disrupt brain functioning (McGaugh and 
Herz, 1972; McGaugh, 2000). The common finding was that the treatments 
affected memory when administered shortly after training and were less 
effective when administered several hours or longer after training. These 
early findings of retrograde amnesia induced by disrupting brain func-
tioning after learning suggested the possibility that mild stimulation of 
the brain shortly after an experience might enhance memory (McGaugh, 
1966). The finding of many studies that memory is enhanced by admin-
istration of low doses of CNS stimulants to rats and mice shortly after 
training but not after a delay provided strong support for this implication 
(Breen and McGaugh, 1961; Westbrook and McGaugh, 1964; McGaugh and 
Petrinovich, 1965; McGaugh, 1966, 1968, 1973; Krivanek and McGaugh, 
1968; McGaugh and Roozendaal, 2009). Also, importantly, comparable 
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findings were obtained in studies using human subjects (Soetens et al., 
1993).

ENDOGENOUS MODULATION OF MEMORY CONSOLIDATION

The findings of experimentally induced retrograde amnesia and mem-
ory enhancement also suggest a hypothesis that might provide an answer 
to the question of why, as Francis Bacon asserted, memory is assisted by 
passion. Emotional arousal induces the release of the adrenal stress hor-
mones epinephrine and cortisol (corticosterone in rats). Thus, the levels 
of the hormones activated by arousing training experiences are increased 
while memories are undergoing consolidation. Gerard (1961, p. 30) noted 
that “as epinephrine is released in vivid emotional experiences, such 
an intense adventure should be highly memorable.” Much subsequent 
evidence supports this suggestion. As found with stimulant drugs, post-
training administration of epinephrine as well as corticosterone enhances 
memory for many kinds of training experiences (Micheau et al., 1984; 
Sandi and Rose, 1994; Zorawski and Killcross, 2002; Berlau and McGaugh, 
2006; Roozendaal et al., 2006a). Furthermore, adrenoreceptor antagonists 
(e.g., propranolol) and glucococorticoid receptor antagonists block the 
effects of emotional arousal and adrenal stress hormones on memory 
consolidation (Gold and Van Buskirk, 1975; Gold and McGaugh, 1977; 
McGaugh, 1983; McGaugh and Gold, 1989; Roozendaal, 2000; Krugers 
et al., 2011; Roozendaal and McGaugh, 2011; Parfitt et al., 2012). Although 
most experiments investigating stress hormone influences have used 
memory of stressful training, such as stress induced by mild footshocks, 
posttraining administration of stress hormones enhances memory for 
many kinds of less stressful experiences, including memory for rewards 
(Dornelles et al., 2007).

AMYGDALA ACTIVATION AND MEMORY MODULATION

Thus, the experimental evidence provides strong support for the 
hypothesis that adrenal stress hormones enhance the consolidation of 
memory of experiences that induce their release. Additionally, the find-
ings provide an initial step to providing an answer to William James’ 
question of why some memories endure. A next essential step requires 
understanding of how adrenal stress hormones act to influence brain pro-
cesses involved in memory consolidation. When released into the blood, 
epinephrine passes poorly, if at all, into the brain (Arai et al., 1981). Con-
siderable evidence indicates that epinephrine influences on brain function 
are mediated by activating adrenoreceptors located on the ascending 
vagus nerve that projects to brainstem nuclei (to the locus coeruleus 
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through the nucleus of the solitary tract) responsible for noradrenergic 
activation of other brain regions (Miyashita and Williams, 2006; McIntyre 
et al., 2012). Moreover, direct electrical stimulation of the ascending vagus 
after learning enhances memory in human subjects as well as rats (Clark 
et al., 1998, 1999; Clayton and Williams, 2000; Hassert et al., 2004). Cortisol 
passes freely into the brain, where it can activate glucocorticoid receptors 
throughout the brain.

Several findings suggested the amygdala, a collection of nuclei located 
in the medial temporal lobe, as a possible critical brain region involved in 
mediating stress hormone influences on memory consolidation. Findings 
of several early (Gold et al., 1975; McGaugh and Gold, 1976) as well as 
more recent studies (Bergado et al., 2006; Bass et al., 2012) indicated that, 
in rats, memory is enhanced by brief low-intensity posttraining electrical 
stimulation of the amygdala. Other early findings indicated that, in rats, 
b-adrenoreceptor antagonists infused into the amygdala after training 
impaired memory consolidation and that concurrent infusions of norepi-
nephrine blocked the impairment (Gallagher et al., 1981; Kesner and Ellis, 
1983). Other studies reported that systemically administered epinephrine 
induces the release of norepinephrine in the brain (Gold and van Buskirk, 
1978) and that epinephrine enhancement of memory consolidation is 
blocked by intra-amygdala infusions of propranolol (Liang et al., 1986). 
There is now substantial evidence that norepinephrine or other norad-
renergic agonists administered into the amygdala or selectively into the 
basolateral region of the amygdala (BLA) after training enhance memory 
for many kinds of training experiences (Hatfield and McGaugh, 1999; 
LaLumiere et al., 2003; McGaugh, 2004; Huff et al., 2005; Roozendaal et al., 
2008). Also, posttraining intra-amygdala infusions of b-adrenoreceptor 
antagonists impair memory and block the memory-enhancing effects of 
both corticosterone and epinephrine administered systemically (Liang 
et al., 1986; Quirarte et al., 1997; Roozendaal et al., 2002, 2006b). Such 
findings strongly suggest that glucocorticoid-induced enhancement of 
memory consolidation requires noradrenergic activation of the amygdala. 
Noradrenergic activation induced by emotional arousal seems to enable 
glucocorticoid modulation of memory consolidation (Okuda et al., 2004).

The extensive evidence that memory is influenced by noradrenergic 
agonists and antagonists infused into the amygdala after training suggests 
that emotionally arousing training experiences should increase norepi-
nephrine release within the amygdala. The findings of experiments using 
microdialysis and HPLC to assess norepinephrine release provide strong 
support for this implication. Footshock training increases the release of 
norepinephrine within the amygdala (Galvez et al., 1996; Quirarte et al., 
1998), and rats that have greater increases in release subsequently display 
better retention (McIntyre et al., 2002). Additionally, several drugs that 
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enhance memory consolidation, including GABAergic and opioid pepti-
dergic antagonists, increase the release of norepinephrine in the amygdala 
(Quirarte et al., 1998; Hatfield et al., 1999).

AMYGDALA INFLUENCES ON OTHER BRAIN SYSTEMS

Decades before initiation of the research discussed above investigat-
ing the involvement of the amygdala in memory consolidation, Gerard 
(1961, p. 30) noted that, “[because] the amygdala [acts] directly on cortical 
neurons to alter . . . their responsiveness to the discrete impulses that reach 
the cortex . . . these deep nuclei could easily modify the ease and complete-
ness of experience fixation.” The amygdala is richly interconnected with 
other brain regions, including the cortex, known to be involved in process-
ing different aspects of memory. Additionally, there is now considerable 
evidence supporting the prescient suggestion by Gerard (1961) that the 
amygdala influences memory consolidation through projections to other 
brain regions (McGaugh, 2000, 2002, 2004; Paré et al., 2002; Pelletier et al., 
2005; Popescu et al., 2009; Stefanik et al., 2013). However, the interactions 
are not restricted to the cortex.

The findings of many studies using rats indicate that the hippocampus 
is involved in spatial learning (O’Keefe and Dostrovsky, 1971; Olton et al., 
1979; Eichenbaum et al., 1990), whereas the caudate nucleus is involved 
in the learning of specific cues associated with responses (Packard and 
White, 1991; Packard and McGaugh, 1996; Packard and Goodman, 2012). 
Packard et al. (1994) found that posttraining activation of the amygdala 
(using microinfusions of d-amphetamine) enhanced memory for both 
place learning and cued response learning in a water maze. In contrast, 
hippocampal infusions selectively enhanced spatial memory, and cau-
date infusions selectively enhanced cued response memory. Posttraining, 
intra-BLA drug infusions enhance rats’ memory of a context as well as the 
memory of a brief footshock subsequently received in that context (Malin 
and McGaugh, 2006). Additionally and importantly, McIntyre et al. (2005) 
found that, in rats, noradrenergic activation of the BLA that enhanced 
memory consolidation increased the expression of activity-regulated 
cytoskeletal (Arc) protein in the hippocampus. Furthermore, posttraining 
inactivation of the BLA impairs memory consolidation and decreases hip-
pocampal Arc protein expression. These findings are of interest in view of 
evidence indicating that Arc is involved in regulating synaptic plasticity 
and memory consolidation (Guzowski et al., 2000). Additionally, electrical 
stimulation of the BLA enhances the development of hippocampal plastic-
ity as assessed by induction of long-term potentiation (Ikegaya et al., 1995; 
Akirav and Richter-Levin, 1999).
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As noted by Gerard (1961), the amygdala also projects to the cortex. 
Electrical stimulation of the BLA activates the cortex, which is indicated by 
EEG desynchronization (Dringenberg and Vanderwolf, 1996; Dringenberg 
et al., 2001), and enhances cortical long-term potentiation (Dringenberg 
et al., 2004). Additionally, electrical stimulation of the amygdala enhances 
the development of plasticity in the auditory cortex (Chavez et al., 2012). 
It is well established that pairing of a tone stimulus with a reinforcing 
stimulus (e.g., footshock) alters the representation of the tone in the audi-
tory cortex (Weinberger, 2004, 2007). The frequency-receptive fields shift to 
the frequency of the tone stimulus, inducing an increased representation 
of significant sounds. Pairing of a tone with BLA stimulation, which is 
neither rewarding nor punishing, induces a shift of the auditory tuning 
curve to that tone of the conditioning tone frequency. Moreover, the tuning 
curve continues to shift to the conditioning tone frequency over a period 
of 45 min after the training (Chavez et al., 2009). Importantly, the learning-
induced shifts in responsiveness of the auditory cortex are maintained for 
several weeks (Chavez et al., 2013).

EMOTIONAL AROUSAL, ADRENAL STRESS 
HORMONES, AND HUMAN MEMORY

The findings of studies of the influence of arousal on human memory 
are consistent with the findings of studies using animal subjects: emotional 
arousal during or after learning enhances long-term memory, and the 
modulation involves epinephrine and cortisol. However, experiences do 
not have to be intensely emotional to influence memory strength. Many 
studies have reported that subjects presented with pictures or words 
judged to be only mildly emotional, whether positive or negative in effect, 
subsequently have stronger memories of those stimuli than pictures and 
words judged not to be emotional (Anderson et al., 2006; Liu et al., 2008; 
Henckens et al., 2009; Nielson and Lorber, 2009; Kensinger et al., 2011). 
Viewing of emotionally arousing pictures also enhances memory of a 
cognitive skill (Steidl et al., 2011).

In support of the view that emotional arousal modulates memory con-
solidation, several studies have reported that inducing arousal after sub-
jects learn material enhances memory tested after a retention interval of 
1 day or longer (Nielson et al., 1996; Anderson et al., 2006; Liu et al., 2008; 
Nielson and Lorber, 2009; Kensinger et al., 2011). In one study, subjects 
learned a word list and then watched an emotionally arousing pleasant 
(comedy) or unpleasant (surgery) brief video either immediately or after 
delays of up to 45 min. When viewed within 30 min, both the pleasant 
and unpleasant postlearning videos enhanced memory as assessed 1 week 
later (Nielson and Powless, 2007). Furthermore, the effect of postlearning 
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arousal is not restricted to laboratory experiments. College students who 
watched an arousing video clip after a lecture compared with students 
who did not watch the clip performed significantly better on a midterm 
examination 2 weeks later (Nielson and Arentsen, 2012).

There is also extensive evidence that arousal influences on memory 
consolidation involve both epinephrine and cortisol. Administration of 
the adrenoreceptor antagonist propranolol before subjects’ viewing of a 
series of pictures accompanied by an emotionally arousing story blocked 
the enhancing effects of emotional arousal on memory assessed at 1 week 
later (Cahill et al., 1994). Administration of epinephrine or cold pressor 
stress (induced by holding an arm in ice water), which induces the release 
of epinephrine and cortisol, immediately after presentation of emotionally 
arousing pictures enhances subjects’ memory of the pictures (Cahill and 
Alkire, 2003; Cahill et al., 2003). Furthermore, Hupbach and Fieman (2012) 
reported that arousal induced by exposure to cold pressor stress after a 
memory retrieval test increased salivary cortisol and enhanced memory 
of the test material when tested several days later.

Other studies have reported evidence that adrenergic activation selec-
tively influences memory for emotionally arousing stimulation (Maheu 
et al., 2004). Cold pressor stress induced after listening to neutral and 
emotional words selectively enhanced memory of the emotional words on 
a test the next day. Furthermore, levels of cortisol and salivary α-amylase, 
a biomarker for noradrenergic activity, assessed immediately after the cold 
pressor stress correlated highly with subsequent memory performance 
(Smeets et al., 2008). Additionally, Segal and Cahill (2009) found that lev-
els of salivary α-amylase assessed shortly after subjects viewed a series 
of emotional and neutral pictures correlated significantly and selectively 
with memory of the emotional pictures on a 1-week retention test (Segal 
and Cahill, 2009). Salivary α-amylase measured after exposure to emotion-
ally arousing pictures also correlated highly with subsequent memory 
assessed by successful discrimination of pictures seen from other similar 
pictures (i.e., pattern separation) (Segal et al., 2012). Such discrimination 
is known to involve the hippocampus (Yassa and Stark, 2011).

Findings of human studies provide additional evidence that emotional 
arousal influences on memory involve activation of the amygdala. In an 
initial study using PET imaging, Cahill et al. (1996) found that amygdala 
activation induced by watching emotionally arousing films correlated 
highly with memory of the films as tested 3 weeks later. Subsequent stud-
ies using PET imaging reported similar findings (Hamann et al., 1999, 
2002). Furthermore, studies using functional MRI imaging found that the 
relationship between amygdala activity during learning and subsequent 
memory varied directly with the intensity of emotional arousal and that 
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the valence—positive or negative—is not critical (Canli et al., 2000, 2002; 
Kensinger and Corkin, 2004).

Imaging studies have also provided evidence, consistent with evi-
dence obtained with animal studies, that emotional arousal influences on 
consolidation of long-term memory involve interactions of the amygdala 
with other brain regions, including the hippocampus, during learning 
(Kilpatrick and Cahill, 2003; Dolcos et al., 2004; Kensinger et al., 2006; 
LaBar and Cabeza, 2006; Ritchey et al., 2008, 2011; Schwarze et al., 2012). 
Findings of human brain imaging studies using functional MRI provide 
additional evidence that emotional arousal influences on memory involve 
noradrenergic activation of the amygdala. Propranolol blocks amygdala 
activation induced by emotionally arousing stimuli as well as subsequent 
memory of the stimuli (Strange and Dolan, 2004; van Stegeren et al., 2005, 
2006, 2007). Furthermore, administration of either the adrenergic drug 
yohimbine or hydrocortisone enhanced amygdala and hippocampus acti-
vation as well as memory as tested 1 week later (van Stegeren et al., 2010).

The findings of several studies suggest that intense or excessive activa-
tion of this noradrenergic system may contribute to the development of 
posttraumatic stress disorder (PTSD) (Pitman, 2006). Propranolol adminis-
tered to traumatized patients within several hours after a traumatic experi-
ence expressed fewer physiological signs of PTSD when tested 1 month 
later (Pitman et al., 2002; Vaiva et al., 2003). Additionally, a study of the 
incidence of PTSD in wounded military personnel reported that patients 
given morphine within hours after the injury expressed fewer signs of 
PTSD when examined months after the experience (Holbrook et al., 2010). 
Because opiates inhibit the release of norepinephrine (McGaugh et al., 
1988), a morphine-induced reduction in noradrenergic activation shortly 
after the trauma may have attenuated the development of PTSD.

EXCEPTIONAL HUMAN MEMORY

The findings summarized above provide the beginnings of under-
standing why, as William James wondered, some memories endure. More-
over, he suggested that the fact that many, perhaps most, memories are 
fleeting is adaptive. There is usually no need for memory of every detail 
of our daily experiences. As James (1890, p. 680) commented, “[s]election 
is the very keel on which our mental ship is built. If we remembered 
everything, we should, on most occasions be as ill off as if we remembered 
nothing.” The fictional character in Borges’ (1944) short story, “Funes the 
Memorious,” illustrated James’ observation. After he was thrown from a 
horse, Funes expressed an extraordinary ability to learn and remember. 
He “remembered not only every leaf of every tree of every wood, but also 
every one of the times that he had perceived . . . it” (Borges, 1944). Also, 
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he claimed to have “more memories than all mankind has had” (Borges, 
1944). However, he also admitted, as James had anticipated, that his 
memory was like a garbage heap. Borges thus agreed with William James 
in stressing the importance of forgetting.

Luria (1968) subsequently documented the now well-known case of a 
subject referred to as S, who had an extraordinarily strong memory ability 
resembling the ability of Funes. Luria concluded that S’s memory capacity 
and durability were unlimited. Also, he asked, “[h]ow had he come by 
this capacity for indelible memory traces?” (Luria, 1968, p. 61). Although 
another individual was subsequently determined to have comparable 
memory ability (Hunt and Love, 1972), Luria’s question remains unan-
swered. It should also be noted that S’s phenomenal memory seemed to 
be of little help to him in his daily personal life.

A small percentage of autistic individuals are capable of highly excep-
tional but restricted memory abilities. Calendar calculation is one of the 
most commonly reported abilities. Some autistic individuals can readily 
state the day of the week for any specified date over a range of centu-
ries, despite an inability to remember how to do simple addition and 
subtraction (Hurst and Mulhall, 1988; Heavey et al., 1999). Such complex 
memory-based ability, like the ability of subject S, remains unexplained.

Recent research has identified a few human subjects who have a 
remarkable memory ability referred to as highly superior autobiographi-
cal memory (HSAM) (Parker et al., 2006; LePort et al., 2012). The first 
subject identified to have this kind of memory (originally referred to as 
AJ and now known as Jill Price) wrote: “I am thirty-four years old and 
. . . have had this unbelievable ability to recall my past. . . . I can take a 
date, between 1974 and today, and tell you what day it falls on, what I 
was doing that day and if anything of great importance occurred on that 
day I can describe that to you as well” (Parker et al., 2006). Extensive test-
ing confirmed her claims. She was remarkably accurate in recalling the 
experiences of most of the days of her life beginning at about the age of 
11 years. Her extensive diary entries confirmed her memories of events 
that occurred on specific days. Her memory of significant public events is 
equally superior. Also, importantly, she does not do calendar calculation: 
unlike autistic savants, she cannot readily provide the day for dates when 
she was very young or future dates. After the publication of the paper 
by Parker et al. (2006), testing of many dozens of subjects who claimed 
to have strong autobiographical memory yielded several dozen subjects 
who surpassed age- and sex-matched controls in remembering the days 
and dates of personal and public events as well as details for each event 
(LePort et al., 2012). All responses were verified by checking available 
personal and public records. In contrast and perhaps surprisingly, HSAM 
subjects did not generally excel in learning and remembering information 
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as assessed by laboratory tests (e.g., learning pairs of words and series of 
digits). Their exceptional memory ability seems to be restricted to experi-
ences of daily life as reflected in episodic remembering. Their memory is 
not like the memories of Borges’ character Funes the Memorious, Luria’s 
subject S, or autistic savants. They are also not like the memory experts, 
who have learned specific mnemonic tricks enabling the learning of spe-
cific kinds of information (Wilding and Valentine, 1997).

MRI scans revealed that several brain regions of HSAM subjects dif-
fered from those regions of controls. Several brain regions differed in size 
and shape (e.g., putamen and caudate) as well as coherence of fiber tracts 
(e.g., uncinate faciculus) as assessed by diffusion tensor imaging. These 
results are, of course, only correlational and do not provide critical evi-
dence that these anatomical differences are the bases of or contribute in 
some way to HSAM. However, it is worth noting that several of the brain 
regions found to be structurally different in HSAM and control subjects 
have been implicated in previous studies of autobiographical memory 
(Kapur et al., 1992; Levine et al., 1998; Steinvorth et al., 2006).

UNUSUAL MEMORY: FLEETING AND LASTING

Studies of unusual memory have significantly influenced memory 
research as well as our understanding of the neural systems underlying 
memory. The clinical findings of Ribot (1882) that brain damage impairs 
most recent memories, sparing older ones, were the first to reveal that 
lasting memories are consolidated slowly over time. The findings of semi-
nal studies of the patient HM (Scoville and Milner, 1957; Milner, 1972) 
forced the novel conclusion that different forms of memory are enabled 
by different brain systems (Mishkin et al., 1984; Packard and McGaugh, 
1996; White and McDonald, 2002), and thus they significantly altered 
research investigating brain systems and memory. The novel finding that 
some human subjects create highly lasting memories of episodes of their 
daily experiences as well as memories of significant public events may, 
ultimately, lead to findings that provide new understanding of how our 
brains retain and retrieve memories.

Studies have not, as yet, investigated whether the strong memory of 
HSAM subjects involves experience-induced activation of stress hormones 
and activation of the amygdala. It may be that the modulatory systems of 
HSAM subjects are more highly activated by experiences or more sensitive 
to modestly arousing experiences.

However, HSAM subjects do not remember in precise detail all of their 
experiences. Like the rest of us, they remember best the more significant 
events of daily life. Their memories are not like the memories of Funes 
the Memorious. However, HSAM subjects differ from the rest of us in that 
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they can retain their episodic memories for decades. If lasting memory is 
important for survival, why is it that so few individuals have this kind 
of long-lasting memory? It might be that these subjects’ memory systems 
are genetically programmed to retain acquired information. Although the 
evidence, to date, indicates that none of the HSAM subjects have relatives 
who have strong memory, additional research is needed to determine 
whether this ability may have a genetic basis.

We might also wonder whether this ability might have been more 
common and more commonly used in centuries past. After all, the inven-
tions of the printing press, computers, and cell phones in recent centuries 
have made it less necessary for us to create lasting records of our experi-
ences. It is said that, before writing was available to keep records of impor-
tant events, such as a wedding or granting of land, a child was selected 
to observe an event and then thrown into a river so that the child would 
subsequently have a lifelong memory of the event. As noted above, for 
most of us, “[o]ur brains, remarkable as they are, [can]not begin to contain 
and give equal weight to our every moment of life” (Glore, 1987). Selec-
tively remembering our more important experiences seems to be the best 
strategy. It is what we generally do, thanks to the modulating influences 
of emotional arousal on lasting memory.
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The profound benefits of altruism in modern society are self-evident. 
However, the potential hurtful aspects of altruism have gone largely 
unrecognized in scientific inquiry. This is despite the fact that virtu-
ally all forms of altruism are associated with tradeoffs—some of enor-
mous importance and sensitivity—and notwithstanding that examples of 
pathologies of altruism abound. Presented here are the mechanistic bases 
and potential ramifications of pathological altruism, that is, altruism in 
which attempts to promote the welfare of others instead result in unan-
ticipated harm. A basic conceptual approach toward the quantification 
of altruism bias is presented. Guardian systems and their overarching 
importance in the evolution of cooperation are also discussed. Concepts 
of pathological altruism, altruism bias, and guardian systems may help 
open many new, potentially useful lines of inquiry and provide a frame-
work to begin moving toward a more mature, scientifically informed 
understanding of altruism and cooperative behavior.

Reality must take precedence over public relations, for nature cannot 
be fooled.

—Richard Feynman
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Our eyes can be powerless against visual illusions, with our 
underlying neural machinery leading us to predictably errone-
ous conclusions about the size or shape of an object (Shepard, 

1990). In a similar fashion, our empathic feelings for others, coupled 
with a desire to be liked, parochial feelings for our in-group, emotional 
contagion, motivated reasoning, selective exposure, confirmation bias, 
discounting, allegiance bias, the Einstellung (“set”) effect, and even an 
egocentric belief that we know what is best for others, can lead us into 
powerful and often irrational illusions of helping (Oakley et al., 2012a). In 
other words, people’s own good intentions, coupled with a variety of cog-
nitive biases, can sometimes blind them to the deleterious consequences 
of their actions. This dynamic of pathological altruism involves subjec-
tively prosocial acts that are objectively antisocial. (Naturally, there are 
many objective perspectives. One seemingly objective observer’s verdict 
of antisocial terrorism can be another ’s verdict of prosocial altruism, 
with the words “objective,” “antisocial,” “prosocial,” “terrorism,” and 
even “altruism” itself varying in meaning depending on the perspective 
of the putatively objective observer.)

At the core of pathological altruism are actions or reactions based on 
incomplete access to, or inability to process, the wide range of informa-
tion necessary to make prudent decisions that align with cultural values 
associated with altruistic behavior. Various psychological, religious, philo-
sophical, biological, or ideological biases could lead a person or group to 
misinterpret, selectively discount, or overly emphasize certain aspects 
of relevant information. Thus, pathologically altruistic behavior can 
emerge from a mix of accidental, subconscious, or deliberate causes. 
[“Altruism,” in the context of this chapter, is used to signify well-mean-
ing behavior intended to promote the welfare of another; thus altruistic 
behavior may be motivated by concern for the other, egoistic concerns 
for the self, or both (e.g., “it makes me feel good to help them”) (Batson, 
2012). “Pathological” is used in the sense of being excessive or abnormal, 
without implying any clinical diagnosis.]

Pathological altruism can be conceived as behavior in which attempts 
to promote the welfare of another, or others, results instead in harm that 
an external observer would conclude was reasonably foreseeable. More 
precisely, this chapter defines pathological altruism as an observable 
behavior or personal tendency in which the explicit or implicit subjec-
tive motivation is intentionally to promote the welfare of another, but 
instead of overall beneficial outcomes, the altruism instead has unrea-
sonable (from the relative perspective of an outside observer) negative 
consequences to the other or even to the self. This definition does not 
suggest that there are absolutes but instead suggests that, within a par-
ticular context, pathological altruism is the situation in which intended 
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outcomes and actual outcomes (within the framework of how the relative 
values of “negative” and “positive” are conceptualized), do not mesh.

A working definition of a pathological altruist then might be a per-
son who sincerely engages in what he or she intends to be altruistic acts 
but who (in a fashion that can be reasonably anticipated) harms the very 
person or group he or she is trying to help; or a person who, in the course 
of helping one person or group, inflicts reasonably foreseeable harm to 
others beyond the person or group being helped; or a person who in rea-
sonably anticipatory way becomes a victim of his or her own altruistic 
actions (Oakley et al., 2012a). The attempted altruism, in other words, 
results in objectively foreseeable and unreasonable harm to the self, to 
the target of the altruism, or to others beyond the target. Examples at an 
interpersonal level include the codependent wife murdered by the hus-
band she has refused to leave, or the overly attentive “helicopter” father 
who threatens to sue instructors that give well-deserved bad grades, or 
the mother who attempts to protect her son by refusing to vaccinate him 
and who consequently fuels a loss of herd immunity underpinning a 
local whooping cough epidemic in which an infant dies. Very different 
personalities can become entangled in pathologies of altruism, ranging 
from the sensitive hyperempath, to the normal person, to the utterly 
self-absorbed narcissist. These differing personalities share genuinely 
good intentions that play out in detrimental ways.

Sometimes there is a blurry line as to whether a problematic outcome 
for an altruistic action is reasonably foreseeable. This ambiguity can make 
it difficult to distinguish between altruism and pathological altruism. 
For example, let’s say that, while altruistically helping a friend move 
to another apartment, you accidentally dropped and broke an expen-
sive statue. Were your actions pathologically altruistic? In the concep-
tions of pathological altruism outlined here, no. Your altruism would not 
have been pathologically altruistic, because the bad outcome—the 
dropped statue—arose as a very unlikely and difficult-to-predict out-
come of your good intentions. In a different scenario, however, let’s say 
your brother becomes addicted to painkillers. When he goes through 
withdrawal, you get more painkillers to help him feel better, and you 
cover for him when his work supervisor calls. You genuinely want to help 
your brother, but the reality is that you are enabling his addiction. In this 
case, your well-meaning altruism is pathological.

These examples help clarify the concept of pathological altruism, but 
similar situations could be more ambiguous. What if you had dropped 
your friend’s expensive statue after you had consumed a bottle of wine? 
Or what if your painkiller-addicted brother was waiting to be enrolled in a 
treatment program? We yearn for the definitive in conceptual definitions, 
but the reality is that there always will be a residual uncertainty.

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


172 / Barbara A. Oakley

Motives are also important. Well-meaning intentions can lead either 
to altruism or to pathological altruism. Self-servingly malevolent inten-
tions, on the other hand, often have little or nothing to do with altruism, 
even though such malevolence can easily be cloaked with pretensions of 
altruism. A con artist soliciting for a “charity” that he uses to personally 
enrich himself would not be a pathological altruist.

Both altruism and empathy have rightly received an extraordinary 
amount of research attention. This focus has permitted better character-
ization of these qualities and how they might have evolved. However, 
it has also served to reify their value without realistic consideration about 
when those qualities contain the potential for significant harm.

Part of the reason that pathologies of altruism have not been studied 
extensively or integrated into the public discourse appears to be fear that 
such knowledge might be used to discount the importance of altruism. 
Indeed, there has been a long history in science of avoiding paradigm-
shifting approaches, such as Darwinian evolution and acknowledgment 
of the influence of biological factors on personality, arising in part from 
fears that such knowledge somehow would diminish human altruistic 
motivations. Such fears always have proven unfounded. However, these 
doubts have minimized scientists’ ability to see the widespread, vitally 
important nature of pathologies of altruism. As psychologist Jonathan 
Haidt (2012) notes, “Morality binds and blinds.”

Relevant here are the remarks of historian of science Thomas Kuhn 
(1970), who observed that when a paradigm shift occurs, scientists see 
data for the first time. Such is the case with pathologies of altruism, which 
are not the commonly supposed rare aberrations, “but rather a behavior 
that overwhelmingly occurs in human social intercourse” (Ayala, 2012). It 
therefore is realistic to encourage exploration of a new, scientifically based 
paradigm acknowledging that, even given differing semantic parsings, 
subjectively altruistic feelings sometimes can be objectively problematic 
and even ultimately antisocial.

The bottom line is that the heartfelt, emotional basis of our good 
intentions can mislead us about what is truly helpful for others. Altruistic 
intentions must be run through the sieve of rational analysis; all too often, 
the best long-term action to help others, at both personal and public 
scales, is not immediately or intuitively obvious, not what temporarily 
makes us feel good, and not what is being promoted by other individuals, 
with their own potentially self-serving interests. Indeed, truly altruistic 
actions may sometimes appear cruel or harmful, the equivalent of say-
ing “no” to the student who demands a higher grade or to the addict 
who needs another hit. However, the social consequences of appear-
ing cruel in a culture that places high value on kindness, empathy, and 
altruism can lead us to misplaced “helpful” behavior and result in self-
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deception regarding the consequences of our actions (Fine, 2006; Tavris 
and Aronson, 2007).

Pathological altruism can operate not only at the individual level but 
in many different aspects and levels of society, and between societies. Rec-
ognizing that feelings of altruism do not necessarily constitute objective 
altruism provides a new way of framing and understanding altruism. 
This previously unrecognized perspective in turn may open many new, 
potentially useful lines of inquiry and provide a framework to begin 
moving toward a more mature, scientifically informed understanding of 
altruism and cooperative behavior. The thesis of pathological altruism 
emphasizes the value of true altruism, self-sacrifice, and other forms of 
prosociality in human life. At the same time, it acknowledges the potential 
harm from cognitive blindness that arises whenever groups treat a concept 
as sacred (Haidt, 2012).

The public as a whole would benefit from knowledge that what might 
feel subjectively altruistic may have negative unintended consequences 
that both worsen the situation that was meant to be improved and impact 
other areas negatively. Even the government can work more efficiently 
when voters and legislators realize that attempts to help others come with 
very real costs and can have tradeoffs that worsen the very concerns 
that were meant to be alleviated.

Along these lines, then, this chapter suggests that pathologies of 
altruism and of empathic caring should receive concentrated research 
focus. Specific recommendations are outlined as well. As an underlying 
motivation, we should remember that in the nineteenth and twentieth 
centuries, there was an unparalleled improvement in public health as 
the entire discipline of medicine came under scientific scrutiny. Medi-
cal therapies that at one time were thought to be “obviously” beneficial, 
such as bloodletting and blistering, were finally subjected to review that 
found them wanting. In a similar vein, if we are truly to help others, 
this new century at last forms the time for scientists to subject altruistic 
modern social engineering and activism efforts, as well as academic 
disciplines that hinge on “helping,” and finally, altruism itself, to far 
more disciplined scientific scrutiny. It is time for dispassionate explora-
tion of how altruism and empathy themselves can inadvertently bias our 
efforts to create truly cooperative modern, complex societies.

EVOLUTIONARY CONSIDERATIONS

In one sense, pathological altruism can be thought of as a pattern of 
nurturing or beneficial behavior with evolutionarily unsuccessful con-
sequences. Evidence for antecedents of such behavior can be seen in the 
animal world; examples include the unwitting hosts of brood parasitism, 
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as with the wood thrush who devotes substantial resources to raising 
the offspring of cowbirds. Such antecedent behavior is manifest at even a 
genetic and molecular level. For example, beneficial replication processes 
within a cell can be co-opted by viruses (Szathmáry and Maynard Smith, 
1997). Consequent cell lysis or exocytosis allows the new viral bodies to 
spread the contagion.

Molecular perspectives, in fact, can inform how we perceive altru-
ism and cooperative behavior. A stable molecular bond has the property 
that the bound state is a lower-energy configuration than the unbound 
state. A physical system tends toward the configuration that minimizes 
potential energy. Such “cooperative” behavior often needs an initial acti-
vation energy—that is, it comes at cost—but the resulting state resides 
more naturally and easily at the lower energy level for the newly formed 
single, integrated, cooperating entity. (This entity may or may not have 
replicative abilities.)

In these situations, pathological altruism or its antecedents might be 
thought of as arising in two ways. First, it can arise when other entities—
systems that are not, or are no longer, integrated into the first cooperat-
ing entity—are able to tap into the lowered energy states and possible 
replicative abilities produced by the first cooperating entity. Tapping 
into those lowered energy states may weaken or destroy the first entity. 
(Initially, such secondary entities may be part of the first entity even as 
they begin their dissociation, as with precancerous cells. It also is worth 
noting that cooperative “entities” may be composed of different species, 
as with wrasses that swim with impunity into the mouths of groupers to 
feed off parasites, or with human intestinal flora.)

Second, pathological altruism or its antecedents can arise when the 
lowered energy state of the first system allows the system to grow to 
such a size that it increases the potential for disintegration or destruction 
from noncooperative mechanisms affiliated with the entity. An example 
can be found in nuclear fission, where longer-range electrostatic repulsion 
between protons overcomes the attractive, albeit short-range, nuclear force 
between nucleons. In more complex cellular processes, the surface area-to-
volume ratio limits the cell size. Doubling the size of the cell, for example, 
requires eight times more nutrients and would have eight times more 
waste, even though the surface area increased only by a factor of four.

We see these same cooperative versus noncooperative balances play-
ing out on a larger, social scale. For example, the Amazonian Yąnomamö 
villagers preferred to live in small villages of around 40 people, which 
seemed to provide an optimal reduction in energy costs affiliated with 
daily needs for food and safety versus internal strife. However, villages of 
larger size provided more safety against other, potentially hostile villages. 
In other words, larger villages could, in some environments, be better at 
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minimizing overall energy costs. Thus, some villages grew to more than 
100 inhabitants in size. However, internal repulsive forces increased in 
the form of disputes that arose as the number of inhabitants in a village 
increased. Larger villages eventually fissioned, thus beginning the pro-
cess anew (Chagnon, 2013). At a much higher level of social complexity, 
there was an initial economic boom as the European Union was first 
established. This boom has become tempered as internal nominally 
altruistic and cooperative efforts—the type of efforts that work fairly 
effectively in less complex social systems—are ultimately proving dispu-
tatious and disruptive.

As entities move to higher levels of complexity, the yin and yang of 
lowered energy states resulting from cooperation, versus noncoop-
erative internal and external forces and effects, can cause boom-and-bust 
behavior on evolutionary timescales. How entities resolve these issues 
of cooperation versus noncooperation is a factor in determining 
whether entities self-destruct, proceed through cycles of growth versus 
decline, or are able to move successfully to still higher levels of complex-
ity. Whenever higher levels of complexity are achieved, new issues of 
cooperation versus noncooperation develop, and the cycle begins anew.

One issue is clear. As entities become more complex, they generally 
develop evolving “guardian” type feedback mechanisms that allow not 
only the detection and mitigation of the effects of noncooperative mecha-
nisms (“defectors”) but also adaptation to changes in those noncoopera-
tive mechanisms. Without such flexible guardian systems, entities fall 
prey to other entities or to their own inherent noncooperative features. 
On a cellular level, we see that guardian immune systems have evolved 
from the rudimentary enzyme systems of unicellular organisms, which 
protect against bacteriophage infections, to the extraordinarily sophisti-
cated immunological defense mechanisms seen in vertebrates.

Similarly, social systems of cooperative behavior must devise effec-
tive immunological guardian functions against efforts to siphon away 
the energetic advantages of cooperative behavior. Such immune guard-
ian functions also must serve to mitigate disruptive internal forces and 
effects. (Of course, on a biological level, we see from the many varieties 
of autoimmune disease that immune-type guardian systems, even when 
designed with care, can create their own host of difficulties and can be 
hijacked by noncooperative elements, as with leishmaniasis or AIDS. 
Similar issues would appear to hold true for complex social systems.)

Thus, to the five mechanisms that have been posited for the evolu-
tion of cooperation—kin selection, direct reciprocity, indirect reciproc-
ity, network reciprocity, and group selection (Nowak, 2006b)—must be 
added a sixth, guardian function. For cooperative behavior to continue 
in complex biological or sociological entities, that is, for entities not to 
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fall prey to ever-present, ever-evolving defectors, some form of evolving 
active guardian function must be present that detects when debilitat-
ing or destructive advantage is being taken of cooperative or altruistic 
behavior. The guardian system must not only detect but also disable such 
noncooperative behavior or render the entity immune to the pernicious 
effects. Without such detection and mitigation mechanisms, we see mod-
eled evolutionary entities that are wiped out by defectors (Nowak, 2006a).

Virtually all the mechanisms for the evolution of cooperation have 
some degree of overlap. Direct reciprocity, for example, perforce plays a 
role in indirect reciprocity. In a similar fashion, guardian functions over-
lap with the other five evolutionary cooperative mechanisms. Recipro-
cal strategies, such as tit-for-tat, for example, inherently contain what 
might be thought of as rudimentary and passive guardian functions: 
If you defect, I will defect. Differences in guardian function between 
groups could reinforce group selection mechanisms. Guardian func-
tions also could relate to the reputational effects of indirect reciprocity 
in enhancing cooperation: I may report anyone who does not sup-
port the leader, because my family can suffer if I don’t. By separating out 
guardian functions, which address the potential for support or damage to 
cooperative processes, vitally important mechanisms can be understood 
and more carefully modeled. Moreover, counterintuitive findings in com-
plex cooperative social systems, such as the importance of selfish behavior 
and the tradeoffs of religious and ideological mechanisms in inducing 
and enforcing cooperation, can be clarified (Wilson, 2003; Eldakar and 
Wilson, 2008). For example, poorly designed guardian functions that 
do not adequately account for Machiavellian leadership and behavior 
might play an important role in the failure of social structures. In another 
example, strong guardian functions that might protect against some inter-
nal threats could simultaneously create stifling rigidity that renders the 
society less able to cope with other challenges. Over previous decades, 
medical science has come to appreciate the overarching importance of 
immune systems (themselves examples of guardian systems) in biol-
ogy. Similarly, awareness of pathological altruism allows those analyzing 
the evolution of cooperation to appreciate the importance of the full 
panoply of guardian systems at the many different levels of complexity.

IMPLICATIONS

Let us step back briefly to explore how pathologies of altruism arise 
at an individual level. Naturally, the small percentage of toddlers and 
young children who show little concern for others seem predisposed for 
antisocial behavior as they mature (Rhee et al., 2013). On the other hand, 
children who manifest altruistic behavior are generally well adjusted. 
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However, there is a small group of pathologically altruistic children who 
rate high on altruistic behavior but low on self-actualizing behavior 
such as showing pleasure at success or doing something on their own. 
For such children, a psychological cost can arise even at an early age, as 
shown by high scores in emotional symptoms, including unhappiness, 
worries, fear, nervousness, and somatization (Oakley et al., 2012b).

As neuroscience and genetics are beginning to elucidate the bio-
logical as well as cultural basis of altruistic and empathic behavior, it has 
become clear that individuals vary in their innate underpinnings involv-
ing empathy and altruism (Churchland, 2011). Therefore an educational, 
religious, and societal “one size fits all” approach to enculturation that 
uniformly affirms the importance of altruistic caring, without a tem-
pered acknowledgment of the tradeoffs, may inadvertently be harmful for 
some children in the long run. (In other words, social attempts to blindly 
encourage altruism become themselves a perfect example of pathologi-
cal altruism.) Without insight into the undesirable effects arising from 
empathy and altruistic intentions, children and adults with an existing 
hypersensitivity toward others find it more difficult to detect and react 
appropriately to manipulation or to situations in which natural feelings 
of empathy could lead to undesirable outcomes.

Indeed, it seems that caring for others, helpful as it sometimes may 
be to those receiving or demanding that care, can have pernicious long-
term consequences for the caregiver, including guilt, burnout, depres-
sion, and stress disorders (Eisenberg and Eggum, 2009; Najjar et al., 
2009). Stress resulting from empathic caring has been shown to produce 
errors in medical treatment (West et al., 2006). Feelings of empathic 
caring also appear to lie at the core of dependent personality disorder, 
codependent behavior, and even anorexia (Oakley et al., 2012a). Caring, 
empathic, helicopter parents can, with the best of intentions, inflict lasting 
damage on their children (Locke et al., 2012).

Empathy is not a uniformly positive attribute. It is associated with 
emotional contagion; hindsight bias; motivated reasoning; caring only 
for those we like or who compose our in-group (parochial altruism); 
jumping to conclusions; and inappropriate feelings of guilt in noncoop-
erators who refuse to follow orders to hurt others (Chang, 1998; Frantz 
and Janoff-Bulman, 2000; Shiller, 2007; Spitzer et al., 2007; Brosnan M 
et al., 2011; Cikara and Fiske, 2011; Breithaupt, 2012; Gutsell and Inzlicht, 
2012). Oxytocin, the “goody-goody hormone” that underlies maternal 
bonding and many aspects of empathy, also increases both envy and 
gloating (Shamay-Tsoory et al., 2009). Empathy also can be used by the 
self-serving, including psychopaths, to deduce how to further their own 
ends (Dutton, 2012). Being emotionally close to someone who is selfish or 
dishonest has been found to lead people to becoming more selfish and 

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


178 / Barbara A. Oakley

dishonest themselves (Gino and Galinsky, 2012). Allegiance bias causes 
forensic scientists to call their findings for the team they believe has hired 
them (Murrie et al., 2013). [Indeed, the reliability of all types of forensic 
science evidence, including ostensibly objective techniques such as DNA 
typing and fingerprint analysis, has been called to question (National 
Research Council, 2009).] Judges, almost all of whom are lawyers, favor 
the legal system in their decisions; this bias has far-reaching and deleteri-
ous effects on American law (Barton, 2010).

Quietly going along with the flow—refusing to blow the whistle on 
objectively criminal behavior, for example—also sometimes may be a 
form of pathological altruism that grows from our feelings of empathy. In 
other words, the altruism and empathy we feel often isn’t really about 
the person or group ostensibly being helped but instead often are about 
us. Sometimes they relate to the pain we might feel at being ostracized 
or shunned for thinking or acting differently. Or they relate to building 
our reputation—we wish to be publicly perceived as being altruistic, 
whether or not our efforts are truly altruistic, so that we can receive 
the reputational benefits of indirect reciprocity. (Juries are notoriously 
magnanimous with other peoples’ money.) Some would say that, once 
egoism is involved, the result is no longer altruism, so there is no such 
thing as pathological altruism. However, such an interpretation would 
also mean there is no altruism, because egoistic reward circuitry appears 
to be an important determinant of altruistic behavior.

As the work of Nobel laureate Daniel Kahneman, Jonathan Haidt, and 
others has shown, humans possess both intuitive fast and rational slow 
cognitive processes (Cushman et al., 2010; Kahneman, 2011; Haidt, 2012). 
Intuitions come first; reasoning follows to support that intuition (Zajonc, 
1980; Haidt, 2001). Empathy is driven by fast processes. We often make 
snap judgments as a result of empathy and superficial notions of altruism 
[related to the “moral heuristics” described by Sunstein (2005)]. Then, as 
both Kahneman and Haidt have explored in depth, we are experts at 
justifying emotionally based decisions with backfilled rationality. Einstel-
lung, the inability to see another solution once an initial solution is prefixed 
in mind (Bilalić et al., 2008), means that a superficially helpful approach 
can become reified, further reinforced by motivated reasoning, selective 
exposure, belief perseverance, and growing overconfidence (Mercier and 
Sperber, 2011), along with moral heuristics such as those involving omis-
sion bias and outrage (Sunstein, 2005).

However, surprisingly, an individual can be oblivious to the conse-
quences of these interwoven effects as a consequence of “bias blind 
spot” (Pronin and Kugler, 2007). In this fashion, an initial snap, com-
monsense judgment about what seems right in helping others can gel 
quickly into formidable certitude without consideration of important 
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relevant facts. As noted by Mercier and Sperber (2011), “there is consid-
erable evidence that when reasoning is applied to the conclusions of 
intuitive inference, it tends to rationalize them rather than to correct 
them . . . reasoning pushes people not towards the best decisions but 
towards decisions that are easier to justify.” Intelligence is no safeguard 
regarding these confirmation bias-related issues. Highly intelligent peo-
ple, for example, do not reason more even-handedly and thoroughly; 
they simply are able to present more arguments supporting their own 
beliefs (Perkins et al., 1991). As Columbia’s Mark Lilla (2003) has pointed 
out “Distinguished professors, gifted poets, and influential journalists 
summoned their talents to convince all who would listen that modern 
tyrants were liberators and that their unconscionable crimes were noble, 
when seen in the proper perspective. Whoever takes it upon himself 
to write an honest intellectual history of twentieth-century Europe will 
need a strong stomach.” In fact, combating extreme confirmation bias 
has been called one of psychology’s most pressing research priorities 
(Lilienfeld et al., 2009).

Sometimes it is appropriate to turn off or distance oneself from 
feelings of empathy, and it appears such emotional distancing can be 
learned (Chiesa and Serretti, 2009; Decety et al., 2010). In fact, it is clear 
that turning off empathy—becoming dispassionate—is normal in cer-
tain conditions, such as a surgeon performing surgery. Indeed, many 
hospitals have policies forbidding surgeons from operating on family 
members, a circumstance in which it would be more difficult to maintain 
a dispassionate stance.

In psychology, lack of awareness of limitations and tradeoffs regard-
ing empathy has spilled over into the therapeutic process itself. Older ther-
apists remember sayings such as “empathy defeats therapy” (Friedman, 
2008), but such attitudes have fallen away as psychologists increasingly 
have placed a premium on empathic care during the therapeutic process. 
In a related vein, within the field of nursing, the importance of empathy 
and compassion for patients is emphasized so unrelentingly that it would 
be reasonable to explore the possibility of a causal relationship between 
the unilateral focus on caring and the severe issue of burnout among 
nurses (Kowalski et al., 2010). Health care workers are not taught about 
the potential hazards of excessive or misplaced empathy; consequently, 
a gradual dehumanization process unfolds (Haque and Waytz, 2012). An 
unconditional support of empathy and altruism makes matters so difficult 
for some members of general society that a counterculture of popular lit-
erature and support groups involving codependency has arisen. However, 
such approaches suffer from a lack of scientific merit or rigor (McGrath 
and Oakley, 2012).
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It is clear that, without the support of science, it is impossible to steer 
societal mores toward a more nuanced understanding of altruism and 
empathy that ultimately can benefit everyone.

EXTENDED IMPLICATIONS

There are broader implications related to these issues, particularly 
regarding the policy aspects of the scientific enterprise. Good government 
is a foundation of large-scale societies; government programs are designed 
to minimize a variety of social problems. Although virtually every pro-
gram has its critics, well-designed programs can be effective in bettering 
people’s lives with few negative tradeoffs. From a scientifically based 
perspective, however, some programs are deeply problematic, often as 
a result of superficial notions on the part of program designers or imple-
menters about what is genuinely beneficial for others, coupled with a 
lack of accountability for ensuing programmatic failures (Sowell, 2012). In 
these pathologically altruistic enterprises, confirmation bias, discounting, 
motivated reasoning, and egocentric certitude that our approach is the 
best—in short, the usual biases that underlie pathologies of altruism—
appear to play important roles.

For example, teen pregnancy has received substantive focus in recent 
years. Teenagers in the United States become pregnant, contract sexually 
transmitted diseases, and have abortions at much higher rates than teen-
agers in most other industrialized countries. However, the most effective, 
scientifically proven approaches to reducing teen pregnancy are often 
ignored. As psychologist Timothy Wilson (2011) noted in summarizing 
the many problematic efforts in this area: “The fact that policy mak-
ers learned so little from past research—at huge human and financial 
cost—is made even more mind-boggling by being such a familiar story. 
Too often, policy makers follow common sense instead of scientific data 
when deciding how to solve social and behavioral problems.” Policy 
makers and policy supporters, in other words, are shaped by cohesive 
cognitive biases regarding their intentions to help others.

In yet another area, ostensibly well-meaning governmental policy pro-
moted home ownership, a beneficial goal that stabilizes families and com-
munities. The government-sponsored enterprises Freddie Mac and Fannie 
Mae allowed less-than-qualified individuals to receive housing loans and 
encouraged more-qualified borrowers to overextend themselves. Typical 
risk–reward considerations were marginalized because of implicit govern-
ment support (Acharya et al., 2011). The government used these agencies 
to promote social goals without acknowledging the risk or cost. When 
economic conditions faltered, many lost their homes or found themselves 
with properties worth far less than they originally had paid. Government 
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policy then shifted to the cost of this “altruism” to the public, to pay off the 
too-big-to-fail banks then holding securitized subprime loans. For those 
who care about helping the needy in this country, or those who object 
to corporate bailouts, these trillion-dollar costs bring into high relief the 
immediate need for scientifically informed planning and evidence-based 
reevaluation. What is of primary concern here is that altruistic intentions 
played a critical role in the development and unfolding of the housing 
bubble in the United States, which in turn had enormous impact on the 
U.S. economy. This recent history emphasizes the importance of studying 
not only altruism but also its biases and the consequences of those biases.

In foreign aid, $2 trillion dollars have been provided to Africa over 
the past 50 years. As chronicled by economist and former World Bank 
consultant Dambisa Moyo, a native of Zambia, such aid has resulted in 
measurably worsened outcomes in a broad variety of areas, support-
ing despotism and increasing corruption and a sense of dependency 
in Africans (Moyo, 2009). In some cases, the money has been directly 
responsible for extraordinary damage (Easterly, 2006; Polman, 2010). 
Experienced foreign aid worker Ernesto Sirolli echoes many when he 
notes that much Western aid arises from narcissistic paternalism and 
patronization (Sirolli, 1999). We see here yet another situation where 
preconceived altruistic notions render it more difficult to focus on and 
react to indications supplied by data.

Viewing altruistic behavior as a source of both potentially positive 
and potentially negative influences may provide a framework for under-
standing better a variety of complex challenges. For example, one of the 
most important national issues of our time, as outlined in the National 
Academy Press publication Choosing the Nation’s Fiscal Future, is the loom-
ing federal deficit (National Research Council and National Academy of 
Public Administration, 2010). Ralph Cicerone, President of the National 
Academy of Sciences, and Jennifer Dorn, President and Chief Executive 
Officer of the National Academy of Public Administration, jointly wrote: 
“Much is at stake. If we as a nation do not grapple promptly and wisely 
with the changes needed to put the federal budget on a sustainable 
course, all of us will find that the public goals we most value are at risk.”

How can such budgetary policies arise and continue? Arguably, their 
establishment and growth are cultivated by broadly Judeo-Christian cul-
tural values and educational processes related to empathy and altruism. 
[Cultures can conceptualize empathy, altruism, and associated values in 
different ways (Haidt, 2012; Traphagan, 2012).] In this cultural perspec-
tive, empathy and altruistic intentions often are viewed as monolithi-
cally positive, nearly sacred qualities with negligible tradeoffs, whether 
or not the empathy is genuinely beneficial or the outcome of the altruistic 
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intentions is truly altruistic. “It’s the thought that counts,” as the saying 
goes when discounting negative consequences of altruism.

A supportive bias for claimed altruistic efforts appears to have con-
tributed not only to a plethora of economic woes but also to a continuing 
record of difficulties in the social sciences, where programs, theories, 
and therapies with altruistic intent—particularly those that coincide with 
preconceived “obviously beneficial” notions of helping—do not appear 
to receive the same careful scientific scrutiny as less obviously well-
intentioned programs (Cole, 2001; Wright and Cummings, 2005; Wilson, 
2011). This lack of critical appraisal has been seen in vitally important 
areas such as the mitigation of posttraumatic stress disorder, the 
reduction of family violence, the elimination of racial prejudice, the 
reduction of sex differences in mathematics, and the lessening of adoles-
cent behavior problems and drug use (Petrosino et al., 2000, 2003; Kalev 
et al., 2006; Lilienfeld, 2007; Mills, 2008; Eidelson and Soldz, 2012; Sander 
and Taylor, 2012; Stoet and Geary, 2012). In one example, a therapy 
called “critical incident stress debriefing” was broadly implemented 
throughout the United States to reduce posttraumatic stress disorder, 
even though this costly program simply did not work and, in fact, some-
times worsened the very stress it was meant to resolve (Lilienfeld, 2007).

Well-meaning but unscientific approaches toward altruistic helping 
can have the unwitting effect of ensuring that the benefits of science and 
the scientific method are kept away from those most in need of help. 
In the final analysis, it is clear that when altruistic efforts in science are 
presented as being beyond reproach, it becomes all too easy to silence 
rational criticism (Sommers, 1995, 2001; Satel, 2000; Wright and Cum-
mings, 2005; Mills, 2008; Straus, 2007, 2008, 2009; Sunstein, 2009). Few 
wish to run the gauntlet of criticizing poorly conducted, highly subjec-
tive “science” that is purported to help, or indeed, of daring to question 
the basis of problematic scientific paradigms that arise in part from good 
intentions. Edward O. Wilson ran into just such a well-meaning buzzsaw 
with the publication of his Sociobiology, as did Judith Rich Harris with The 
Nurture Assumption and Napoleon Chagnon with his studies of rates of 
violence among the Amazonian Yąnomamö (Pinker, 2002; Dreger, 2011; 
Chagnon, 2013).

To object to a scientific theory is one thing, but to object to a 
scientific theory that connects however tenuously to feelings of morality 
is quite another. Once morality plays a role, even at the most subliminal 
level, the formidable cognitive biases of altruism and its pathologies can 
swing into play. Perhaps for that reason different academic disciplines 
and specific topics within those disciplines show differing requirements 
for rigor. In disciplines related to helping people (which can encompass a 
surprisingly broad swathe of even hard-science topics), scientists’ differ-
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ing treatment of research findings that elicit altruism bias can skew the 
findings of seemingly objective science (Margolis, 1993). As Robert 
Trivers (2011) has noted: “It seems manifest that the greater the social 
content of a discipline, especially human, the greater will be the biases 
due to self-deception and the greater the retardation of the field com-
pared with less social disciplines.”

One of the most valuable characteristics of science is that, despite the 
obvious imperfection of biases in ostensibly objective scientists, it pro-
vides a potential mechanism for overcoming those biases. At the same 
time, altruism bias may be one of the most pernicious, hard-to-eradicate 
biases in science, because it involves even-handed examination of what 
groups of seemingly objective rational scientists subliminally have come 
to regard as sacred. [Biases and belief systems can have a sense of the 
sacred even when not formalized as religions (Haidt, 2012).]

As noted previously, many government programs are indeed ben-
eficial, and some are invaluable in allowing the population as a whole 
to live meaningful lives supported by a safety net for life’s inevitable 
difficulties. However, the publication Choosing the Nation’s Fiscal Future 
(National Research Council and National Academy of Public Administra-
tion, 2010) documents that the federal deficit is clearly heading for a 
crisis. In other words, as a result of manifold individual decisions, many 
of which were based on very real intentions to help others, everyone is 
at risk for serious harm. Such crises may arise, not as a tragedy of the 
commons, but rather, as a tragedy of altruism.

In the small social groups, which characterized most of human his-
tory, altruism bias and pathologies of altruism would have had few means 
for extending broad influence. In modern times, with the mass outreach 
potential of a few well-intentioned individuals or influential groups, who 
often have little or no ultimate accountability for programmatic failures 
or other detrimental effects, pathologies of altruism can assume enor-
mous importance. It is reasonable to help shift the scientific and cultural 
paradigm and set the stage so that it becomes culturally acceptable, even 
expected, that one should attempt to quantify objectively purported claims 
of altruism. This paradigm shift is particularly important with regard to 
the budgetary tradeoffs and planning that form important aspects of 
effective government that promotes cooperative behavior. The reality 
is, as made clear in the joint statement by the presidents of the National 
Academy of Sciences and the National Academy of Public Administration 
(20100, that unless these types of considerations are made expeditiously, 
extraordinary cuts must be made in even the most genuinely beneficial 
programs. A voting public encouraged to follow a short-term, superficial, 
“feel good,” emotionally based heuristic for helping others is a voting 
public that much more easily can make poor long-term decisions.
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TOWARD A CONCEPTUAL FRAMEWORK

As scientists and engineers know well, “all models are wrong, but 
some are useful” (Box and Draper, 1987). Embedded in any model is per-
spective, that is, the framework perceived by the developer. In the past, 
altruism (or cooperation) generally has been conceived and modeled as 
lying on a continuum between nonexistent and existent, much like the 
concept of eusociality (in which the opposite of eusociality is asociality,  
that is, no tendencies for grouping or socializing at all (Trivers, 1971; 
Darlington, 1978; Sober and Wilson, 1998; Fehr and Fischbacher, 2003). 
(“Asocial” may also be considered, in some conceptions, to be “selfish” 
or “egoistic.”) More recently, altruism has been conceived on a positive-
to-negative continuum where negative altruism involves malevolent 
intentions, Machiavellianism, and psychopathy (Baron-Cohen, 2012).

However, altruism can be framed in a third way, as a positive-to-
negative continuum where negative altruism is altruism with antithetical 
consequences, that is, pathological altruism. Viewing altruism in this 
way provides insights that relate to both individual personality traits 
and to large-scale modeling. There are tradeoffs to virtually all forms 
of altruism, and considering altruism as possessing both positive and 
negative aspects allows one to take more careful consideration of who 
is helped (the beneficiary) and who is harmed (the victim). Sometimes 
the same individual or group may be both helped and harmed. Paro-
chial altruism—the combination of in-group altruism and out-group 
hostility—is positive altruism within one group but negative altruism for 
another. High taxes, for example, may be considered as positive altruism 
for one group and as negative altruism for another.

It should be noted that these conceptions formulate the problem 
primarily in terms of the altruism provider and stress the liability arising 
from, among other things, empathy and identification. It also is pos-
sible to formulate altruism as a dynamic process controlled in part by the 
altruism seeker (Halabi and Nadler, 2009). Moreover, the entitlements 
pressed for by the altruism seeker may be either objectively helpful 
(e.g., a scholarship sought by a hardworking student) or harmful (e.g., 
alcohol sought by an alcoholic). In other cases, the altruism seeker may 
desire seemingly infinitesimal acts of altruism that ultimately play a role 
in widespread long-term negative outcomes, as seen with grade inflation 
and social promotion. Jean Twenge and her research group have pointed 
toward substantive increases in narcissism in the population over the 
past decades, “Trends in positive self-views are correlated with grade 
inflation . . . but are not explained by changes in objective performance” 
(Twenge et al., 2008, 2012). It also may be that the actual help needed 
by those seeking or expecting help, as with Munchausen by Internet (in 
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which Internet users feign a variety of ills to draw attention), involves 
something entirely different from what is sought.

Studies suggest that those involved in altruistic transactions ben-
efit differentially from them, and egoism can play surprising roles. For 
example, sensitive children may have better personal outcomes if they 
behave egoistically in some instances. However, as shown with Twenge’s 
work, other children appear to have unrealistic expectations when egoistic 
considerations are encouraged. The question thus arises: When and for 
whom is egoistic behavior beneficial or harmful? What is the relation-
ship of egoism to altruism and—most importantly for our purposes—to 
pathologies of altruism? Further, how can we study these issues scien-
tifically without our own judgments and moral righteousness intruding, 
guiding answers toward what we are certain will be helpful for others to 
hear rather than toward what the data actually reveal?

We can find clues as to how to proceed by examining prospect theory, 
where outcomes are assigned differing values depending on whether there 
are gains or losses. Losses hurt more than “feel good” gains. With altru-
ism bias, it appears that people assign varying values to outcomes based 
on their underlying moral assessment. An example of such altruism bias 
was seen in subjects who were given a posthypnotic suggestion to feel a 
flash of disgust (an intimate part of moral judgment) when hearing a par-
ticular arbitrary word. Moral judgment—that sense of whether some-
thing is or is not helpful for others—could be made more severe by the 
presence of the arbitrary word (Wheatley and Haidt, 2005). Researchers 
were surprised to find that even in a control situation where there was no 
apparent moral issue, the arbitrary words caused some subjects to make 
more negative moral judgments; later, the subjects confabulated stories to 
explain their behavior. Many factors have been shown to influence moral 
judgment at a subconscious level (Haidt, 2012).

It appears that when a person attempts rationally (using the “slow” 
system) to calculate the utility of something that he or she already has 
judged through “fast” cognitive processes to be morally beneficial, skewed 
judgments are made, inflating the good outcomes and deflating the bad. 
Analogously, one can imagine that if malevolence was the goal, as with 
ill intentions by a parochial in-group toward an out-group, benefits 
would be deflated and harms inflated.

A PATH FORWARD

Personal-Scale Studies

Pathologies arising from altruism can be studied on an individual 
level. For example, many of the errors of judgment cited in the extensive 
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listing in Krueger and Funder (2004) could result in altruism bias, or 
altruism bias could underlie and help lead to those judgment errors. In 
this regard, does the brain use a simple underlying “thumbs up” moral 
heuristic that leads “rational” thought processes to a foregone conclusion, 
as with the allegiance effect? Can such a heuristic be seen as a character-
istic signature in medical imaging? Do individuals vary in their ability to 
influence their underlying moral heuristics? Are some individuals addicts 
of their feelings of self-righteousness? What varying effect does culture have 
on different individual’s moral heuristics? On a side note, it appears that 
altruism bias, like many such biases, is a Jamesian fringe phenomenon of 
consciousness, much like the feeling of familiarity. It seems to grow from 
or relate to that little studied sense of rightness, of certitude—a tip-of-
the-tongue feeling built on a web of biases, influences, and perceptions 
that one thing is beneficial, whereas another is not (Mangan, 2001; Brin, 
2012; Burton, 2012). Self-righteousness and pathologies of certitude 
have received almost no research emphasis (Brin, 2012; Burton, 2012).

Narcissism, one of the most strongly heritable of all personality 
traits (Torgersen et al., 2000), has been similarly neglected. Narcissism 
is comorbid with many of the most troublesome personality disorders 
and dysfunctions, including psychopathy, borderline personality disorder, 
and bipolar disorder. So it comes as a surprise to learn that there are 
almost no hard-science imaging studies focusing on narcissism, although 
many other syndromes, as well as the positive aspects of empathy, have 
received keen research focus (Garrity et al., 2007; Allen et al., 2011; Zaki 
and Ochsner, 2012). Narcissism, in other words, deserves priority in imag-
ing research.

Similarly, the vital topic of codependency has received almost no 
hard-science research focus, leaving “research” to those with limited or 
no scientific research qualifications (McGrath and Oakley, 2012). An indi-
cation of the popular need for and interest in this area is that a single 
book, Codependent No More, has sold more than five million copies 
over several decades. It is reasonable to wonder if the lack of scientific 
research involving codependency may relate to the fact that there is a 
strong academic bias against studying possible negative outcomes of 
empathy. Codependency, like narcissism, would thus be an important 
area of research in the elucidation of pathologies of altruism.

Broad-Scale Studies

At a larger scale, almost any data-driven model or projection in any 
discipline or government enterprise that even indirectly impacts an area 
of fairness or morality, or which contains significant potential for disci-
plinary bias, can be examined to see how well it actually has performed 
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in the context of unfolding real-world data. Unexpected performance 
of the model or projection could be an indicator of altruism bias, and 
the bias could be quantified as to when, where, why, how, and to what 
extent it occurred. For example, a better understanding of altruism bias 
in data analysis and program development and implementation may 
provide insights regarding a great variety of phenomena, including the 
artificially inflated values of economic bubbles or various inadequate 
statistical measures (e.g., those involving unemployment and economic 
growth) that can falsely boost the effects of well-meaning efforts. Con-
cepts of pathological altruism thus can serve a normative purpose, help-
ing us create better policies. Knowledge of how altruism bias distorts 
objective scientific inquiry can and should be considered a confounding 
factor when developing formal models.

It should be noted, however, that those possessing altruism bias 
would be most strongly biased to object to the very concept of altruism 
bias (Pronin et al., 2002). Research has shown the near impossibility of 
reaching biased individuals using rational approaches, no matter their 
level of education or intelligence; such attempts can be likened to squaring 
the circle (Perkins et al., 1991; Lilienfeld et al., 2009).

In another vein, researchers from outside a given discipline, and 
who are thus less vested in the theories of that domain themselves, could 
initiate studies to determine whether insufficient statistics, exaggerated 
claims, drawing the wrong conclusions from other papers, or using data 
selectively to confirm hypotheses might differ among studies that relate 
to disciplinary biases or moral issues (many hard-science topics ultimately 
impact issues of deep moral concern) versus those that do not. Within 
scientific disciplines, the appearance of group-norm–enforcing signed 
petitions could be used as indicators of the potential for pathologies of 
altruism; such petitions might communicate important, albeit unintended, 
information about the health of a discipline. Are entire disciplines shaped 
by papers that are not submitted because of legitimate fears of rejection? 
As Santiago Ramón y Cajal (1937), the father of modern neuroscience, 
perceptively wrote: “the good will of scientists is usually so paradoxi-
cal that they are more pleased by the defence of an obvious error which 
has become wide-spread than by the establishment of a new fact.” These 
thoughts were echoed recently in a predictably controversial paper by 
John Ioannidis pointing toward the shockingly high publication rate 
of false research findings. Ioannidis (2005) noted: “for many current 
scientific fields, claimed research findings may often be simply accurate 
measures of the prevailing bias.” Can disciplinary biases be quantified, 
perhaps in studies put forth by interdisciplinary groups (including non-
academics) from largely outside the discipline in question? Group-think 
within disciplines, particularly in regard to differing editorial standards 
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of proof required for studies that do not hold to a discipline’s underlying 
moral paradigm, would be a particularly rich, important, and provoca-
tive area of study.

Lilienfeld (2007) points toward psychological treatments that “may 
produce harm in relatives or friends of clients in addition to, or instead 
of, clients themselves. For example, some treatments that are otherwise 
innocuous or even effective with clients could produce a heightened 
risk of false abuse allegations against family members.” Is it possible 
that some social advocacy and social justice efforts result in the same types 
of pernicious effects on a societal scale so that efforts to build cooperation 
instead inhibit it? We often do not know, because well-meaning advocates 
have made raising those questions a taboo. Framing issues in the form 
of pathologies of altruism and altruism bias forms a mechanism for 
breaking through the taboo and making dispassionate studies of when 
helping is truly helping and when it is contributing inadvertent harm.

Forensic studies of allegiance bias (Murrie et al., 2013) could profitably 
inform academic disciplines as to how to examine the effects of altruism 
bias both within and outside academia, and indeed, in regard to greater 
academia itself. In the later regard, it seems academia is reaching mul-
tiple crises, often arising from well-meaning efforts; such crises include 
administrative bloat, college tuitions that have vastly outpaced infla-
tion, and students who are left academically adrift (Arum and Roksa, 
2010).

Potential Steps to Address Altruism Bias in Academic Disciplines and 
the Scientific Enterprise

There are active steps that could be taken to prevent the potential 
for altruism bias within the scientific enterprise. In all-important journal 
review processes, for example, mixed panels of reviewers (e.g., cognitive 
psychologists and neuroscientists reviewing social psychological papers) 
could become standard practice (Stoet and Geary, 2013). Doctoral pro-
grams can place heavier emphasis on the scientific method and careful 
use of statistics so that graduate students, who are themselves future jour-
nal reviewers, can learn to spot problematic submissions more easily 
and perhaps be less likely to conduct problematic research themselves. 
The many aspects of altruism bias and the problems as well as benefits 
of empathy can be much more broadly discussed and emphasized in 
textbooks, beginning even in high school and the early years of college. 
Disciplines heavily involved in social advocacy, whose primary goal 
involves truly benefiting others, should be among the first to take interest 
in incorporating these concepts and approaches into research and training 
programs, editorial efforts, and textbooks.
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CONCLUSIONS

Science has put extraordinary emphasis on studying the helpful 
aspects of altruism, and this emphasis has helped reify altruism’s benefits 
among the general population. However, if science is truly to serve as 
an ultimately altruistic enterprise, then science must examine not only 
the good but also the harm that can arise from our feelings of altruism 
and empathetic caring for others. In support of this idea, it is important 
to note that during the twentieth century, tens of millions of individuals 
were killed under despotic regimes that rose to power through appeals to 
altruism (Waite, 1977; Li, 1994; Montefiore, 2004; Short, 2004; Chang and 
Halliday, 2005). The study of pathological altruism, in other words, is not 
a minor, inconsequential offshoot of the study of altruism but instead 
is a topic of overwhelming scientific and public importance.
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A distinctive feature across human societies is our interest in justice and 
fairness. People will sometimes invest in extremely costly behavior to 
achieve fair outcomes for themselves and others. Why do people care so 
much about justice? One way to address this is comparatively, exploring 
behaviors related to justice and fairness in other species. In this chapter, 
I review work exploring responses to inequity, prosocial behavior, and 
other relevant behaviors in nonhuman primates in an effort to under-
stand both the potential evolutionary function of these behaviors and the 
social and ecological reasons for the individual differences in behavior. I 
also consider how these behaviors relate to human behavior, particularly 
in the case of experimental studies using games derived from experi-
mental economics to compare nonhuman primates’ responses to those of 
humans in similar experimental conditions. These results emphasize the 
importance of a comparative approach to better understand the function 
and diversity of human behavior.

A feature of humans that apparently sets us apart as a species is 
our focus on others’ well-being, as well as our own (Eisenberg 
and Mussen, 1989; Henrich et al., 2004). We will, sometimes at 
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great personal cost, protest outcomes that we consider unfair, whether 
they personally affect us or have no direct impact on our lives. What is 
it that causes people to behave in this way? One possibility is that it is 
attributable to culture. In fact, only English has a word for the concept 
of “fairness”; other languages have adopted the English word, indicating 
a culturally broad interest in the concept but potentially implying that 
the concept is not ubiquitous (Wilson, 2012). Another possibility is that 
we have evolved to be interested in the well-being of others. Although 
there are clear fitness benefits to considering one’s own well-being, there 
are also (more delayed) benefits to considering others’ well-being. There 
may be costs to helping others in the short term, but if there are long-term 
benefits, either because of continued interactions based on reciprocity or, 
more indirectly, because of gaining a reputation as a “fair” person, then 
the behavior could be selected (Frank, 1988). If this behavior has evolved, 
we may find similar behaviors, or precursor behaviors, in other species. 
Other species will not show these behaviors in the same way that humans 
do. Among other reasons for this, many behaviors related to fairness and 
justice, such as the ability to share information about a third party’s previ-
ous behavior, require language. Nonetheless, an important question is the 
degree to which fairness and justice have evolved from similar or related 
behaviors in other species. This evolutionary approach provides insight 
into understanding our own behavior.

In humans, the concept of fairness is closely related to that of justice. 
Distinguishing the two, fairness involves voluntary interactions with other 
individuals, whereas justice is meted out by an impartial third party 
(Wilson, 2012). Based on these definitions, most of the experimental work 
discussed below relates to fairness, rather than justice, because the subjects 
being studied are involved in the interactions and outcomes in question. 
Outside of the experimental context, observations suggest impartial inter-
ventions in others’ interactions, indicating that these species may also be 
sensitive to justice concerns. There are many different aspects of justice 
and fairness, including distributive, procedural, retributive, restorative, 
etc. Most experimental studies involving nonhuman species measure 
subjects’ responses to different distributions of food rewards and, hence, 
concern distributive justice or fairness. In humans, two common distribu-
tion mechanisms are egalitarianism, in which all individuals get the same 
outcome (e.g., equality) and equity, in which individuals’ benefits are 
proportional to their inputs. Both of these are amenable to study in other 
species and are the feature most commonly manipulated in the aforemen-
tioned experimental studies (e.g., by altering subjects’ payoffs compared 
with their partner’s). Outside of the experimental realm, observational 
studies indicate that nonhuman primates are also sensitive to nondistribu-
tional aspects of justice and fairness, such as judging the appropriateness 
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of another’s behavior, providing a broader context in which to consider 
justice or fairness in these species.

Studying other species’ behaviors in these situations allows us to elu-
cidate the evolutionary function of justice and fairness by exploring behav-
iors that are related, either because the behavior itself is a component of 
justice or fairness or because it represents a precursor to human behavior. 
This comparative approach is informative in two complementary ways, 
through homology and convergence. Homologies occur when a behavior 
exists in multiple species because the behavior existed in a shared common 
ancestor. This pinpoints when in the taxon’s phylogenetic history the trait 
evolved. Convergences occur when a behavior evolved in multiple species 
because of common selective pressures but without shared descent from 
a common ancestor. Convergences may be particularly informative when 
studying the function of a behavior because, through comparison across 
species, they may indicate which traits co-occur and the social or ecologi-
cal pressures that may have selected for the behavior.

My goal in this review is to bring together data regarding behaviors 
related to justice and fairness in nonhuman primate species (hereafter, 
primates). Observations have highlighted situations in which primates 
act as if their behavior is guided by an interest in the outcomes of others 
(de Waal, 1991). A decade ago, the first experimental studies emerged, 
focusing on one aspect of justice and fairness: how individuals responded 
to getting less than a partner (Brosnan and de Waal, 2003; Brosnan et al., 
2005). These studies used methods derived from game theory and showed 
that, in experimental settings in which inequity between two individuals 
was introduced, subjects responded negatively to inequity not in their 
favor. Since that time, this task has been extended to 14 species, including 
10 primate species, allowing for a broad phylogenetic view that provides 
insight into the evolutionary function of inequity (Brosnan, 2011). Addi-
tionally, responses to inequity have been explored in more species-specific 
contexts and situations (de Waal and Berger, 2000; Brosnan et al., 2006). 
These results highlight the correlation between inequity and coopera-
tion, as well as emphasizing the socioecological factors that influenced 
the emergence of justice- and fairness-related behavior. This comparative 
analysis is beginning to shed light on the factors that may have led to the 
evolution of justice- and fairness-related behaviors in humans and other 
primates.

JUSTICE- AND FAIRNESS-RELATED 
BEHAVIOR IN OTHER SPECIES

One hypothesis for the evolution of fairness is that recognizing inequi-
ties helped individuals ascertain the value of their partners in cooperative 
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interactions (Fehr and Schmidt, 1999; Brosnan, 2011). Individuals should 
not continue to work with others if they do not, on average, benefit from 
the relationship. Whether outcomes are equitable may be used as a proxy; 
if one’s outcomes are routinely wanting compared with one’s partner’s, 
then it is likely that an interaction with another partner, even one chosen 
at random, will lead to a more beneficial outcome. This leads to a partner 
choice mechanism in which individuals sample other partners when they 
are experiencing high levels of inequity with the current partner or part-
ners (Brosnan, 2006). Note that individuals thus recognize and respond to 
inequity without any understanding of why they are doing so. Addition-
ally, this provides a benefit even if the individual’s outcomes in the less 
advantageous interaction are net positive, because the currency of natural 
selection is relative, rather than absolute, gains.

Although this hypothesis linking inequity and cooperation emerged 
in the context of humans, other species also cooperate with one another, 
so behaviors related to inequity may occur in other cooperative species as 
well. Comparative research presents challenges. First, the manifestations 
of justice and fairness may be different in different species, making it dif-
ficult for human experimenters to recognize relevant behaviors. Second, 
nonhuman species are nonverbal, with the dual implications that we 
cannot ask them about their motivations for their behavior, nor can we 
ask them about outcomes that did not result in an overt change in their 
behavior. Thus, we will miss any response that does not have a behavioral 
manifestation. As a result, experiments focus on whether other species act 
in a certain way, not whether they mean to act in that way. This is differ-
ent from the measure used in many human studies, and ideally results 
should only be compared if the variable of interest is subjects’ behavioral 
reactions, not subjects’ reported motivations or reactions. Finally, the limi-
tation to measuring behavioral changes means that the methods used in 
humans typically differ substantially from those used in other primates, 
which can complicate comparative analyses.

There have been two approaches to comparative work on justice and 
fairness. The first is to adapt game theory methods to explore decision 
making in other species. Game theory is a powerful approach that allows 
complex decision making to be modeled experimentally as a series of 
carefully controlled choices, which can be experimentally manipulated 
to rigorously explore the behavior of interest (Smith, 1987). The advan-
tage of game theory for comparative research is the focus on very simple 
choices to uncover complex behavior, making these techniques amenable 
to use in a wide variety of other species. Procedures can be designed that 
require no verbal instruction whatsoever and that can be used in the same 
form in humans and other species, allowing for direct comparisons and 
subsequent explorations of shared outcomes or cognitive mechanisms 
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(Brosnan et al., 2013). Although we cannot assume that different species 
(or different individuals within the same species) interpret even identical 
procedures in the same way, if procedures differ between species, then we 
are never able to disentangle whether any resulting differences in behavior 
are attributable to species differences or differences in the procedure. One 
procedural challenge to such experimental approaches is that humans 
interact with an experimenter of the same species, whereas other species 
interact with an experimenter of a different species (a human). Although 
this is a practical necessity, other species did not evolve to interact with 
humans, and so careful controls are needed to determine that the nonhu-
man subjects were evaluating their outcomes relative to their conspecific 
partner, not the experimenter or another aspect of the environment. Addi-
tionally, experimental approaches are artificial, and so we may miss situ-
ations in which justice-related behavior occurs. Despite these drawbacks, 
game theoretic approaches have the advantage of being comparable to 
the human literature and so are indispensable for comparative research.

A second approach is to explore behaviors that may be related to jus-
tice and fairness in species-specific contexts. This includes observational 
studies, in which behavior is observed during unconstrained interactions. 
This approach has the advantage of being the more natural, which leads 
to likely candidate behaviors and a better understanding of how justice 
or fairness manifest in the species’ typical interactions. Moreover, because 
these studies are not reliant on manipulating outcomes and measuring 
subjects’ subsequent behavior, there is greater opportunity to study justice 
outside of the context of food distributions. The disadvantages are that 
these results are less comparable across species, particularly if methods or 
the contexts in which individuals are attentive to inequity differ, and the 
underlying motivations for subjects’ behavior are not known. The ideal 
is to combine insights from both approaches.

USING GAME THEORY TO EXPLORE 
JUSTICE-RELATED BEHAVIOR

The Ultimatum Game

In 1982, Werner Guth presented the Ultimatum Game (UG), designed 
to explore fairness in bargaining behavior in humans (Guth et al., 1982) 
(Fig. 11.1). In this game, one individual, a proposer, is given a set sum and 
told to allocate it between himself or herself and a partner. If the partner, 
called the responder, accepts the allocation, both parties receive the money 
as allocated, but if the responder rejects it, neither party receives anything. 
Hundreds of experiments across the last three decades have shown that 
modern Western humans typically allocate about 40 percent of the sum 
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to the responder, and responders typically reject any offer under about 20 
percent of the allocation (Camerer, 2003). Allocations are higher than those 
seen in a related game, the Dictator Game (DG), in which the responder 
has no recourse to the proposer’s allocation, indicating that the proposer 
alters his or her allocations dependent upon whether the responder can 
influence the outcome.

The UG is often considered to measure fairness preferences; thus, it 
is particularly relevant to considerations of fairness and justice in other 
species. There have been two studies in chimpanzees, both relying on a 
limited-form version of the game in which proposers make a choice from 
between two preset distributions. In neither case did chimpanzee respond-
ers refuse allocations; however, proposers’ behavior differed between the 
studies. In the first, proposers chose between the two trays, each of which 
contained foods for them and their partner (neither chimpanzee could 
reach their partner’s food). After the proposer chose one option, by pulling 
the corresponding tray within reach of the responder, the responder could 
choose whether or not to accept the offer by pulling the tray in such a way 
that both the proposer and the responder could access their rewards. In 
this study, proposers consistently chose the larger outcome for themselves 
and responders accepted virtually any offer (Jensen et al., 2007). However, 
responders accepted more than half of zero offers (i.e., they received noth-
ing themselves), indicating that they may not have understood the task. 
A subsequent study showed that human responders rarely refused in a 
similar situation, possibly because of the difficulty of inhibitory responses 
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FIGURE 11.1 Schematic diagram of the UG.
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(Smith and Silberberg, 2010), indicating that the deviation from behavior 
typically seen in the UG could have been attributable to the experimental 
design rather than a species difference.

In a more recent study (Proctor et al., 2013), subjects were trained that 
one token represented an equal 3/3 split of six food items, whereas the 
other represented a 5/1 split of the foods in favor of the proposer. Pro-
posers could choose a token and pass it to the responder, who could then 
trade it out to the experimenter (accepting the proposal) or not (refusing 
it). Proposers’ choices in the UG were compared with those in a DG-
like condition in which the responder was present but had no recourse 
(proposers passed the chosen token directly back to the experimenter). 
The procedure was repeated using children paired with another familiar 
individual from their daycare class to ensure that humans would respond 
similarly to chimpanzees in this procedure.

Despite responders never refusing offers, all chimpanzee propos-
ers’ choices shifted from preferring the more beneficial 5/1 token in the 
DG-like condition to preferring the equal 3/3 split in the UG condition. 
Validating the procedure, children responded in the same way. These 
results differ from typical UG results because neither the children nor the 
chimpanzees ever refused the low offer. However, in typical human UGs, 
responders are interacting with anonymous partners in a one-shot situa-
tion, and their only recourse is to refuse the offer. In this study, responders 
were interacting with individuals from their social group and had options 
besides refusal, such as punishment or the threat of punishment, which are 
less costly means of protest than refusing a positive, if relatively smaller, 
outcome (Milinski, 2013). Similarly, in typical UGs, proposers’ refusals 
decrease when they are given other options, even in one-shot games [e.g., 
the responder can write a note to the proposer (Xiao and Houser, 2005)]. 
These results do not necessarily mean that the chimpanzees showed a 
sense of fairness, because if this were the case, they should have preferred 
the equal token in both the DG and the UG conditions. This also does not 
mean that proposers had prosocial motivations, because they may have 
changed their preference to avoid refusals by the responder. Nonetheless, 
both humans and chimpanzees were apparently sensitive to how their 
choices influenced their partner’s decisions and changed their behavior 
accordingly.

The Impunity Game

Closely related to the UG is the Impunity Game (IG) (Fig. 11.2). The 
IG is similar to the UG, but if the responder refuses the proposer’s offer, 
the responder gets nothing, whereas the proposer receives their portion of 
the allocation as indicated by the proposer (Bolton et al., 1998). This game 
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has received very little attention in the human literature. In part, this is 
due to the assumption that no rational responder would ever refuse an 
offer, because this action leaves them with both absolutely and relatively 
less than the proposer (in the UG, a refusal leaves the responder with 
absolutely less but relatively the same as the proposer). Nonetheless, in 
a study that used the same procedure for both games, human subjects 
refused in the IG about half as often as in the UG for a given distribution 
(Yamagishi et al., 2009).

Much as in the UG, the challenge of the IG with primates is assuring 
that the responders understand that their choice was constrained by the 
actions of the proposer. Most studies of primates to date have explored 
only responses to unequal distributions, to learn how individuals respond 
to inequity when they cannot alter their partner’s outcomes [reviewed 
in Price and Brosnan (2012)]. In a typical experiment, paired subjects 
alternate completing a task (such as exchanging a token) with a human 
experimenter. The experimenter rewards subjects with the same rewards 
(Equity condition) or gives one a more preferred reward (Inequity condi-
tion). To rule out the possibility of contrast effects (Reynolds, 1961; Roma 
et al., 2006), in which subjects compare their outcomes to those present 
in the environment without attending to the social component, pairs are 
given a Contrast condition, in which both partners are shown the pre-
ferred reward but, after completing the task, receive the less-preferred 
one (Brosnan et al., 2010b; Talbot et al., 2011). These responses are referred 
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FIGURE 11.2 Schematic of the IG. The full IG has not yet been explored with other 
species; however, a typical inequity procedure is reminiscent of the responder’s 
choice in the IG (indicated by the dashed line).
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to as Inequity and Equity rather than Inequality and Equality because, 
despite the fact that the outcomes are identical (or not), we cannot know 
whether they are perceived identically by subjects because of differences 
in rank, hunger level, etc.

Initial studies confirmed that both capuchin monkeys (Brosnan and 
de Waal, 2003; van Wolkenten et al., 2007; Fletcher, 2008) and chimpanzees 
(Brosnan et al., 2005, 2010b) were more likely to refuse to complete the 
interaction (e.g., return the token or accept the subsequent food reward) 
in the Inequity condition compared with either the Equity condition or 
the Contrast condition, although there was variation within and between 
studies [discussed below in more detail (Brosnan et al., 2005; Bräuer et al., 
2009; Silberberg et al., 2009)]. Because humans refuse more frequently in 
situations in which they do not like the outcome (e.g., in the UG game), 
this similar behavior in other species has been interpreted as responding 
negatively to inequitable outcomes. The response is also sensitive to con-
text, with refusals occurring only after subjects have completed a task but 
not when rewards are simply handed out for “free” (Bräuer et al., 2006; 
Roma et al., 2006; Dindo and de Waal, 2007; Neiworth et al., 2009; Silber-
berg et al., 2009). Despite this, subjects do not change their rate of refusal 
when they have to work harder than a partner to achieve their reward 
[Fontenot et al. (2007), but see Takimoto and Fujita (2011) for a response 
to effort using a different paradigm]. This indicates that although subjects 
are sensitive to inequity in the context of joint action, it is the difference in 
outcome rather than effort that is important for their decision making. This 
may indicate that subjects are more sensitive to distributional inequities 
than procedural ones.

Demographic variables also influence individuals’ responses, but not 
always in consistent ways. For instance, not all studies find a domi-
nance effect, although for those that do, dominant individuals always 
respond more strongly than do subordinates, presumably because they 
are more accustomed to receiving higher-valued rewards (Bräuer et al., 
2009; Brosnan et al., 2010b). There are also no consistent sex differences 
(Brosnan et al., 2005, 2010b), possibly because of relatively small sample 
sizes (although several dozen chimpanzees have been tested across three 
facilities, a large sample for captive primate studies, this is a very small 
sample size for untangling individual variation). The degree to which 
individual differences influence behavior—both in nonhuman and human 
primates—is a topic that requires additional exploration.

Finally, not all primate species refuse in conditions of inequity. The 
same procedure to elicit inequity has now been used to test seven primate 
species, and similar procedures have been used with several others (Table 
11.1). Comparing these different species’ responses allows us to consider 
which social or environmental factors may have played a role in shap-
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ing the evolution of the response. Although more species will need to be 
tested to verify these conclusions, patterns are emerging. For instance, 
responding negatively to inequity is not a homology within the primates. 
Among the great apes, bonobos may respond similarly to chimpanzees 
and humans, indicating that the last common ancestor of Pan and Homo 
shared this behavior. Only five bonobos have been tested, making statisti-
cal analyses difficult; however, their refusal rates doubled from 10 to 20 
percent in the Inequity compared with the Equity condition (Bräuer et 
al., 2009). On the other hand, orangutans showed no response to inequity 
(Bräuer et al., 2009; Brosnan SF et al., 2011), eliminating the possibility 
of a homology within the great apes. Additionally, the behavior is not a 
homology within the New World monkeys, because of the five New World 
monkeys tested, only capuchins responded differently to the Inequity 
condition. The orangutan’s behavior also rules out the possibility that 
this is related to increased brain size or advanced cognitive capabilities, 
because orangutans have a brain-to-body ratio and cognitive skills similar 
to the other great apes.

Thus far, negative response to inequity correlates positively with 
whether a species cooperates routinely with nonkin [reviewed in Brosnan 
(2011)] (Fig. 11.3). Chimpanzees, bonobos, and capuchin monkeys coop-
erate with nonkin, for instance in coalitions and alliances, and all three 
species responded to inequity in these experiments. Macaques, too, both 
responded negatively to inequity (Massen et al., 2012; Hopper et al., 
2013) and showed cooperation in the form of coalitions and alliances 
(Maestripieri, 2007). However, in squirrel monkeys, a species confamilial 
(and sympatric) with capuchins but lacking extensive social cooperation, 
males responded more strongly to the Contrast condition than either the 
Inequity or Equity conditions, indicating that their reactions were more 
strongly influenced by their previous offers than by rewards received 
by another monkey (Talbot et al., 2011). Again considering orangutans, 
one way in which they differ from chimpanzees and bonobos is their 
relative lack of social cooperation. A potential challeng to this hypothesis 
arises with the species that show biparental care. These species cooperate 
extensively, working together to raise offspring, but thus far there is no 
indication that such species respond negatively to inequity in this experi-
mental paradigm (Neiworth et al., 2009; Freeman et al., 2013). However, 
the proposed function of responding to inequity is to judge the value of 
cooperative partners to determine whether to search for a new partner. 
It is very costly to find a new pair mate, so it is possible that even if indi-
viduals in biparental care species do notice inequities, they have evolved 
to respond only to very costly inequities, which do not include receiving 
a less-preferred reward than their mated partner.
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Related to this, subjects should be more sensitive to inequity when 
forming a relationship, which is a time when the costs of finding a new 
partner are less, than after the relationship is established and there is joint 
investment in offspring (Brosnan, 2011). One drawback to our under-
standing of human behavior is that most studies to date have involved 
unrelated individuals, mostly strangers, virtually always in conditions of 
anonymity, and often without repeated interactions, which removes the 

Parvorder Platyrrhini
(New World monkeys)

Parvorder Hominidae
(Great apes)

P. troglodytes Homo sapiensPongo

Callitrichidae Cebus Saimiri

Cebidae

Aotidae

Yes
No

Cooperate with 
non-kin

Respond to 
inequity?

Yes
No
Interdependent

Macaca spp.

Parvorder Catarrhini
(Old World monkeys)

P. paniscus

FIGURE 11.3 Schematic diagram indicating the responses to inequity of species 
that have been tested using the typical inequity procedure in which subjects ex-
change tokens for rewards while sitting next to a partner. The photos represent-
ing species that show a negative response to inequity in this task are outlined in 
green, and those that do not are outlined in red. The names of species that show 
extensive social cooperation, such as coalitions and alliances, are in green, those 
that do not are in red, and interdependent species (e.g., those that show biparental 
care) are in violet. Humans show both extensive social cooperation and biparental 
care. Note that this diagram excludes gorillas, for whom too little information is 
known. The photographs of the macaque and bonobo are by F. B. M. de Waal. The 
photograph of the orangutan is by C. Talbot. The photograph of Darwin is from 
the public domain. All other photographs are by the author. [NOTE: Figure can 
be viewed in color in the PDF version of this volume on the National Academies 
Press website, www.nap.edu/catalog.php?record_id18573.]
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possibility of reputations forming. Although these conditions are infor-
mative for exploring the degree to which humans will cooperate without 
either a relationship or social knowledge, this is not as informative for 
telling us about typical human cooperative behaviors, which primarily 
take place within established relationships with known partners. Addi-
tional experiments that explore differences in behavior in the context of 
different social relationships and with different degrees of anonymity will 
be essential to understand how inequity functions in the context of the 
relationship.

Prosocial Games

Despite children’s calls of “that’s not fair” when they receive a less-
preferred outcome than another child, responding negatively to receiving 
less than one’s partner is only one part of a sense of fairness. A sense of 
fairness or justice requires responding not only to inequities that affect 
oneself but also to those that affect others (Hatfield et al., 1978; Fehr and 
Schmidt, 1999). In other species, this has most commoly been experimen-
tally explored using procedures reminiscent of the Dictator Game. In the 
typical experimental game with primates, the subject has the option to pro-
vide rewards, or not, to a social partner. Importantly, the subject’s behavior 
when the subject is with a social partner is compared with their behavior 
when alone, ruling out the possibility that they are choosing the prosocial 
option because there are a greater number of rewards visible than in the 
nonprosocial option. The critical difference between these games and the 
DG is that choosing to reward the partner does not reduce the subject’s 
own payoffs in these prosocial games; thus, there are no disincentives for 
prosocial behavior.

Although reward structures have varied across experiments, making 
direct comparisons difficult, a sufficient number of these studies exist that 
patterns are emerging. Chimpanzees choose to provide rewards to their 
partners in some experiments (Horner et al., 2011) but not others (Silk et 
al., 2005; Jensen et al., 2006), and it is not yet clear which features lead 
to prosocial behavior in this ape. It is also not clear that these results are 
reflective of chimpanzees’ prosocial tendencies. Results in the inequity 
studies described above imply that chimpanzees may recognize when 
they receive a better outcome than a partner even when they chose not 
to act to change the situation. In one study, subjects sometimes refused 
preferred rewards when their partners got less-preferred ones and did so 
at greater rates than when both received preferred rewards (Brosnan et al., 
2010b). This does not mean that the subject’s motivations were prosocial, 
because the subject  may have feared the partner’s reaction to receiving a 
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less-preferred reward than the subject, but these results verify that chim-
panzees recognized when they received better outcomes than a partner.

Among the monkeys, capuchin monkeys preferentially chose the pro-
social option (de Waal et al., 2008; Lakshminarayanan and Santos, 2008) 
and were more likely to reward kin than either nonkin group mates or 
nongroup mates (de Waal et al., 2008). Callithrichids, one of the taxa that 
show biparental care, also chose the prosocial option that rewarded a 
group mate (Burkart et al., 2007; Cronin et al., 2010), although like the 
chimpanzees, they did not do so in all experiments (Cronin et al., 2009). 
Finally, long-tailed macaques also showed prosocial behavior, but in this 
study, dominants chose the prosocial option, whereas subordinates did not 
(Massen et al., 2010). Again, these studies measured behavior, not motiva-
tions, so they cannot shed light on why the monkeys behaved prosocially 
(i.e., they cannot disentangle whether subjects were prosocially motivated 
to help their partners or were selfishly motivated to avoid repercussions 
for not helping their partners). Nonetheless, although there is still debate 
about the contexts under which each of these species shows prosocial 
behavior and the selective pressures underpinning it, in some circum-
stances, all of the primates tested thus far actively chose an outcome that 
benefited a partner as well as themselves.

Species-Specific Approaches to Justice and Fairness Inequity in the 
Context of Cooperation

If responding to inequity is a mechanism for identifying good coop-
erative partners, then inequity should influence behavior when coop-
eration is required. This can be experimentally explored by introducing 
inequity into an experimental cooperation paradigm. Capuchin monkeys 
have been studied extensively in the realm of cooperation, and there is 
evidence that they understand the contingencies of cooperative tasks and 
are sensitive to their partner’s behavior [reviewed in Brosnan (2010)]. In 
the first study to explore cooperation in a situation of inequity, capuchin 
monkeys could work together to pull in a heavy tray to obtain food, but 
only one monkey got the food. Monkeys worked together, but only if the 
individual who received the food shared with the individual who did not. 
Perhaps anticipating this, the monkey who got the food was more likely 
to share in this condition than in a control condition in which they could 
acquire the food without their partner’s help. This indicates a sensitivity to 
their partner’s reaction and an anticipation of their need for their partner’s 
help (de Waal and Berger, 2000).

In a study more explicitly exploring inequity and cooperation, mon-
keys were tested in a similar paradigm in which both monkeys always 
received food, but these foods differed in the degree to which the monkeys 
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preferred them. Thus, sometimes both monkeys received the (same) pre-
ferred food, sometimes they received the (same) less-preferred food, and 
sometimes one received the preferred food, whereas the other received the 
less-preferred food. The monkeys were not separated nor were their roles 
predetermined by the experimenter, so in all cases, the monkeys had to 
negotiate between themselves who would pull from which location, which 
also determined who got which food item. The pair’s pulling success was 
not dependent upon the value of the rewards; pairs pulled in the tray just 
as often for two identical rewards as for two different ones. Instead, the 
monkeys were sensitive to their partner’s behavior. In some partnerships, 
individuals shared access to the more preferred reward when the rewards 
differed, each receiving it approximately half of the time. In these part-
nerships, cooperative pulling success was high (~70 percent) in all three 
conditions. On the other hand, for partnerships in which one member 
dominated the preferred reward in the different-reward condition, they 
succeeded in pulling in the tray only about 30 percent of the time across 
all three conditions (Brosnan et al., 2006).

These results show two important things. First, subjects in the inequi-
table partnerships apparently reacted against their partner, not the reward 
distribution. That is, when one member dominated the preferred reward 
in the different-reward condition, pulling rates dropped across all con-
ditions, even the two conditions in which both monkeys got the same 
reward. This supports the hypothesis that recognizing inequity helps to 
identify cooperative partnerships, because these subjects refused to work 
with a specific partner rather than refusing a certain outcome. Second, 
in the partnerships in which neither individual dominated the preferred 
rewards, subjects were, by definition, receiving the less-preferred reward 
on half of all different-reward trials, and yet cooperation was maintained. 
The reality of cooperation is that it is unlikely that every individual will 
receive the same reward on every trial, and these results indicate that 
capuchins are somehow able to extrapolate across multiple trials and 
therefore reap the gains of cooperation despite variation in outcome.

Inequity in Interactions with the Experimenter

Although the above data relate to primates’ rewards in compari-
son with each other, how do primates react toward the experimenter 
who caused the inequity? A recent study explored which of two novel 
experimenters the monkeys preferred to interact with in a task in which 
the monkey returned a token to an experimenter to get a food reward. 
Subjects first gained experience with both experimenters, one of whom 
consistently provided the offered rewards and one of whom failed to 
provide the offered reward (or any reward) on up to 50 percent of trials. 
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When the monkeys then had free choice as to which experimenter they 
would return the token to, subjects were equally likely to interact with 
both experimenters (Brosnan and de Waal, 2009). Although it may be 
that capuchin monkeys do not form preferences for experimenters based 
on reliability [they do show preferences between experimenters in other 
situations (Paukner et al., 2009)], it is also possible that the relationship 
between humans and captive nonhuman primates influenced the results. 
Despite the fact that subjects in Brosnan and de Waal (2009) had never 
interacted with the experimenters who participated in the study (novel 
experimenters were used for each condition), they did have extensive 
experience with experimenters in general, as well as with trials in which 
rewards were not given (e.g., because of incorrect responses). Thus, they 
may have responded to this situation by trying to “correct” their response, 
rather than recognizing the experimenter’s unreliability. Pet dogs, who 
may have a different relationship with humans, do discriminate between 
human experimenters in a similar task (Horowitz, 2012).

Inequity in Social Interactions

Some of the best evidence in favor of a sense of justice or a sense of 
fairness comes from observational studies of nonhuman primates’ inter-
actions during their natural behavior. These interactions also offer the 
opportunity to look beyond distributional equity. Unfortunately, in many 
cases, these events are extremely rare, making it difficult to make strong 
statements about these behaviors. Moreover, observational work yields 
correlations, which cannot tell us causation without controlled studies 
that alter one variable at a time. Nonetheless, these situations may be the 
best window we have into primates’ sense of fairness and justice because 
they are natural interactions, unconstrained by interactions with humans 
or experimental contingencies.

Chimpanzees display a sense of “social regularity” that has been 
linked to the human sense of justice (de Waal, 1991). Chimpanzees appear 
to have expectations about others’ behavior and are known to express 
frustration, sometimes aggressively, when these expectations are vio-
lated. Moreover, such responses are not limited to the apes. Apes and 
monkeys both engage in policing behavior in which individuals, typically 
the highest-ranking males, intervene in fights to maintain group stability. 
Some of the best evidence for the utility of policing behavior comes from 
studies done with macaques. In these studies, the group’s behavior was 
compared on typical days and those in which the highest ranking males 
were removed. Results demonstrated the males’ necessity in stabilizing 
the group’s interactions (Flack et al., 2005, 2006). Similarly, both macaque 
and chimpanzee males, once they have established high status, will inter-
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vene in fights on the side of the loser (de Waal, 1978; Watanabe, 2001). 
Although there are many potential reasons for such behavior, it again 
indicates that these males recognized social inequalities in others’ interac-
tions and were willing to act against their own short-term self-interest to 
rectify them. Of course, in the longer term, maintaining group stability 
always benefits a high-ranking male, and a physical intervention may 
additionally emphasize his power to others in his group. Nonetheless, 
there are short-term costs to entering into any fight, particularly in favor 
of an individual who is losing.

Recently, inequity has also been linked with play fighting in goril-
las. Gorillas who gained the upper hand during a bout of play fight-
ing worked to maintain it, possibly indicating that they were aware of 
the social dynamics and strove to maintain their competitive advantage 
(van Leeuwen et al., 2011). The authors emphasized the benefit of studying 
inequity in a natural social context and considered how responses to ineq-
uities may vary depending on whether the individual in question has the 
social advantage. Again, for practical experimental reasons, much work 
focuses on inequity of food rewards, but attention to inequity may have 
evolved in the social realm and only more recently adapted to physical 
outcomes, such as food. Future work will help to determine how responses 
to inequity vary depending upon the commodity in question.

INEQUITY AND RELATED BEHAVIORS

Inequity likely interacts with other behaviors, although, thus far, there 
have been few studies to explore these interactions.

Punishment

Recognizing inequity is only one of several behaviors that likely 
underpin cooperation. Punishment may also support cooperation. Cleaner 
fish, which cooperate with nonkin during the cleaning interaction, do not 
respond to inequity of rewards compared with a social partner (Raihani 
et al., 2012). However, the fish do punish one another for acting against 
the pair’s interests (Raihani et al., 2010). Thus, it may be that in species 
or situations in which finding a new partner would be difficult or costly, 
punishment to change the current partner’s behavior is used in lieu of 
finding a new partner (Raihani and McAuliffe, 2012).

Inequity and Contrast Effects

It seems likely that responses to inequity share cognitive mechanisms 
with behaviors such as loss aversion and contrast effects, both of which 
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involve reactions to unexpectedly lesser outcomes. These are rather diffi-
cult to untangle experimentally, given that inequity is essentially a contrast 
effect with another’s outcome as the referent (similarly, inequity is a loss 
with another’s outcome as the referent). However, we can compare the 
relative strengths of these motivations using well-designed experiments. 
For instance, whereas some species (e.g., chimpanzees and capuchin mon-
keys) were more sensitive to inequity with one’s partner than to contrast 
with previously offered outcomes, others (e.g., squirrel monkeys) showed 
the reverse. Mapping such preferences may help to determine the underly-
ing influences on the expression of these behaviors, providing insight into 
the relative strength of social and nonsocial environmental stimuli on a 
species’ decision making.

FUTURE DIRECTIONS AND CONCLUSIONS

Although in the previous decade we have learned much about nonhu-
man primates’ responses to inequity, there remains much to learn. First 
and foremost, humans are primates, which makes nonhuman primates a 
natural group for comparison, yet other species also respond to inequity 
(Range et al., 2009; Horowitz, 2012; Raihani et al., 2012; Wascher and 
Bugnyar, 2013). More work is needed to identify which species respond 
to inequity, whether these responses are similar across species, and the 
nature of individual differences in response in these species. This will also 
provide a stronger test of the hypothesis that inequity responses correlate 
with cooperation.

Another important area of inquiry is distinguishing situations in which 
nonhuman species notice versus respond to inequity. All of the studies 
described above focus on behavioral responses to differing outcomes, but 
subjects may notice an inequitable situation that they do not respond to, 
for instance, because they are unable to inhibit their desire for the reward, 
because of social pressure, or for other reasons not yet known. One way 
to address this question is to explore changes in individuals’ affect across 
different conditions to identify responses that occur in the absence of an 
overt behavioral change. This approach has been successful in identifying 
recognition of inequity in young children (LoBue et al., 2009).

Inequity also occurs in a variety of contexts that are not yet reflected 
in the nonhuman literature because of the focus on distributional con-
cerns in experimental tests. One major focus of human research that has 
received little attention in the nonhuman literature is procedural inequity 
(Skitka, 2012). Although preliminary investigations reveal no change in 
subjects’ behavior based on procedural variations (Brosnan et al., 2010b), 
nonhuman primates have expectations about others’ behaviors and it is 
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reasonable to assume that they are sensitive to procedural differences in 
some contexts.

All of the experimental work to date has involved an egocentric 
approach to fairness and justice, yet observational studies of natural 
behavior indicate that primates will intervene in the interactions of others, 
in some cases impartially. Although challenging, it is possible to study fair-
ness in the laboratory removed from egocentric reactions. Experimental 
studies on reputation in chimpanzees indicates that these apes are able to 
form opinions about human experimenters from watching these experi-
menters interact with other chimpanzees (Subiaul et al., 2008). A fruitful 
line of inquiry would be to explore nonhuman primates’ judgments of 
the equity of others’ interactions. Such third-party assessments of others’ 
distributions would be the first research to experimentally examine justice 
in other species.

Finally, studies of justice and fairness will advance significantly when 
work from the laboratory is combined with what we know about animals’ 
natural behaviors in the wild (Janson and Brosna, 2013). In this way, we 
will better understand the social and ecological conditions under which 
these preferences manifest, which lends additional insight into their func-
tion. Additionally, combining these behavioral studies with what we know 
about cognition may yield insights into these behaviors, such as the over-
lap between inequity and delay of gratification (Price and Brosnan, 2012).

Humans are not alone in responding negatively to differential treat-
ment as compared with a partner. This response is shared with other 
species and appears to be instrumental in successful cooperation. Under-
standing the evolution of this response provides insight into our own 
behavior. Although nonhuman primates do not show a sense of justice or 
fairness in the same way as humans do, gaining knowledge about the evo-
lution of justice and fairness from comparative studies will improve our 
understanding of these judgments in humans as well as in other animals.

ACKNOWLEDGMENTS

I thank L. Salwiczek for helpful comments on an earlier draft of this 
manuscript. Funding was provided by National Science Foundation (NSF) 
Faculty Early Career Development Award SES 0847351 and NSF Grant 
SES 1123897.

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


211

12

Powering Up with Indirect Reciprocity 
in a Large-Scale Field Experiment
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A defining aspect of human cooperation is the use of sophisticated indi-
rect reciprocity. We observe others, talk about others, and act accordingly. 
We help those who help others, and we cooperate expecting that oth-
ers will cooperate in return. Indirect reciprocity is based on reputation, 
which spreads by communication. A crucial aspect of indirect reciprocity 
is observability: reputation effects can support cooperation as long as 
peoples’ actions can be observed by others. In evolutionary models of 
indirect reciprocity, natural selection favors cooperation when observabil-
ity is sufficiently high. Complementing this theoretical work are experi-
ments where observability promotes cooperation among small groups 
playing games in the laboratory. Until now, however, there has been little 
evidence of observability’s power to promote large-scale cooperation in 
real-world settings. Here we provide such evidence using a field study 
involving 2,413 subjects. We collaborated with a utility company to study 
participation in a program designed to prevent blackouts. We show that 
observability triples participation in this public goods game. The effect is 
nearly seven times larger than offering a $25 monetary incentive, the com-
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pany’s previous policy. Furthermore, as predicted by indirect reciprocity, 
we provide evidence that reputational concerns are driving our observ-
ability effect. In sum, we show how indirect reciprocity can be harnessed 
to increase cooperation in a relevant, real-world public goods game.

Cooperation occurs when we take on costs to benefit the greater 
good. By this definition, everyone is better off when everyone 
cooperates, but self-interest undermines cooperation and leads 

to free-riding. Promoting cooperation is a central challenge for human 
societies, both today and over our evolutionary history (Hardin, 1968; 
Axelrod, 1984; Ostrom, 1990; Levin, 2006; Helbing and Yu, 2009; Walker 
et al., 2009; Sigmund, 2010; Nowak and Highfield, 2011; Oakley et al., 
2011; Churchland, 2012). There are five mechanisms for the evolution of 
cooperation (Nowak, 2006b): direct and indirect reciprocity, spatial selec-
tion, group selection, and kin selection. Each of these mechanisms is an 
interaction structure that can lead cooperators to outperform noncoopera-
tors, and therefore be favored by selection.

Direct and indirect reciprocity involve repeated interactions, creating 
future consequences for one’s actions: it can pay to cooperate today to 
receive cooperation from others tomorrow. Spatial selection occurs when 
players’ interactions are structured rather than occurring at random. As 
a result, cooperators may be more likely to interact with other coopera-
tors and thus preferentially receive the benefits of cooperation. Spatial 
selection operates when cooperaters cluster in physical space, on social 
networks, in sets, or in phenotype space (Nowak et al., 2010). Group selec-
tion (or multilevel selection) occurs when competition and reproduction 
happen at multiple levels: not only do players compete with others in 
their group, but groups compete with each other. If cooperative groups 
outcompete noncooperative groups, then group-level selection can favor 
the evolution of cooperation. Finally, kin selection may be defined as 
preferring to cooperate with those who are closely related. Kin recogni-
tion can allow players to cooperate with close genetic relatives and defect 
otherwise.

Most of the literature on the evolution of cooperation uses the 
Prisoner’s Dilemma and related frameworks: players can pay a cost to 
give a greater benefit to one or more others. Thus, within the context 
of these games, cooperation is good for everyone. However, coopera-
tion need not be good for everyone more generally (Oakley et al., 2011; 
Dasgupta, 2012). There are situations in which cooperating may give a 
benefit to some, but impose costs on others. For example, in intergroup 
conflict and war, people cooperate with members of their own group in 
an attempt to harm members of other groups (Choi and Bowles, 2007). 
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Or in the context of markets, companies may collude to keep prices high, 
benefiting each other but harming consumers (Carlton and Perloff, 1994). 
The five mechanisms for the evolution of cooperation may promote both 
total welfare-enhancing cooperation, as well as these more pernicious 
forms of cooperation.

All of these mechanisms are relevant for the evolution of human 
cooperation, but direct reciprocity and indirect reciprocity occupy a central 
place: most of our key interactions are repeated and reputation is usually 
at stake. Direct reciprocity is based on repeated encounters between the 
same two individuals: my behavior toward you depends on what you 
have done to me. Indirect reciprocity is based on repeated encounters in 
a group of individuals: my behavior toward you also depends on what 
you have done to others (Fig. 12.1). We take a keen interest in who does 
what to whom and why, which requires sophisticated social intelligence. 
We talk to each other about others. As David Haig said: “For direct reci-
procity you need a face, for indirect reciprocity you need a name” (Nowak 
and Highfield, 2011). The evolution of indirect reciprocity is linked to the 
evolution of human language. Supported by human language, reputation 
systems allow us to track the good and bad behavior of others and to 
use this information to incentivize cooperation. Whatever is specifically 
human about our mental machinery is derivative of human language, 
social intelligence, and thus indirect reciprocity (Cela-Conde and Ayala, 
2007; Nowak and Highfield, 2011).

The evolution of cooperation via indirect reciprocity has been a topic 
of great interest in recent years. Mathematical models and computer simu-
lations have demonstrated the power of indirect reciprocity for promoting 
cooperative behavior (Kandori, 1992; Nowak and Sigmund, 1998a,b, 2005; 
Nowak, 2000; Leimar and Hammerstein, 2001; Panchanathan and Boyd, 
2003, 2004; Ohtsuki and Iwasa, 2004, 2006, 2007; Brandt and Sigmund, 
2006; Pacheco et al., 2006; Masuda and Ohtsuki, 2007; Suzuki and Akiyama, 
2007a,b; Fu et al., 2008; Ohtsuki et al., 2009; Uchida and Sigmund, 2010; 
Berger, 2011; Nakamura and Masuda, 2011; Manapat and Rand, 2012; 
Manapat et al., 2013; Mani et al., 2013). In these models, players typically 
engage in a series of one-shot interactions with others selected at random 
from the population. In some of those interactions, players’ previous deci-
sions are observable by their partners. Observability allows players to use 
conditional strategies that base their actions on the partner’s behavior in 
the past. When past actions are sufficiently observable, natural selection 
can favor strategies that cooperate as long as the partner has behaved 
well in the past. What constitutes “good” behavior worthy of receiving 
cooperation depends on the social norm. A simple social norm is called 
“image scoring” and prescribes cooperating with those who have coop-
erated in sufficiently many previous interactions (Nowak and Sigmund, 
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1998a). More complicated norms also take into account the behavior of 
the partner’s previous partners. For example, under the “standing” norm, 
players can maintain their good reputation by defecting against those with 
bad reputation (Ohtsuki and Iwasa, 2006). The many models of indirect 
reciprocity differ in their details, yet across a wide range of assumptions, 
making previous decisions observable allows cooperators to selectively 
target their cooperation at other cooperators and withhold cooperation 
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FIGURE 12.1 Indirect reciprocity can support contributions to public goods, as 
depicted here. In indirect reciprocity, my behavior toward you depends on how 
you have behaved toward both me and others. This process occurs in three stages. 
First, people engage in a public goods game (C = cooperators and D = defectors). 
Peoples’ behavior is observed, both by other players and third parties. Second, 
information about this behavior can spread from person to person. Based on the 
information received, peoples’ opinions about the players are updated. Third, as 
a result, public goods cooperators will receive cooperation in future interactions 
whereas defectors will be denied cooperation, defected upon, or punished. Thus, 
indirect reciprocity creates an incentive to contribute to public goods and can 
promote the evolution of cooperation.
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from defectors. Thus, free-riders are at a disadvantage, and cooperation 
can spread.

This body of theoretical work is supported by behavioral experiments 
where subjects play economic games in the laboratory. People are substan-
tially more cooperative when their decisions are observable and when oth-
ers can respond accordingly (Wedekind and Milinski, 2000; Milinski et al., 
2001, 2002a,b; Wedekind and Braithwaite, 2002; Andreoni and Petrie, 2004; 
List et al., 2004; Rege and Telle, 2004; Bolton et al., 2005; Semmann et al., 
2005; Rockenbach and Milinski, 2006; Seinen and Schram, 2006; Tadelis, 
2007; Linardi and McConnell 2008; Andreoni and Bernheim, 2009; Rand 
et al., 2009; Ule et al., 2009; Jacquet et al., 2011; Pfeiffer et al., 2012; Choi and 
Ahn, 2013). Subjects understand that having a good reputation is valuable 
in these settings (Pfeiffer et al., 2012) and so are willing to pay the cost of 
cooperation. Observability particularly increases cooperation when the 
prosocial nature of the cooperative choice is made salient (Rege and Telle, 
2004; Kossmeier et al., 2009). Moreover, experimental evidence indicates 
that indirect reciprocity is deeply entrenched in human psychology: subtle 
cues of observability have large effects on cooperation levels (Haley and 
Fessler, 2005; Burnham and Hare, 2007; Ernest-Jones et al., 2011; Powell 
et al., 2012), and our initial impulse to cooperate in one-shot anonymous 
settings (Cornelissen et al., 2011; Rand et al., 2012, 2013; Schulz et al., in 
press) is likely the result of adaptation in a world dominated by reputa-
tional concerns (Rand et al., 2012, 2013).

These laboratory experiments are extremely valuable. They generate 
powerful insights into human psychology and provide clear evidence for 
the importance of indirect reciprocity. To do so, however, they typically 
use abstract economic games and involve the interaction of only a hand-
ful of subjects. Thus, the question of whether observability affects large-
scale cooperation in real-world settings outside of the laboratory remains 
largely unexplored [exceptions include Lacetera and Macis (2010), Ashraf 
et al. (2012), and Karlan and McConnell (2012)]. The extent to which find-
ings from theory and the laboratory generalize to natural field settings 
is of great importance, both for scientific understanding and for public 
policy (Levitt and List, 2007).

Here, we address this question by running a large-scale field experi-
ment on the effect of observability in a public goods game (PGG). We 
collaborated with a major electric utility company to enroll consumers in 
a “demand response” program. This program is designed to help prevent 
blackouts by reducing excessive use of air conditioning during periods 
of high electricity demand. The cost of electricity production can spike 
hundredsfold during demand peaks. However, the price consumers pay 
is typically constant across time. Thus, during peak periods, there is a 
dramatic mismatch between price and actual cost, leading to excessive 
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energy use. This mismatch reduces grid reliability, drives up energy costs, 
increases the risk of blackouts, and harms the environment. In recent 
years, reducing excessive peak energy use has become a target of regula-
tory efforts to increase efficiency in the electricity industry.

Encouraging participation in demand response programs such as the 
one used in this study is the primary policy tool available for reducing 
peak energy use (U.S. Committee on Technology, 2011). Demand response 
programs are voluntary programs in which people allow their utility to 
remotely restrict their energy consumption during peak hours. To do so, 
the utility usually installs a remote switch in-line with the circuitry of an 
appliance such as a hot water heater or air conditioner. Estimates suggest 
that these voluntary programs could reduce the need to invest in addi-
tional generation capacity by at least 38 percent over the next two decades, 
generating cost savings of at least $129 billion (Chupka et al., 2008). Volun-
tary energy efficiency and demand response programs have been widely 
available for years, but participation is frustratingly low (Federal Energy 
Regulatory Commission, 2011). Demand response programs exemplify 
the public goods dilemma: participation helps reduce on-peak demand, 
benefiting all energy grid users, but energy consumers find participating 
inconvenient. Participation is socially optimal because the inconvenience 
is minimal for most individuals relative to the societal costs of a blackout.

To explore the effect of observability on this real-world public goods 
problem, we solicited residents of 15 homeowners associations (HOAs) 
to participate in a demand response program. Residents who volunteered 
for this program allowed the utility to install a device that remotely curbs 
their central air conditioners when necessary: on days with unusually high 
demand or in the case of an unexpected plant or transmission failure. Resi-
dents who volunteered therefore contributed to a public good by improv-
ing the stability of the electrical grid in all of California, at the cost of some 
personal inconvenience. We solicited volunteers by delivering mailers to 
residents and asking them to participate. Sign-up sheets were posted in 
a communal area near their home, usually by a shared mailbox kiosk. In 
our primary manipulation, we varied whether residents’ neighbors could 
tell who had signed up for the program. We did so by varying whether 
the publicly posted sheets required residents to print their name and unit 
number (observable treatment) or only a code that does not reveal their 
identity (anonymous treatment).

RESULTS

We found that residents in the observable treatment are nearly three 
times as likely to participate in the demand response program as resi-
dents in the anonymous treatment (fraction of residents participating: 

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


Powering Up with Indirect Reciprocity / 217

anonymous = 0.030, observable = 0.088, P < 0.01, n = 1,408; Fig. 12.2). 
All statistics presented are from probit regressions including various 
controls, with SEs clustered at the HOA level

The effect of the observable treatment was nearly seven times that 
of offering a $25 incentive (the estimated effect of the incentive is 0.009; a 
Wald test rejects that the coefficients on observability and the $25 incen-
tive are identical, P = 0.024). This incentive was what the utility had used 
before the experiment, and they had previously argued the incentive 
would be far more effective than observability. In fact, this incentive 
appears to have been too small to be effective, and such small financial 
incentives are known to sometimes backfire (Gneezy and Rustichini, 
2000). For the sake of comparison, we followed convention and estimated 
how large the financial incentive would have to be to achieve the same 
results if its effect is linear (Bertrand et al., 2010). We found that the utility 
would have had to offer an incentive of $174 to increase participation as 
much as our observable treatment.

We now explore the mechanism through which observability func-
tions to increase participation. Indirect reciprocity theory is based on 
reputational concerns: when groups of people interact repeatedly and 
actions are observable, it becomes advantageous to be seen contributing 
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FIGURE 12.2 We solicited 1,408 customers of a major electric utility for participa-
tion in a program designed to prevent blackouts. Residents signed up for the pro-
gram on sheets posted in a communal area near their home, usually by a shared 
mailbox kiosk. We varied whether residents’ neighbors could tell who signed up 
for the program: publicly posted sheets required residents to print their name and 
unit number (observable treatment) or only a code that does not reveal their iden-
tity (anonymous treatment). Observability tripled participation in the program.
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to public goods. Based on this account, we predict that observability will 
have a greater effect among populations where ongoing relationships and 
reputations are expected to play a larger role. We evaluate this prediction 
in two ways.

First, we tested whether the effect of the observable treatment was 
greater in apartment buildings compared with row houses and individual 
homes. In apartment buildings, residents are more likely to interact with 
their neighbors in public spaces, and signup sheets were typically posted 
in especially conspicuous locations. Thus, indirect reciprocity theory 
predicts that observability will have a larger effect in apartment build-
ings. As shown in Fig. 12.3A, the results confirm this prediction: observ-
ability increased participation among those living in apartment build-
ings (fraction of residents participating: anonymous = 0.048, observable 
= 0.114, P < 0.01, n = 582), whereas it had little effect on the inhabitants 
of row houses or individual homes (fraction of residents participating: 
anonymous = 0.024, observable = 0.038, not significant, n = 826; yielding 
an estimated interaction of 0.052, P = 0.04).

Second, we tested whether observability had a larger effect 
among those who own their homes/apartments relative to those who 
rent. Renters are more transient and therefore likely to be less invested 
in relationships with their neighbors. Thus, indirect reciprocity theory 
predicts that observability will have a larger effect among owners. As 
shown in Fig. 12.3B, the results were again consistent with this prediction: 
observability dramatically increased participation among owners (frac-
tion of residents participating: anonymous = 0.024, observable = 0.099, 
P < 0.01, n = 1,015) but had little effect on renters (fraction of residents 
participating: anonymous = 0.045, observable = 0.059, not significant, n 
= 393; yielding an estimated interaction of 0.046, P < 0.01).

Residents of apartment buildings and individual homes differ on 
any number of dimensions, as do those who own versus rent their 
homes. Thus, although the results are consistent with the predictions 
of the indirect reciprocity framework, alternative explanations of these 
results are possible. To partially address this issue, we ran the same 
analysis with additional controls such as Spanish language preference, 
ethnicity, missed payments, rebate use, and historical electrical use, and 
found even stronger results. Therefore, differences on these dimensions 
do not account for the differential effects of observability seen in 
Figs. 12.2 and 12.3.

Finally, we provide evidence that the effect of observability is unique 
to public goods. Not participating in the program should carry the threat 
of social sanctions only if participation is considered to be a public good. 
Therefore, indirect reciprocity theory predicts that observability should 
not increase participation among subjects who do not think of participa-
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tion as a public good. To test this prediction, an additional 1,005 sub-
jects received exactly the same treatment as described above, except 
that the mailers they received were stripped of any language that 
framed the demand response program as a public good. Consistent 
with our hypothesis, Fig. 12.4 shows that the effect of observability was 
reduced in this cohort (fraction of residents participating: anonymous = 
0.061, observable = 0.086, not significant, n = 1,005; estimated interaction 
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FIGURE 12.3 Observability increased participation more in settings where repu-
tational concerns matter more. (A) Observability increased participation more 
in apartment buildings where residents are more likely to interact with their 
neighbors in public spaces and sign-up sheets were typically posted in especially 
conspicuous locations, compared with row houses or individual homes, where 
neighbors are less likely to interact and sign-up sheets were less easily visible by 
others. (B) Similarly, observability increased participation more among those who 
own their homes/apartments relative to those who rent because renters are more 
transient and therefore likely to be less invested in long-term relationships with 
their neighbors.
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FIGURE 12.4 We solicited an additional 1,005 customers with exactly the same 
treatment as described earlier, except that the informational materials they re-
ceived were stripped of any language that framed the blackout prevention pro-
gram as a public good. The effect of observability was dramatically reduced 
among subjects who did not receive the public good framing.

between observability and the public good message in a pooled regres-
sion is 0.035, P = 0.098).

DISCUSSION

We have shown that indirect reciprocity promotes cooperation in a 
real-world public goods game affecting thousands of people. Making par-
ticipation in the public good observable substantially increased sign-ups 
and did so significantly more than offering a cash incentive. Moreover, 
the effect of observability was larger in settings where individuals were 
more likely to have future interactions with those who observed them, 
and when participation was framed as a public good. These results pro-
vide evidence that reputational concerns were the driving force behind 
the effect of observability in our study.

Our study is part of a nascent literature exploring reputation and 
prosociality using field experiments. Consistent with our findings in 
the domain of energy efficiency, there is evidence that publicizing the 
names of donors increases the frequency of blood donation (Lacetera and 
Macis, 2010) as well as the level of giving to a college charity (Karlan 
and McConnell, 2012). Nonfinancial incentives involving reputation have 
also been shown to outperform monetary incentives in motivating the sale 
of condoms on behalf of a health organization in Namibia (Ashraf et al., 
2012). Our work adds to these studies by directly manipulating observ-
ability, allowing a comparison with monetary incentives while avoiding 
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other potential confounds present in previous experiments. We also 
test specific hypotheses generated by indirect reciprocity theory regard-
ing when observability will and will not increase cooperation. Taken 
together, this body of work provides clear evidence that reputational 
incentives can be a powerful force for increasing cooperation in the 
field. Our paper in particular adds to efforts aimed at promoting energy 
conservation via nonfinancial incentives, such as providing people infor-
mation about their own energy use and how it compares with the energy 
use of their neighbors (Minosi et al., 2003; Thompson, 2007; Ayres et al., 
2009; Costa and Kahn, 2010).

A question arising from our study is the extent to which our sub-
jects were conscious of their indirect reciprocity motives. One possibility 
is that they explicitly considered the reputational costs of not participat-
ing in the observable public goods treatment. Alternatively, they may 
have learned or evolved sensitivity to subtle cues that subconsciously 
increased their desire to participate when their decisions were observable, 
as has been shown in other settings (Haley and Fessler, 2005; Bateson 
et al., 2006; Burnham and Hare, 2007; Ernest-Jones et al., 2011). Perhaps the 
degree of “warm glow” they feel is sensitive to the degree of observability 
in their environment and the likelihood of interacting with observers 
in the future. Subsequent studies should further investigate this issue.

A related issue is the universality of reputation concerns. Observabil-
ity can promote cooperation, but only in populations where the proper 
social norms are in place. For example, in a laboratory experiment in 
the United States, making public goods contributions observable by link-
ing the PGG to a set of pairwise Prisoner’s Dilemma games led to high 
contributions (Rand et al., 2009). However, when the same experiment 
was run using students in Romania, no such positive effects were 
observed because the Romanians did not sanction bad behavior in the 
PGG (Ellingsen et al., 2012). Similarly, providing feedback on how one’s 
energy use compares with one’s neighbors had reduced consumption 
among American liberals but may have had the opposite effect among 
conservatives (Costa and Kahn, 2010). Studying the interaction between 
norms and institutional policies is an important direction for future 
research.

In our experiment, the observability mechanism was designed so 
that participation was automatically displayed to all: because sign-up 
sheets were posted in public areas, no special effort was required by 
individuals to spread reputational information. Most indirect reciprocity 
models, however, rely on individuals communicating information about 
the observed actions of others (Nowak and Sigmund, 2005). Fortunately, 
we are more than happy to talk about how others have behaved: gos-
sip is a central element of human communication (Dunbar et al., 1997; 
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Sommerfeld et al., 2007). However, why did we come to have this predi-
lection for gossiping about the previous behavior of others? Why spend 
time and effort on evaluating others, and why give honest evaluations 
of competitors? Indirect reciprocity itself offers a potential answer: 
providing honest information or not is another game of cooperation and 
defection, which is also linked to reputation. Your reputation can be 
damaged not just by defection in the primary public goods game, but 
also by the distribution of incomplete or false information. Another 
important question involves large-scale reputation systems such as 
those used by the online market eBay (Resnick et al., 2006) or the business 
rating website Yelp (Luca, 2011): to what extent does our intrinsic desire to 
gossip extend to these more distributed settings? Why do people bother 
to leave evaluations, and how can secondary reputation systems be 
designed to encourage honest feedback? Exploring these issues is an 
important direction for further study.

Indirect reciprocity offers a powerful tool for promoting coopera-
tion in contexts of great societal importance. Here, we offer quantitative 
evidence for one example: curbing electricity use during periods of 
high demand. However, this is just one of many such opportunities 
(Rand and Nowak, 2009; Lacetera and Macis, 2010; Ashraf et al., 2012; 
Karlan and McConnell, 2012). For example, people might be induced to 
drive more efficient cars if all vehicles bore a visible indication of fuel 
efficiency, perhaps via mandated color coding of license plates for the 
most efficient and most wasteful vehicles. Or home energy use might be 
reduced if utility companies made individuals’ power use statistics pub-
licly available. One might even apply this logic to scientific discovery: a 
measure of “scientific carbon efficiency” could be calculated by dividing 
an author’s number of citations (or h-index) by the number of miles flown 
to attend conferences. Of course, privacy is an important issue that must 
be balanced against the benefits of reputational pressure. However, 
there are also indirect reciprocity applications that do not infringe on 
the privacy rights of individuals. For example, businesses might reduce 
their environmental impact if they were required to disclose the overall 
carbon footprint of their operations. Reputational concerns might dis-
courage financial institutions from taking excessive risk because of 
changes in the price at which they have to borrow. Or government agen-
cies might reduce waste if the relevant statistics were readily accessible to 
the public. Developing interventions that harness indirect reciprocity is 
a promising direction for future public policy initiatives.
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METHODS

We administered the field experiment with the collaboration of the 
Pacific Gas and Electric Company (PG&E), a regulated utility that oper-
ates the majority of Northern California’s retail residential electricity 
market. The experiment was incorporated into a routine marketing effort 
for a demand response program called SmartAC, which is designed to 
help prevent or shorten power interruptions by curbing demand from 
central air conditioners on days with unusually high demand, or in the 
case of an unexpected plant or transmission failure. The program is 
voluntary; subjects who participate contribute to a public good by 
contributing to the stability of the electrical grid in all of California, at 
the cost of some personal inconvenience and possibly some discomfort. 
The SmartAC switch is installed free-of-charge. At the time of the pro-
gram, participants received a $25 check for signing up. The SmartAC 
program is a typical demand-side management, direct load control, or 
load shedding program.

Subjects in the field experiment were residential customers liv-
ing in homeowners associations (HOAs) and one rental complex in Santa 
Clara County. We focused on tenants of HOAs because it was necessary to 
choose residences with public spaces where sign-up sheets could be posted. 
We focused on Santa Clara County because PG&E had not marketed in this 
area before the field experiment. Furthermore, Santa Clara County is hot 
enough that customers there were likely to have air conditioners, and 
dense enough to have a sufficient number of HOAs. Finally, we restricted 
the analysis to HOAs where all residents were known to have central air 
conditioning because central air conditioning was required to participate 
in the SmartAC program.

We invited subjects to participate in the program by sliding marketing 
materials under subjects’ doors, placing them on their doorstep, or mail-
ing materials to subjects. The materials included an informational letter 
describing the program and an instruction card that directed subjects to 
sign up for the program on sign-up sheets posted next to their mailboxes 
or in another central location. We left the sign-up sheets up for 3 to 
10 days, depending on managers’ preferences, the weather, and other 
conditions. After distributing the marketing materials, we removed the 
sign-up sheets, noted subjects’ participation decisions, and provided 
the list of participants to PG&E’s contractor for processing and installa-
tion. Note that subjects were not aware that they were participating in an 
experiment. This study is therefore classified as a natural field experi-
ment (Harrison and List, 2004).

In the experiment’s main treatment, we varied observability by vary-
ing the design of the sign-up sheets on which subjects register for the 
program: some sheets were designed so that subjects’ identities were 
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easily revealed to others who observed the sign-up sheet whereas others 
were designed to conceal subjects’ identities. In the latter “anonymous’” 
design, the fields for subjects’ names and apartment numbers were omit-
ted from the sign-up sheet. Instead, subjects were identified only by their 
randomly generated personal code.

Simultaneously, we varied the design of the marketing materials 
along two dimensions. First, we varied whether the materials framed 
the decision to sign up as a contribution to a public good that would 
benefit others, or just as a new feature being offered by PG&E. Second, 
we varied whether subjects were offered a $25 incentive for signing up 
for the program.
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Music has existed in human societies since prehistory, perhaps because it 
allows expression and regulation of emotion and evokes pleasure. In this 
review, we present findings from cognitive neuroscience that bear on the 
question of how we get from perception of sound patterns to pleasurable 
responses. First, we identify some of the auditory cortical circuits that are 
responsible for encoding and storing tonal patterns and discuss evidence 
that cortical loops between auditory and frontal cortices are important 
for maintaining musical information in working memory and for the 
recognition of structural regularities in musical patterns, which then lead 
to expectancies. Second, we review evidence concerning the mesolimbic 
striatal system and its involvement in reward, motivation, and pleasure 
in other domains. Recent data indicate that this dopaminergic system 
mediates pleasure associated with music; specifically, reward value for 
music can be coded by activity levels in the nucleus accumbens, whose 
functional connectivity with auditory and frontal areas increases as a 
function of increasing musical reward. We propose that pleasure in music 
arises from interactions between cortical loops that enable predictions 
and expectancies to emerge from sound patterns and subcortical systems 
responsible for reward and valuation.
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Some 40,000 years ago, a person—a musician—picked up a vulture 
bone that had delicately and precisely incised holes along its length 
and blew upon it to play a tune. We know this thanks to recent 

remarkable archeological finds (Fig. 13.1) near the Danube, where several 
such flutes were uncovered (Conard et al., 2009). What bears reflection 
here is that, for an instrument to exist in the upper Paleolithic, music must 
have already existed in an advanced form for many thousands of years 
already; else it would have been impossible to construct something as 
technologically advanced as a flute that plays a particular scale. We may 
safely infer therefore that music is among the most ancient of human 
cognitive traits.

MUSICAL ORIGINS

Knowing that music has ancient origins is important in establishing 
it as part of our original “human mental machinery,” but it does not tell 
us why it may have developed. The answer to this question may always 
remain unknown, but for insight we may turn to Darwin. One of his most 
well-known comments about music, from The Descent of Man, is this one: 
“As neither the enjoyment nor the capacity of producing musical notes are 
faculties of the least direct use to man in reference to his ordinary habits 
of life, they must be ranked among the most mysterious with which he 
is endowed” (Darwin, 1871). Ten years later, in his autobiography, he 
reflected on and lamented his own musical anhedonia with these words: 
“if I had to live my life again, I would have made a rule to read some 
poetry and listen to some music at least once every week; for perhaps 
the parts of my brain now atrophied would thus have been kept active 
through use. The loss of these tastes is a loss of happiness, and may pos-

FIGURE 13.1 Ancient bone flute. The flute, made from the radius bone of a 
vulture, has five finger holes and a notch at the end where it was to be blown; 
fine lines are precisely incised near the finger holes, probably reflecting measure-
ments used to indicate where the finger holes were to be carved. Radiocarbon 
dating indicates it comes from the Upper Paleolithic period, more than 35,000 
years ago. Adapted from Conard et al. (2009) with permission from Macmillan 
Publishers, copyright 2009.
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sibly be injurious to the intellect, and more probably to the moral charac-
ter, by enfeebling the emotional part of our nature” (Darwin, 1887). This 
insightful remark contains a possible answer to the mystery alluded to in 
the earlier quote, for here Darwin articulates a thought that most people 
would intuitively agree with: that music can generate and enhance emo-
tions, and that its loss results in reduced happiness. He even goes so far 
as to suggest that music might serve to prevent atrophy of neural circuits 
associated with emotion, an intriguing concept.

Enhancement, communication, and regulation of emotion no doubt 
constitute powerful reasons for the existence, and possibly for the evolu-
tion, of music, a topic that others have addressed more specifically than we 
will here (Wallin et al., 2000; Hauser and McDermott, 2003; Mithen, 2005). 
Such lines of inquiry will not tell us why music might have such proper-
ties, however. Music is the most abstract of arts: its aesthetic appeal has lit-
tle to do with relating events or depicting people, places, or things, which 
are the province of the verbal and visual arts. A sequence of pitches—such 
as might have been produced by an ancient flute—concatenated in a cer-
tain way, cannot specifically denote anything, but can certainly result in 
emotions. Psychological models suggest a number of distinct mechanisms 
associated with the many different emotional responses that music can 
elicit (Juslin and Sloboda, 2001). However, in the present contribution, 
we focus specifically on a particular aspect of musically elicited affective 
response: pleasure. Because pleasure and reward are linked, and there is 
a vast literature concerning the neural basis for reward, studying musical 
pleasure gives us a set of hypotheses that serve as a framework for study-
ing what might otherwise appear as an intractable question. To under-
stand how we get from perception to pleasure, we therefore start with an 
overview of the perceptual analysis of musical sounds, and then move 
to the neurobiology of reward, before attempting a synthesis of the two.

NEUROBIOLOGY OF MUSICAL COGNITION

In thinking of how evolution may have specifically shaped the human 
auditory system, we should consider what is most characteristic of the 
way we use sound. One obvious feature that stands out is that humans 
use sound to communicate cognitive representations and internal states, 
including emotion. Both speech and music can be thought of in this way 
(Patel, 2008), and one could go so far as to say they constitute species-
specific signals. However, unlike the call systems of other species, ours 
is generative and highly recursive; that is, complex structures are cre-
ated out of a limited set of primitives in a combinatorial manner by the 
application of syntactic rules. An important property of both speech 
and music that is relevant to their innate nature is that they appear in 
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the vast majority of members of the species fairly early in development, 
following a relatively fixed sequence, and taking as their input sounds 
from the immediate environment. A neural architecture must therefore 
exist such that it allows for these capacities to emerge.

Such neural organization necessarily had to emerge from precur-
sors, and it is therefore useful to consider some of the features of nonhu-
man primate auditory cortex to identify both homologies and unique 
properties (Rauschecker and Scott, 2009; Zatorre and Schönwiesner, 
2011). Primate auditory cortex, like visual and somatosensory systems, 
can be thought of as organized in a hierarchical manner, such that core 
areas are surrounded by belt and parabelt regions within the superior por-
tion of the temporal lobe, with corresponding patterns of feedforward 
and feedback projections (Rauschecker and Scott, 2009) (Fig. 13.2); both 
the cytoarchitecture and connectivity of the different subfields support 
this organization (Kaas et al., 1999). Another organizational feature 

FIGURE 13.2 Schematic of putative functional pathways for auditory informa-
tion processing in the human brain. Pathways originating in core auditory areas 
project outward in a parallel but hierarchical fashion toward belt and parabelt 
cortices (colored areas). Subsequently, several distinct bidirectional functional 
streams may be identified: Ventrally, processing streams progress toward targets 
in superior and inferior temporal sulcus and gyrus, eventually terminating in 
the inferior frontal cortex. Dorsally, projections lead toward distinct targets in 
parietal, premotor, and dorsolateral frontal cortices. Adapted from Zatorre and 
Schönwiesner (2011). [NOTE: Figure can be viewed in color in the PDF version 
of this volume on the National Academies Press website, www.nap.edu/catalog.
php?record_id18573.]
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present across species is the distinct pathways starting in the core areas 
and proceeding in two directions: one dorsally and posteriorly toward 
parietal areas, the other ventrally and anteriorly within the temporal 
lobe (Rauschecker and Scott, 2009); both pathways have eventual targets 
in separate areas of the frontal cortices and are best thought of as bidirec-
tional. This architecture creates a series of functional loops that allow for 
integration of auditory information with other modalities; they also per-
mit interactions between auditory and motor systems related to action, 
and to planning or organization of action, and to memory systems. These 
interactions with planning and memory functions result in the ability to 
make predictions based on past events, a topic we shall return to below.

Functional loops between frontal and temporal cortices also play a 
particularly important part in working memory. Unlike visual events, 
which can often be static (a scene, an object), auditory events are by their 
very nature evanescent, leaving no traces other than those that the ner-
vous system can create. To be able to concatenate discrete auditory events 
such that meaning can be encoded or decoded thus requires a working 
memory system that can maintain information dynamically for further 
processing. Here may lie one important species difference: monkeys seem 
to have a very limited capacity to retain auditory events in working 
memory (Fritz et al., 2005; Scott et al., 2012) compared with their excellent 
visual working memory; this limitation may help explain their relative 
paucity of complex, combinatorial auditory communication ability. In 
contrast, humans have excellent ability to maintain auditory information 
as it comes in, which accounts for our ability to relate one sound to 
another that came many seconds or minutes earlier (consider a long 
spoken sentence whose meaning is not clear until the last word; or a long 
melody that only comes to a resolution at the end). Several neuroimaging 
studies have pointed to interactions between auditory cortices and infe-
rior frontal regions, especially in the right hemisphere, in the processing 
of tonal information, in part due to working memory requirements for 
tonal tasks (Zatorre et al., 1994; Gaab et al., 2003). Indeed, congenital 
amusia, or tone deafness (Ayotte et al., 2002), may be caused by a disrup-
tion of this system (Hyde et al., 2007; Loui et al., 2009a).

The organization of frequency maps, which are similarly topo-
graphic across both monkeys (Kaas and Hackett, 2000; Petkov et al., 
2006) and humans (Schönwiesner et al., 2002; Formisano et al., 2003), 
presents another relevant homology. However, a more relevant fea-
ture for our discussion is sensitivity to the perceptual quality of pitch. 
Pitch results from periodicity; such sounds have biological significance 
because in nature they are almost exclusively produced by vocal tracts of 
other animals, compared with aperiodic natural sounds (wind, water). 
The ability to track pitch would thus be a useful trait for an organism 
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to develop in navigating an acoustic environment. Neurophysiologi-
cal studies have identified pitch-sensitive neurons in marmosets that 
respond in an invariant manner to sounds that have the same pitch but 
vary in their harmonic composition (Bendor and Wang, 2005), thus allow-
ing for pitch information to be processed despite irrelevant acoustical 
variation. Several lines of evidence converge to suggest that a similar 
neural specialization for pitch may exist in the human auditory cor-
tex, in one or more regions located lateral to core areas (Zatorre, 1988; 
Patterson et al., 2002; Penagos et al., 2004).

However, in humans, pitch also serves an important information-bear-
ing function because it serves as a medium for encoding and transmitting 
information. Both speech and music make use of pitch variation; but its 
use in music seems to have some particular properties that distinguish it 
from its use in speech (Zatorre and Baum, 2012). Notably, pitch as used in 
music across many cultures tends to be organized as discrete elements, 
or scales (as opposed to in speech where pitch changes tend to be con-
tinuous), and these elements generally have fixed, specific frequency 
ratios associated with them. These properties are precisely what would 
be produced by an instrument such as our ancient flute, with its fixed 
finger holes producing discrete tones at specific pitches. Thus, music 
requires a nervous system able to encode and produce pitch variation 
with a great degree of accuracy. Substantial evidence implicates mecha-
nisms in the right cerebral hemisphere, including pitch-specialized 
cortical areas, in this fine-grained, accurate pitch mechanism both in 
perception (Zatorre et al., 2002; Hyde et al., 2008; Zatorre and Gandour, 
2008) and production (Ozdemir et al., 2006), as contrasted with the left 
auditory cortical system, which instead seems to be specialized for speech 
sounds that do not require as great accuracy in pitch tracking.

Melodies consist of combinations of individual pitches; so once sepa-
rate tones are encoded by this early cortical system, combinations of pitches 
need to be processed. Tonal melodies can be structured in terms of the scales 
that they are constructed from, and the pitch contours. Both lesion (Zatorre, 
1985; Stewart et al., 2006) and neuroimaging studies (Griffiths et al., 1998; 
Patterson et al., 2002) demonstrate that cortical areas beyond the pitch-related 
regions come into play as one goes from single sounds to patterns, and that 
these involve both the anteroventral and posterodorsal pathways, following a 
hierarchical organization. The global picture that emerges is that areas more 
distal from core and belt regions are likely involved in performing computa-
tions beyond pitch extraction, involving combinations of tonal elements, for 
example, related to analysis of musical interval size (Klein and Zatorre, 2011) 
and/or melodic contour (Lee Y-S et al., 2011). However, perhaps because 
of the feedback connectivity from distal regions back to core and belt areas, 

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


From Perception to Pleasure: Music and Its Neural Substrates / 231

there is also evidence that auditory category information may sometimes be 
encoded in a more distributed fashion (Ley et al., 2012).

The perceptual processing steps just described only allude to the mecha-
nisms involved in passively listening to a sequence of sounds. However, per-
ception of something like a melody does not proceed in a simple sequential 
manner. It also involves an active component, such that expectancies are 
generated based upon a listener’s implicit knowledge about musical rules 
that have been acquired by previous exposure to music of that culture. Thus, 
hearing a particular set of tones leads one to expect certain specific continu-
ations with greater probability than others (Krumhansl, 1990; Huron, 2006). 
This phenomenon is significant because it points to our highly adaptive ability 
to predict future events based on past regularities. There is good evidence 
that the relevant sequential contingencies are encoded based on a process 
of statistical learning (Schön and François, 2011), which emerges early in life 
for both speech and music (Saffran, 2003) and is also operative in adulthood 
(Loui et al., 2009b). This dependency on environmental exposure also means 
that different individuals will have different sets of perceptual templates to the 
extent that they have been exposed to different musical systems or cultures, 
a point we return to below.

The neural substrates associated with musical expectancies and their 
violation have been measured using electrophysiological markers. These stud-
ies show that there is sensitivity to predictions based on a variety of features 
including contour (Tervaniemi et al., 2001) and interval size (Trainor et al., 
2002), as well as harmonies (Koelsch et al., 2000; Leino et al., 2007). The local-
ization of these processes is complex and not fully deciphered, but most likely 
involves interactions between belt/parabelt auditory cortices and inferior 
frontal cortices, using the anteroventral pathway described above (Opitz et al., 
2002; Schönwiesner et al., 2007). In keeping with the concept of hierarchical 
organization, violations of more abstract features are associated with changes 
coming from frontal areas: for example, if a chord is introduced that is itself 
consonant but is unexpected in terms of the harmonic relationships estab-
lished by earlier chords, there will be a response in the inferior frontal cortex, 
typically stronger on the right side (Maess et al., 2001; Tillmann et al., 2006).

Melodies of course contain temporal patterns as well as pitch patterns. 
Cognitive science has identified some relevant hierarchical organization in 
the way rhythms are processed (Large and Palmer, 2002; Patel, 2008) such 
that there are more local and more global levels. Meter, defined as repeat-
ing accents that structure temporal events, would be a key level of global 
organization; it gains importance in our context because it can be thought of 
as providing a temporal framework for expected events. That is, in metrically 
organized music, a listener develops predictions about when to expect 
sounds to occur (a parallel to how tonality provides the listener with a struc-
ture to make predictions about what pitches to expect). Neuroimaging studies 
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have suggested that this metrical mechanism may depend on interactions 
between auditory cortices and the more dorsal pathways of the system, 
particularly with the premotor cortex and dorsolateral frontal regions 
[for a review, see Zatorre et al. (2007)], although subcortical basal ganglia 
structures also play an important role (Grahn and Rowe, 2009; Kung et al., 
2013). The interaction with motor-related areas provides a possible explana-
tion for the close link between temporal structure in music and movement. It 
is not far-fetched to suppose that the people listening to that ancient flute 
were also dancing.

The findings of these various lines of research point toward the conclu-
sion that interactions between auditory and frontal cortices along both the 
ventral and dorsal streams generate representations of structural regularities 
of music, which are essential for creating expectancies of events as they unfold 
in time. This system no doubt plays a critical role in many aspects of perception. 
In fact, similar phenomena have been described for linguistic expectancies 
(Friederici et al., 2003; Patel, 2003). However, as we shall see below, these 
same systems may also hold part of the key to understanding why music can 
induce pleasure.

A final important phenomenon in considering the role of auditory cor-
tex in complex perceptual processes is that it is also involved in imagery, 
that is, the phenomenological experience of perception in the absence of a 
stimulus. Musical imagery is a particularly salient form of this experience, 
as almost anyone can imagine a musical piece “in the mind’s ear.” Cogni-
tive psychology has shown that imaginal experiences are psychologically real 
insofar as they can be quantified, and because they share features of real 
perception, including temporal accuracy and pitch acuity (Halpern, 1988; 
Janata, 2012). Several neuroimaging studies have shown the neural reality 
of this phenomenon because, even in the absence of sound, portions of belt 
or parabelt auditory cortex are consistently recruited when people perform 
specific imagery tasks (Zatorre and Halpern, 2005; Herholz et al., 2008). 
This imagery ability is relevant here because it shows that the auditory cortex 
must contain memory traces of past perceptual events, and that these traces 
are not merely semantic in nature, but rather reflect perceptual attributes of 
the originally experienced sound. In the case of music, we may say that these 
traces, accumulated over time, can also be thought of as templates, contain-
ing information about sound patterns that recur in musical structures. One 
might also ask how this information, if it is stored in these cortical areas, is 
accessed or retrieved. Although the mechanism is far from being understood, 
it appears that the frontotemporal loops mentioned above are also relevant 
for retrieval; this conclusion is supported by evidence that functional inter-
actions between temporal and frontal cortices are enhanced during musical 
imagery (Herholz et al., 2012). Moreover, the degree of activity in this net-
work is predictive of individual differences in subjective vividness of imagery, 
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supporting a direct link between engagement of this frontotemporal system 
and ability to imagine music. This network, as we shall see, may also play an 
important role in musically mediated pleasure, and recruitment of the reward 
network, the topic to which we now turn.

NEUROBIOLOGY OF REWARD

A reward can be thought of as something that produces a hedonic 
sense of pleasure. Because this is a positive state, we tend to be reinforced 
to repeat the behavior that leads to this desirable outcome (Thorndike, 
1911). A biological substrate for reinforcement was discovered in Montreal 
over half a century ago, when Olds and Milner (1954) reported that electrical 
stimulation of a specific part of a rat’s brain caused the animal to continu-
ously return to the location where this stimulation had occurred. Subsequent 
studies demonstrated that, if rats are given a chance to stimulate these areas, 
they would forgo all other routine behaviors, such as grooming, eating, and 
sleeping (Routtenberg and Lindy, 1965; Wise, 1978). The electrical stimula-
tion was targeting pathways leading to the mesolimbic striatum, and it has now 
been widely demonstrated that dopamine release in these regions can lead to 
reinforcement of behaviors (Schultz, 2007; Leyton, 2010; Glimcher, 2011).

In the animal kingdom, the phylogenetically ancient mesolimbic 
reward system serves to reinforce biologically significant behaviors, 
such as eating (Hernandez and Hoebel, 1988), sex (Pfaus et al., 1995), or 
caring for offspring (Hansen et al., 1993). In humans, dopamine release 
and hemodynamic activity in the mesolimbic areas has also been dem-
onstrated to reinforce biologically adaptive behaviors, such as eating 
(Small et al., 2003) and behaviors related to love and sex (Aron et al., 2005; 
Komisaruk and Whipple, 2005). However, as animals become more com-
plex, additional factors become important for successful survival. For 
example, among human societies, having a certain amount of money 
can predict successful survival. Not surprisingly, obtaining money is 
highly reinforcing, and has also been demonstrated to involve the meso-
limbic striatal areas (Knutson et al., 2001). The reinforcing qualities of 
such secondary rewards suggest that humans are able to understand the 
conceptual value of an abstract item that does not contain inherent reward 
value. In line with this, many people obtain pleasure from other stimuli 
that are conceptually meaningful, with little direct relevance for survival, 
and listening to music is one example. As Darwin observed, music has 
no readily apparent functional consequence and no clear-cut adaptive 
function (Hauser and McDermott, 2003). However, listening to music is 
ubiquitous throughout human societies since at least Paleolithic times. 
How does a seemingly abstract sequence of sounds produce such potent 
and reinforcing effects?

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


234 / Robert J. Zatorre and Valorie N. Salimpoor

HOW DOES MUSIC CAUSE PLEASURE?

It is widely believed that the pleasure people experience in music is 
related to emotions induced by the music, as individuals often report 
that they listen to music to change or enhance their emotions (Juslin 
and Sloboda, 2001). To examine this link, we performed an experiment 
in which we asked listeners to select highly pleasurable music and, 
while listening to it, rate their experience of pleasure continuously as 
we assessed any changes in emotional arousal (Salimpoor et al., 2009). 
Increased sympathetic nervous system activity is implicated in “fight or 
flight” responses (Cacioppo et al., 2007) and thought to be automated; 
therefore it serves as a reliable measure of emotional arousal. We mea-
sured heart rate, respiration rate, skin conductance, body temperature, 
and blood volume pulse amplitude to track changes that correspond to 
increasing levels of self-reported pleasure. The results revealed a robust 
positive correlation between online ratings of pleasure and simultane-
ously measured increases in sympathetic nervous system activity, thus 
showing a link between objective indices of arousal and subjective feel-
ings of pleasure.

Next we turn to the mechanisms through which emotional arousal 
can become rewarding. If emotional responses to music target dopa-
minergic activity in the reinforcement circuits of the brain, there should 
be a mechanism through which these responses could be considered 
rewarding. To examine this question, our laboratory has performed two 
studies in which participants selected music that they find highly emo-
tional and pleasurable (Blood and Zatorre, 2001; Salimpoor et al., 2011). To 
have an objective measure of peak emotional arousal, people brought 
in music that gives them “chills,” which are believed to be physical 
manifestations of peak emotional responses (Panksepp, 1995; Blood and 
Zatorre, 2001; Rickard, 2004), and related to increased sympathetic 
nervous system arousal (Salimpoor et al., 2009). In the first study, we 
demonstrated that the ventral striatum and other brain regions associ-
ated with emotion were recruited as a function of increasing intensity of 
the chills response (Blood and Zatorre, 2001). This finding thus impor-
tantly identified that the mesolimbic reward system could be recruited 
by an abstract aesthetic stimulus. Several other studies have shown con-
sistent findings (Koelsch et al., 2006; Menon and Levitin, 2005); however, 
because all these studies measured hemodynamic responses, they did 
not address whether the dopaminergic system was involved. Therefore, 
we performed another study (Fig. 13.3A) with ligand-based positron 
emission tomography (PET) (Salimpoor et al., 2011), using raclopride, a 
radioligand that binds competitively with dopamine receptors. We com-
pared dopamine release in response to pleasurable vs. neutral music and 
confirmed that strong emotional responses to music lead to dopamine 
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release in the mesolimbic striatum, which can help explain why music 
is considered rewarding, and links music directly to the other, biologi-
cally rewarding stimuli outlined above.

If the pleasures associated with music are at least in part related to 
the dopaminergic systems that we share with numerous other verte-
brates, why do they seem to be uniquely a part of human behavior? Can 
animals tell the difference between ancient flutes, Mahler, and Britney 

FIGURE 13.3 Neural correlates of processing highly rewarding music. (A) Spa-
tial conjunction analysis between [11C]raclopride positron emission tomography 
and fMRI while listeners heard their selected pleasurable music revealed in-
creased hemodynamic activity in the ventral striatum (VS) during peak emotional 
moments (marked by “chills”), and the dorsal striatum (DS) preceding chills, in 
the same regions that showed dopamine release. Adapted from Salimpoor et al. 
(2011). (B) fMRI scanning showing that the best predictor of reward value of 
new music (as marked by monetary bids in an auction paradigm) was activity 
in the striatum, particularly the NAcc; the NAcc also showed increased func-
tional connectivity with the superior temporal gyri (STG) and the right infe-
rior frontal gyrus (IFG) as musical stimuli gained reward value. Adapted from 
Salimpoor et al. (2013). [NOTE: Figure can be viewed in color in the PDF version 
of this volume on the National Academies Press website, www.nap.edu/catalog.
php?record_id18573.]
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Spears? And if so, do they care? The closest phenomena to music in the 
animal kingdom are biologically significant vocalizations. However, these 
musical sounds are thought to be limited to an adaptive role toward 
territory defense and mate attraction, rather than for abstract enjoy-
ment (Catchpole and Slater, 1995; Marler, 1999). When given a choice 
between listening to music versus silence, our close evolutionary rela-
tives (tamarins and marmosets) generally prefer silence (McDermott 
and Hauser, 2007). Some animals may be capable of processing basic 
aspects of sound with relevance for music. For example, rhesus mon-
keys do demonstrate an ability to judge that two melodies are the same 
when they are transposed by one or two octaves (Wright et al., 2000). 
However, this ability is limited: the monkeys failed to perform this 
task if melodies were transposed by 0.5 or 1.5 octaves. There is also 
some evidence (Izumi, 2000; Fishman et al., 2001) that monkeys can 
distinguish between consonance and dissonance. However, they do 
not seem to consider consonant sounds more pleasurable, based on the 
finding (McDermott and Hauser, 2004) that cotton-top tamarins showed 
a clear preference for species-specific feeding chirps over distress calls, 
but no preference for consonant versus dissonant intervals. Although 
certain individuals of some species do demonstrate motor entrainment to 
externally generated rhythmic stimuli (Patel et al., 2009; Schachner et al., 
2009), there is no evidence that primates do so; moreover, such 
behaviors have been observed in interactions with humans, and not in 
natural settings. Thus, overall, there is scant evidence that other species 
possess the mental machinery to decode music in the way humans do, 
or to derive enjoyment from it.

Why do certain combinations of sounds seem aesthetically pleasant 
to humans, but not to other animals, even primates? To better under-
stand how we can obtain pleasure from musical sounds, it is important 
to realize that the mesolimbic systems do not work in isolation, and 
their influence will be largely dependent on their interaction with other 
regions of the brain. Mesolimbic striatal regions are found in many 
organisms, including early vertebrates (O’Connell and Hofmann, 2011); 
however, the anatomical connectivity of these regions with the rest of 
the brain varies across species depending on the complexity of the brain 
(Northcutt and Kaas, 1995). For example, the mesolimbic reward system 
becomes highly interconnected with the prefrontal cortices in mammals 
(Cardinal et al., 2002). Furthermore, as animals become more complex, the 
concept of reward can take on different forms. For example, we humans 
enjoy activities as diverse as attending concerts, reading fiction, visiting 
museums, or taking photographs, as well as less “high-brow” but still 
aesthetic pursuits such as decorating our vehicles, matching our ward-
robes, or planting flowers. Aesthetic rewards are often highly abstract 
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in nature and generally involve important cognitive components. In 
particular, they are highly culture dependent and therefore imply a 
critical role for learning and social influences. These features suggest that 
they may involve the “higher-order” and more complex regions of the 
brain that are more evolved in humans. Brain imaging studies of aesthetic 
reward processing lend support to this idea by demonstrating activity 
in the cerebral cortex, particularly the prefrontal cortex (Cela-Conde 
et al., 2004; Kawabata and Zeki, 2004; Vartanian and Goel, 2004), which is 
most evolved in humans (Haber and Knutson, 2010). The cerebral cortex 
contains stores of information accumulated throughout an organism’s 
existence. As such, cortical contributions to aesthetic stimulus processing 
are consistent with the idea that previous experiences may play a critical 
role the way an individual may experience certain sounds as pleasurable 
or rewarding. Although evidence exists for some basic similarities in how 
people across cultures respond to certain cues (Fritz et al., 2009), the 
rewarding nature of aesthetic stimuli is not entirely universal, differing 
significantly across cultures, and between individuals within cultures. 
These responses are related to subjective interpretation of the stimulus, 
which is likely to be related to previous experiences with a particular 
stimulus or other similar stimuli. It has been proposed that all individuals 
have a “musical lexicon” (Peretz and Coltheart, 2003), which represents 
a storage system for musical information that they have been exposed 
to throughout their lives, including information about the relationships 
between sounds and syntactic rules of music structure specific to their 
prior experiences. This storage system may contain templates that can 
be applied to incoming sound information to help the individual better 
categorize and understand what he or she is hearing. As such, each time 
a sequence of sounds is heard, several templates may be activated to fit 
the incoming auditory information. This process will inevitably lead to 
a series of predictions that may be confirmed or violated, and ultimately 
determine its reward value to the individual.

To examine the neural substrates of predictions and reward associ-
ated with music, and how these may contribute to pleasurable responses, 
in a new study, we scanned people with functional MRI (fMRI) as they 
listened to music that they had not heard before and examined the neu-
ral activity associated with the reward value of music (Salimpoor et al., 
2013). We assessed the reward value of each piece of music by giving 
individuals a chance to purchase it in an auction paradigm (Becker et al., 
1964), such that higher monetary bids served as indicators of higher 
reward value. We were interested in examining the neural activity asso-
ciated with hearing musical sequences for the first time, and examining 
the neural activity that can distinguish between musical sequences that 
become “rewarding” to an individual compared with those that they 
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do not care to hear again. The results (Fig. 13.3B) revealed that activ-
ity in the mesolimbic striatal areas, especially the nucleus accumbens 
(NAcc), was most associated with reward value of musical stimuli, as 
measured by the amount bid. The NAcc has been implicated in making 
predictions, anticipating, and reward prediction errors—that is, the 
calculated difference between what was expected and the actual out-
come (McClure et al., 2003; O’Doherty, 2004; Pessiglione et al., 2006). A 
prediction may result in a positive, zero, or negative prediction error, 
depending on the organism’s expectations and the outcome (Montague 
et al., 1996; Schultz, 1998; Sutton and Barto, 1998), and a number of stud-
ies have demonstrated that prediction errors are related to dopamine 
neurons in the midbrain (Morris et al., 2004; Bayer and Glimcher, 2005) 
and may be measured in the NAcc (O’Doherty, 2004; Pessiglione et al., 
2006). This result therefore provides evidence that temporal predictions 
play an important role in the way in which individuals obtain pleasure 
from musical stimuli. A second and perhaps more important find-
ing was that auditory cortices in the superior temporal gyrus (STG), 
which were highly and equally active during processing of all musi-
cal stimuli, showed robustly increased functional interactions with the 
NAcc during processing of musical sequences with high, compared with 
low, reward value. As discussed above, auditory cortices are the site of 
processing not only of incoming auditory information, but also of more 
abstract computations related to perception, imagery, and temporal 
prediction. Increased functional connectivity between the NAcc and 
STG as reward value increases suggests that predictions were linked 
with information contained in the STG, which we think is related 
to templates of sound information gathered through an individual’s 
prior experiences with musical sounds (likely based in part on implicit 
knowledge, such as might arise via statistical learning). This functional 
interaction between subcortical reward circuits involved in prediction 
and highly individualized regions of the cerebral cortex can explain why 
different people like different music, and how this may be a function of 
their previous experiences with musical sounds. Moreover, consistent 
with the studies reviewed above linking the STG with the inferior frontal 
cortex and implicating this region with hierarchical expectations during 
music processing, we found increased connectivity also of frontal cor-
tex with the NAcc during highly rewarding music processing. These 
corticostriatal interactions exemplify the cognitive nature of rewarding 
responses to music and help to explain why the complexities of the 
highly evolved human brain allow for the experience of pleasure to an 
abstract sequence of sound patterns.

In the experiment described, we used new music to rule out veridi-
cal expectations (Bharucha, 1994), or explicit expectations of how musical 
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passages may unfold based on familiarity with the musical selections. 
However, explicit expectations can also lead to activity in the mesolim-
bic striatal regions. In the earlier study (Salimpoor et al., 2011), we found 
activity in the dorsal striatum (caudate nucleus) during the period 
immediately preceding the chills, that is, during a phase of anticipa-
tion (Fig. 13.3A). Indeed, this dorsal component of the mesolimbic 
striatum has previously been associated with anticipation (Boileau 
et al., 2006). The dorsal striatum has intricate anatomical connections 
with various parts of the prefrontal cortex (Monchi et al., 2006; Postuma 
and Dagher, 2006). The frontal lobes, particularly the prefrontal corti-
ces, are involved in executive functions, such as temporal maintenance 
of information in working memory and relating information back to 
earlier events, temporal sequencing, planning ahead, creating expecta-
tions, anticipating outcomes, and planning actions to obtain rewards 
(Stuss and Knight, 2002; Petrides and Pandya, 2004). These cognitive 
processes are highly significant during musical processing, and it would 
be consistent that striatal circuits would provide a mechanism for 
the temporal nuances that give rise to feelings of anticipation and 
craving. Therefore, it is likely that the cerebral cortex and striatum 
work together to make predictions about potentially rewarding future 
events and assess the outcome of these predictions. Additional support 
implicating the caudate in anticipation comes from other studies that 
implicate the dorsal striatum in anticipating desirable stimuli, when 
the behavior is habitual and expected (Boileau et al., 2006; Belin and 
Everitt, 2008). In this way, the signals that predict the onset of a desirable 
event can become reinforcing per se. In the case of music, this prediction may 
include sound sequences that signal the onset of the highly desirable part 
of the music. Previously neutral stimuli may thus become conditioned to 
serve as cues signaling the onset of the rewarding sequence. Frontal cortices 
(Tillmann et al., 2003; Koelsch et al., 2008), and their interactions with the 
basal ganglia (Seger et al., 2013), have also been implicated in processing 
syntactically unexpected events during music, suggesting that they might be 
involved in keeping track of temporal unfolding of sound patterns and their 
structural relationships, further supporting the role of striatal connectivity 
with the most evolved regions of the human brain during music processing. 
It is important to note that the NAcc has also been demonstrated to play a 
role in anticipation with other types of stimuli, such as monetary rewards 
(Knutson and Cooper, 2005). The functional roles of these structures are 
therefore not simply attributable to any one dimension, but are dynamically 
altered as a function of a variety of factors, not all of which have yet been 
identified.

The NAcc played an important role with both familiar and novel music. 
In the case of familiar music, hemodynamic activity in the NAcc was associated 
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with increasing pleasure, and maximally expressed during the experience of 
chills, which represent the peak emotional response; these were the same 
regions that showed dopamine release. The NAcc is tightly connected with 
subcortical limbic areas of the brain, implicated in processing, detecting, 
and expressing emotions, including the amygdala and hippocampus. It is 
also connected to the hypothalamus, insula, and anterior cingulate cortex 
(Haber and Knutson, 2010), all of which are implicated in controlling the 
autonomic nervous system, and may be responsible for the psychophysi-
ological phenomena associated with listening to music and emotional 
arousal. Finally, the NAcc is tightly integrated with cortical areas implicated 
in “high-level” processing of emotions that integrate information from vari-
ous sources, including the orbital and ventromedial frontal lobe. These areas 
are largely implicated in assigning and maintaining reward value to stimuli 
(O’Doherty, 2004; Chib et al., 2009) and may be critical in evaluating the 
significance of abstract stimuli that we consider pleasurable.

PUTTING IT ALL TOGETHER

The studies we have reviewed begin to point the way to a neurobiological 
understanding of how patterns of otherwise meaningless sounds can result 
in highly rewarding, pleasurable experiences. The key concepts revolve 
around the idea of temporal expectancies, their associated predictions, and the 
reward value generated by these predictions. As we have seen, auditory cor-
tical regions contain specializations for analysis and encoding of elementary 
sound attributes that are found in music, particularly pitch values and dura-
tions. These elements are processed in a hierarchical manner within audi-
tory areas to represent patterns of sounds as opposed to individual sounds. 
The interactions between auditory areas and frontal cortices via the ventral 
and dorsal routes are critical in allowing working memory to knit together 
the separate sounds into more abstract representations, and in turn, in gen-
erating tonal and temporal expectancies based on structural regularities 
found in music. These expectancies are rooted in templates derived from 
an individual’s history of listening, which are likely stored in auditory cortices.

The reward system, phylogenetically old, may be most parsimoniously 
explained as a mechanism to promote certain adaptive behaviors, with 
dopaminergic circuits playing a critical role in establishing salience and 
reward value of relevant stimuli and the sensations generated by them. 
An important part of this system seems to be devoted to reward prediction; 
as indicated above, fulfillment of prediction leads to dopamine release in 
the striatum, with a greater response associated with better-than-expected 
reward. The findings of enhanced functional interactions between the audi-
tory cortices, valuation-related cortices, and the striatum as a function of 
how much a new piece of music is liked provide a link between these two 
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major lines of research. We suggest that the interactions that we observed 
represent greater informational cross-talk between the systems responsible 
for pattern analysis and prediction (cortical) with the systems responsible 
for assigning reward value itself (subcortical). Thus, the highly evolved cor-
tical system is able to decode tonal or rhythmic relationships, at both local 
and more global levels of organization, that are found in music, such that 
it can generate expectations about upcoming events based on past events. 
However, the emotional arousal associated with these predictions, we think, 
is generated by the interactions with the striatal dopaminergic system. This 
framework, and others like it (Kringelbach and Vuust, 2009), could also be 
thought of more broadly as applicable to other types of aesthetic rewards: for 
example, some authors have suggested that visual aesthetic experiences may 
arise from interactions across cortical regions involved in perception and 
memory (Biederman and Vessel, 2006); also, Cela-Conde et al., Chapter 16, 
this volume, emphasize synchronization across cortical fields as important 
for visual aesthetics.

Our ability to enjoy music can perhaps now be seen as a little less mysteri-
ous than Darwin thought, when viewed as the outcome of our human mental 
machinery, both its phylogenetically ancient, survival-oriented circuits and its 
more recently evolved cortical loops that allow us to represent information, 
imagine outcomes, make predictions, and act upon our stored knowledge. We 
have little doubt that the ancient musicians, armed with the same machinery 
as us, and able to coax patterns of tones from a vulture bone, experienced and 
communicated pleasure, beauty, and wonder, just as much as we do today.

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


243

Survival depends on successfully foraging for food, for which evolution 
has selected diverse behaviors in different species. Humans forage not 
only for food, but also for information. We decide where to look over 
170,000 times per day, approximately three times per wakeful second. 
The frequency of these saccadic eye movements belies the complexity 
underlying each individual choice. Experience factors into the choice of 
where to look and can be invoked to rapidly redirect gaze in a context- 
and task-appropriate manner. However, remarkably little is known about 
how individuals learn to direct their gaze given the current context and 
task. We designed a task in which participants search a novel scene for 
a target whose location was drawn stochastically on each trial from a 
fixed prior distribution. The target was invisible on a blank screen, and 
the participants were rewarded when they fixated the hidden target loca-
tion. In just a few trials, participants rapidly found the hidden targets 
by looking near previously rewarded locations and avoiding previously 
unrewarded locations. Learning trajectories were well characterized by a 
simple reinforcement-learning (RL) model that maintained and continu-
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ally updated a reward map of locations. The RL model made further pre-
dictions concerning sensitivity to recent experience that were confirmed 
by the data. The asymptotic performance of both the participants and the 
RL model approached optimal performance characterized by an ideal-
observer theory. These two complementary levels of explanation show 
how experience in a novel environment drives visual search in humans 
and may extend to other forms of search such as animal foraging. 

The influence of evolution can be seen in foraging behaviors, which 
have been studied in behavioral ecology. Economic models of for-
aging assume that decisions are made to maximize payoff and 

minimize energy expenditure. For example, a bee setting off in search of 
flowers that are in bloom may travel kilometers to find food sources. Seek-
ing information about an environment is an important part of foraging. 
Bees need to identify objects at a distance that are associated with food 
sources. Humans are also experts at searching for items in the world, and 
in learning how to find them. This study explores the problem of how 
humans learn where to look in the context of animal foraging.

Our daily activities depend on successful search strategies for finding 
objects in our environment. Visual search is ubiquitous in routine tasks: 
finding one’s car in a parking lot, house keys on a cluttered desk, or the 
button you wish to click on a computer interface. When searching common 
scene contexts for a target object, individuals rapidly glean information 
about where targets are typically located (Potter, 1975; Itti and Koch, 2000; 
Neider and Zelinsky, 2006; Oliva and Torralba, 2006; Torralba et al., 2006; 
Rayner et al., 2009; Castelhano and Heaven, 2010, 2011; Võ and Hender-
son, 2010). This ability to use the “gist” of an image (Oliva and Torralba, 
2006; Torralba et al., 2006) enables individuals to perform flexibly and 
efficiently in familiar environments. Add to that the predictable sequence 
of eye movements that occurs when someone is engaged in a manual task 
(Hayhoe and Ballard, 2005) and it becomes clear that despite the large 
body of research on how image salience guides gaze (Itti and Koch, 2000; 
Parkhurst and Niebur, 2003), learned spatial associations are perhaps just 
as important for effectively engaging our visual environment (Chun and 
Jiang, 1998; Hayhoe and Ballard, 2005; Tatler and Vincent, 2009). Sur-
prisingly, however, little research has been directed to how individuals 
learn to direct gaze in a context- and task-appropriate manner in novel 
environments. 

Research relevant to learning where to look comes from the literature 
on eye movements, rewards, and their expected value. Like all motor 
behavior, saccades are influenced by reward, occurring at shorter latency 
for more valued targets (Milstein and Dorris, 2007). In fact, finding some-
thing you seek may be intrinsically rewarding (Xu-Wilson et al., 2009). 
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Refining the well-known canonical “main sequence” relationship between 
saccade amplitude and velocity, the value of a saccade target can alter 
details of the motor plan executed, either speeding or slowing the saccade 
itself depending upon the value of that target for the subject (Shadmehr, 
2010; Shadmehr et al., 2010). This result is especially interesting in light 
of the research indicating that the low-level stimulus features, which have 
an expected distribution of attracting fixations (Reinagel and Zador, 1999), 
are different (Tatler et al., 2006) and perhaps also differently valuable (Açık 
et al., 2010) depending on their distance from the current fixation location. 
Taken together these results underscore the complex interplay of external 
and internal information in guiding eye movement choice.

Two early foundational studies from Buswell (1935) and Yarbus (1967) 
foreshadowed modern concepts of a priority or salience map by showing 
that some portions of an image are fixated with greater likelihood than 
others. Both researchers also provided early evidence that this priority 
map effectively changes depending on the type of information sought. 
Yarbus observed that the patterns of gaze that followed different scene-
based questions or tasks given to the observer were quite distinct, sug-
gesting that the observer knew where to find information in the scene 
to answer the question and looked specifically to areas containing that 
information when it was needed. Henderson and coworkers (Castelhano 
et al., 2009) have replicated this result for the different tasks of visual 
search and image memorization. However, Wolfe and coworkers (Greene 
et al., 2012), using a slightly different question and task paradigm, failed 
to find evidence that saccade patterns were predictive of specific mental 
states. Regardless of specific replications of Yarbus’s demonstration, it is 
clear that scene gist—context-specific information about where objects are 
typically found—emerges very quickly and guides target search of a scene 
with a known context (Torralba et al., 2006). For example, when shown a 
street scene, an observer would immediately know where to look for street 
signs, cars, and pedestrians (Fig. 14.1A).

Castelhano and Heaven (2011) have also shown that in addition to 
scene gist itself, learned spatial associations guide eye movements during 
search. Subjects use these learned associations as well as other context-
based experience, such as stimulus probability, and past rewards and 
penalties (Geng and Behrmann, 2005; Stritzke and Trommershäuser, 2007; 
Schütz et al., 2012) to hone the aim of a saccadic eye movement. A recent 
review and commentary from Wolfe et al. (2011) explores the notion of 
“semantic” guidance in complex, naturalistic scenes as providing knowl-
edge of the probability of finding a known object in a particular part of 
a scene. This perspective relates work on scene gist together with more 
classic visual search tasks, offering a framework for considering how indi-
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FIGURE 14.1 Visible and hidden search tasks. (A) An experienced pedestrian 
has prior knowledge of where to look for signs, cars, and sidewalks in this street 
scene. (B) Ducks foraging in a large expanse of grass. (C) A representation of the 
screen is superimposed with the hidden target distribution that is learned over the 
session as well as sample eye traces from three trials for participant M. The first 
fixation of each trial is marked with a black circle. The final and rewarded fixation 
is marked by a shaded grayscale circle. (D) The region of the screen sampled with 
fixation shrinks from the entire screen on early trials (light gray circles; 87 fixations 
over the first five trials) to a region that approximates the size and position of the 
Gaussian-integer distributed target locations (squares, shading proportional to the 
probability as given in A) on later trials (dark gray circles; 85 fixations from trials 
32–39). Fixation position data are from participant M. 

viduals might use past experience to direct gaze in both real-world scenes 
as well as in the contrived scenarios of our laboratories. 

Quite distinct from the literature on visual search is the literature on 
another sort of search that is commonly required of animals and people: 
foraging. Foraging agents seek food, which is often hidden in the envi-
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ronment in which they search (Fig. 14.1B). The search for hidden food 
rewards changes not only with the position of the reward, but also with 
the size of the distribution of rewards (Charnov, 1976). Other work has cast 
foraging behavior in terms of optimal search (Bénichou et al., 2005). What 
distinguishes foraging from visual search tasks is that visual search tasks 
have visible cues that drive search, in addition to contextual information 
that specifies probable target location. To make visual search more like 
foraging, we can strip the visible cues from visual search. A visual search 
task devoid of visual cues would allow us to determine whether there are 
underlying commonalities between these two types of search and whether 
general principles of search might emerge from such an investigation.

The importance of searching for hidden and even invisible targets is 
underscored by human participants engaged in large-scale exploration 
approximating animal foraging (Gilchrist et al., 2001; Smith et al., 2005). 
In one such paradigm (Smith et al., 2005), children were told to explore a 
room with a floor composed of box-like floor tiles, one of which contained 
a reward item. Interestingly, children explored the environment differently 
when they were instructed to search with their nondominant hand than 
with their dominant hand. Specifically, more “revisits” were necessary in 
the nondominant hand condition. This result suggests that learning and 
motor effort factor into performance on tasks that might seem to be auto-
matic, which suggests methods for modeling foraging-like behavior. The 
additional motor effort that would be required to reduce metabolically 
expensive revisits in a foraging scenario seemed to have engaged memory 
systems to a greater degree than what is typically observed in traditional 
“visual” search tasks.

The reinforcement-learning (RL) framework has become widely 
accepted for modeling performance in tasks involving a series of move-
ments leading to reward (Sutton, 1988; Montague and Sejnowski, 1994). 
In addition, for organisms across many levels of complexity, RL has been 
shown to be an appropriate framework to consider adaptive behavior in 
complex and changing environments (Niv et al., 2002; Lee et al., 2012). 
Here we describe performance in our task in terms of an RL perspective. 
Participants’ learning trajectories were well characterized by a simple RL 
model that maintained and continually updated a reward map of loca-
tions. The RL model made further predictions concerning sensitivity to 
recent experience that were confirmed by the data. The asymptotic per-
formance of both the participants and the RL model approached optimal 
performance characterized by an ideal-observer theory assuming perfect 
knowledge of the static target distribution and independently chosen fixa-
tions. These two complementary levels of explanation show how experi-
ence in a novel environment drives visual search in humans.
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RESULTS

Humans Rapidly Learn to Find Hidden Targets

In visual search, previous experiments failed to isolate completely the 
visual appearance of a target from the learned location of the reward; in 
all cases a visual indication of a target, or a memory of a moments-ago 
visible target (Stritzke and Trommershäuser, 2007) and its surroundings, 
were available to guide the movement. To understand how participants 
learn where to look in a novel scene or context where no relationship exists 
between visual targets and associated rewards or penalties, we designed a 
search task in which participants were rewarded for finding a hidden tar-
get, similar to the scenario encountered by a foraging animal (Fig. 14.1C).

Participants repeatedly searched a single unfamiliar scene (context) 
for a target. However, to study the role of task knowledge in guiding 
search apart from the visual cues ordinarily used to identify a target, the 
target was rendered invisible. The participants’ task was to explore the 
screen with their gaze and find a hidden target location that would sound 
a reward tone when fixated. Unbeknownst to each participant, the hidden 
target position varied from trial to trial and was drawn from a Gaussian 
distribution with a centroid and spread (target mean and SD, respectively) 
that was held constant throughout a session (Fig. 14.1C).

At the start of a session, participants had no prior knowledge to 
inform their search; their initial search was effectively “blind.” As the 
session proceeded participants accumulated information from gaining 
reward or not at fixation points and improved their success rate by devel-
oping an expectation for the distribution of hidden targets and using it to 
guide future search (Fig. 14.1D). 

After remarkably few trials, participants gathered enough informa-
tion about the target distribution to direct gaze efficiently near the actual 
target distribution, as illustrated by one participant’s data in Fig. 14.1C 
and D. We observed a similar pattern of learning for all participants: 
Early fixations were broadly scattered throughout the search screen; after 
approximately a dozen trials, fixations narrowed to the region with high 
target probability.

A characterization of this effect for all participants is shown in 
Fig. 14.2A. The average distance from the centroid of the target distribu-
tion to individual fixations in a trial drops precipitously over roughly the 
first dozen trials. Fig. 14.2A shows this distance for all participants in the 2° 
target spread condition. The asymptotic distance from centroid increased 
monotonically with the target spread (Table 14.1). 

A measure of search spread is the SD of the set of fixations in a trial. 
The search spread was initially broad and narrowed as the session pro-
gressed, as shown in Fig. 14.2B for all participants in the 2° target-spread 

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


Learning Where to Look for a Hidden Target / 249

condition. The asymptotic search spread monotonically increased with the 
target-spread condition (Table 14.1). These data suggest that participants 
estimated the spread of the hidden target distribution and adjusted their 
search spread accordingly. Also, the median number of fixations that par-
ticipants made to find the target (on target-found trials) decreased rapidly 
within a session to reach an asymptote (Fig. 14.2C).

Humans Approach Ideal-Observer Performance

We now consider the behavior of participants once performance had 
stabilized. Taking trials 31–60 to reflect asymptotic behavior, we examined 
the efficiency of human search in comparison with a theoretical optimum. 
An ideal observer was derived for the Hidden Target Search Task assum-
ing that fixations are independent of one another and that the target dis-
tribution is known, and the expected number of trials is minimized. The 
dashed lines in Fig. 14.2 mark ideal-observer performance. Ideal search 
performance requires a distribution of planned fixation “guesses” that 
is √2 broader than the target distribution itself (Snider, 2011). As seen in 
Fig. 14.2B and C, the performance of participants hovered around this 
ideal search distribution after about a dozen trials.

Subjects showed a ~1° bias toward the center of the screen relative to 
the target distribution, but the calculation of the ideal behavior assumed 
subjects searched symmetrically around the center of the target distribu-
tion. Although the addition of the bias makes the math untenable analyti-
cally, a simulated searcher approximated the expected number of saccades 
required to find a target with a systematic 1° bias (Fig. 14.3). There was 
essentially no change in the predicted number of saccades or the search 
spread (location of the minimum in Fig. 14.3), except for the case of the 
0.75° target distribution, where the optimum shifted from a search spread 
of 0.56° to 0.85°. Intuitively, the effect of bias was small because the bias 
was less than the 2° target radius. Nonetheless, at a 95 percent confidence 
level across the three target distributions, the number of steps, search 
spread, and step size all qualitatively and quantitatively match the predic-
tions assuming the number of saccades was minimized.

Reinforcement-Learning Model Matches Human Learning

In addition to the ideal-observer theory, which characterizes the 
asymptotic efficiency of human search, we developed a complementary, 
mechanistic account that captured the learning, individual differences, 
and dynamics of human behavior. RL theory, motivated by animal learn-
ing and behavioral experiments (Yu and Cohen, 2008), suggests a simple 
and intuitive model that constructs a value function mapping locations in 
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FIGURE 14.2 Learning curves for hidden-target search task. (A) The distance be-
tween the mean of the fixation cluster for each trial to the target centroid, averaged 
across participants, is shown in dark and light gray and indicates the result of 200 
simulations of the reinforcement-learning model for each participant’s param-
eters. The SEM is given for both. The ideal-observer prediction is indicated by the 
black dotted line. (B) The SD of the eye position distributions or “search spread” is 
shown for the average of all participants (dark gray) and the RL model (light gray) 
with SEM. The dashed line is the ideal-observer theoretical optimum in each case, 
assuming perfect knowledge of the target distribution. (C) The median number of 
fixations made to find the target on each trial is shown (dark gray) along with the 
RL model prediction (light gray) of fixation number. The SEM is shown for both.

TABLE 14.1 Performance at Asymptote of Learning for Participants, the Ideal-Observer 
Theory, and a Reinforcement-Learning Model

Target Spread Condition, 
deg

Mean Distance from Target 
Centroid to Fixations on 
Trials 31–60, deg

Search Spread on  
Trials 31–60, deg

Participant data
0.75 1.97 1.14
2.00 4.08 2.80
2.75 4.39 3.70

Ideal-observer theory
0.75 0.70 0.56
2.00 3.36 2.68
2.75 4.74 3.78

Reinforcement-learning 
model

0.75 3.21 1.56
2.00 4.46 2.61
2.75 6.07 4.29

NOTE: Data, theory, and model statistics for the mean fixation distance and search 
spread for 0.75-, 2.0-, and 2.75-degree target distribution conditions.
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space to expected reward. The value function is updated after each fixa-
tion based on whether or not the target is found and is used for selecting 
saccade destinations that are likely to be rewarded.

We augmented this intuitive model with two additional assumptions: 
First, each time a saccade is made to a location, the feedback obtained gen-
eralized to nearby spatial locations; second, we incorporated a proximity 
bias that favored shorter saccades. A preference for shorter saccades was 
present in the data and has been noted by other researchers (Yarbus, 1967; 
Sutton and Barto, 1998), some of whom have shown that it can override 

FIGURE 14.3 Optimal search model. Theoretical number of search steps to find 
the target for target distributions of size 0.75° (light gray, filled), 2° (dark gray, 
open), and 2.75° (black) was estimated by simulation (circles with mean and SEs 
from 100,000 trials per point) and from the theoretical calculation (solid lines). 
The simulation included the observed 1° bias seen in the subjects, but the theory 
lines did not. Solid boxes indicate the observed values for the subjects (mean and 
SE). With the added bias, the minimum moved slightly to the right but was only 
significant for the 0.75° target distribution. The cost in terms of extra saccades for 
nonoptimal search spreads (away from the minimum) was higher for the larger 
target distributions, and the comparatively shallow rise for search spreads above 
optimal meant that if subjects were to err, then they should tend toward larger 
spreads. Indeed, the tendency for larger spreads was evident as subjects started 
with large spreads and decreased toward the minimum (Fig. 14.2). The extra steps 
that subjects took to find the target for the 2.75° distribution (Upper Right) was 
consistent with the tendency toward small saccades even though they were quite 
close to the correct minimum: The largest saccades may have been broken up into 
multiple short saccades. 
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knowledge that participants have about the expected location of a target 
(Rayner, 1998). Incorporating a proximity bias into the model changed the 
nature of the task because the choice of the next fixation became depen-
dent on the current fixation. Consequently, participants must plan fixation 
sequences instead of choosing independent fixations.

We modeled the task using temporal difference methods (Sutton, 
1988), which are particularly appropriate for Markovian tasks in which 
sequences of actions lead to reward (Reinforcement Learning Model gives 
details). The model’s free parameters were fitted to each subject’s sequence 
of fixations for each of the first 20 trials. Given these parameters, the model 
was then run in generative mode from a de novo state to simulate the 
subject performing the task.

Fig. 14.2 shows the mean performance of the model side by side with 
the mean human performance. The model also predicted an asymptotic 
search spread that increased with the target spread (Table 14.1), consis-
tent with the participants’ aggregate performance. Similar to the human 
performance observed in Fig. 14.2A, the RL model approaches, but does 
not reach, the theoretical asymptote. Like the human participants, the RL 
model is responsive to nonstationarity in the distribution, whereas the 
ideal-observer theory assumes that the distribution is static. In addition, 
the model accounted for individual differences (Reinforcement Learning 
Model). There are several reasons why the observed consistency between 
participants and simulations may be more than an existence proof and 
could provide insight into the biological mechanisms of learning (Araujo 
et al., 2001). The RL model itself had emergent dynamics that were reflected 
in the human behavior (Fig. 14.4 and sequential effects discussed below). 
Also the criterion used to train the model was the likelihood of a specific 
fixation sequence. A wide range of statistical measures quite distinct from 
the training criterion was used to compare human and model perfor-
mance: mean distance from target centroid, SD of the distribution of eye 
movements, and the median number of fixations (Fig. 14.2). Finally, only 
the first 20 trials were used to train the model, but all of the comparisons 
shown in Table 14.1 were obtained from trials 31–60.

Fig. 14.2 suggests that participants acquire the target distribution in 
roughly a dozen trials and then their performance is static. However, in the 
RL model the value function is adjusted after each fixation, unabated over 
time. A signature of this ongoing adjustment is a sequential dependency 
across trials—specifically, a dependency between one trial’s final fixation 
and the next trial’s initial fixation. Dependencies were indeed observed in 
the data throughout a session (Fig. 14.4A), as predicted by the model (Fig. 
14.4B) and explained some of the trial-to-trial variability in performance 
(Fig. 14.2 and Reinforcement Learning Model). Participants were biased to 
start the next trial’s search near found target locations from recent trials. 
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FIGURE 14.4 Sequential effects in the human data and predictions of the RL 
model. (A) For each subject, we plot the mean sequential intertrial distance (the 
distance between the final fixation on trial n and the first fixation on trial n + 1 
when trial n yields a reward) versus the permuted intertrial distance (the distance 
between the final fixation on a trial and the first fixation of another randomly 
drawn trial). Each circle denotes a subject, and the circle shade indicates the target-
spread condition (black, σ = 0.75; medium gray, σ = 2.00; light gray, σ = 2.75). Con-
sistent with the model prediction (B), the sequential intertrial distance is reliably 
shorter than permuted intertrial distance, as indicated by the points lying above 
the diagonal. All intertrial distances are larger in the model, reflecting a greater 
degree of exploration than in the participants, but this mismatch is orthogonal to 
the sequential effects. (C) The effect of previous trials on search in the current trial 
is plotted as a function of the number of trials back. An exponential fit to the data 
is shown in light gray. 
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The influence of previous trials decreases exponentially; the previous two, 
or possibly three, trials influenced the current trial’s saccade choice (Fig. 
14.4C). This exponential damping of previous trials’ influence is approxi-
mated by the memoryless case (Snider, 2011), allowing both the RL model 
and ideal planner to coexist asymptotically. 

Bimodal Distribution of Saccade Lengths

Our motivation in designing the hidden target search task was to link 
the visual search and foraging literatures. Performance in our task had 
features analogous to those found in the larger context of animal foraging 
(Fig. 14.5). Although individual trials look like Lévy flights—a mixture 

FIGURE 14.5 Length distributions of saccades in the hidden target task. A turn-
ing-point algorithm applied to raw eye movement data yields a distribution of 
step sizes for all participants (Reinforcement Learning Model gives details). Very 
small “fixational” eye movements compose the left side of the plot and large 
larger saccadic jumps on the right for three different sizes of target distribution. 
The points and lines (Loess fits with 95 percent confidence interval shading) for 
each search distribution size all share a similar shape, particularly a bend at step 
sizes approaching 1° of visual angle.

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


256 / Leanne Chukoskie et al.

of fixation and sporadic large excursions that are known to be optimal in 
some cases of foraging behavior (Schultz et al., 1997; Humphries et al., 
2010; James et al., 2011)—the length distribution of all straight-line seg-
ments is not Lévy-like, but separates into two distinct length scales like 
the intermittent search popularized by Bénichou et al. (2005). The shorter 
length scale, fixations less than about 1°, corresponds to a local power-law 
search with a very steep exponent, making it a classic random walk that 
densely samples the local space. That local search is combined with the 
larger, but rarer, saccades represented by the peaked hump at step sizes 
larger than 1°. These are the distinct choices from the planned distribu-
tion described already (i.e., the guess distribution or value function). The 
distinctive knee shape in Fig. 14.5 is similar to that found in other demand-
ing visual search tasks (Snider, 2011), as well as intermittent foraging by 
a wide range of animals (Bénichou et al., 2005; Humphries et al., 2010). 

DISCUSSION

Human search performance can be put into the more general context 
of animal foraging, which has close connections with RL models (Niv 
et al., 2002) and optimal search theory (Charnov, 1976). The hidden target 
search task introduced here has allowed us to separate the influence of 
external cues from internal prior information for seeking rewards in a 
novel environment (Viswanathan et al., 1999). In our hidden target search 
task, participants explored a novel environment and quickly learned to 
align their fixations with the region of space over which invisible targets 
were probabilistically distributed. After about a dozen trials, the fixation 
statistics came close to matching those obtained by an ideal-observer 
theory. This near-match allowed us to cast human performance as optimal 
memory-free search with perfect knowledge of the target distribution. 
As a complement to the ideal-observer theory that addresses asymptotic 
performance, we developed a mechanistic account of trial-to-trial learn-
ing from reinforcement. Our RL model characterized the time course of 
learning, attained an asymptote near ideal-observer performance, and tied 
the problem of visual search to a broader theory of motivated learning.

Natural Environments

The ideal-observer and reinforcement-learning frameworks provide 
the foundation for a broader theoretical perspective on saccade choice dur-
ing natural vision, in which people learn to search in varied contexts for 
visible targets, where visual features of the scene are clearly essential. In 
a Bayesian framework, the subjects in our task learned the prior distribu-
tion of the hidden targets. In a natural environment, the prior distribution 
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would be combined with visual information to determine the posterior 
distribution, from which saccadic targets are generated.

Naturalistic environments are nonstationary. For example, an animal 
foraging for food may exhaust the supply in one neighborhood and have 
to move on to another. A searcher must be sensitive to such changes in 
the environment. Sequential dependencies (Fig. 14.4) are a signature of 
this sensitivity (Fecteau and Munoz, 2003; Wilder et al., 2011; Adams 
et al., 2012): Recent targets influence subsequent behavior, even after 
the searcher has seemingly learned the target distribution, as reflected 
in asymptotic performance. Sequential dependencies were predicted by 
the RL model, which generated behavior remarkably close to that of the 
participants as a group, and also captured individual idiosyncrasies (Rein-
forcement Learning Model). Sensitivity to nonstationary environments can 
explain why our participants and the RL model attained an asymptotic 
search distribution somewhat further from the target centroid than is 
predicted by an ideal-observer theory premised on stationarity.

One of the most impressive feats of animal foraging is matching behav-
ior. Herrnstein’s matching law (Herrnstein, 1961) describes how foraging 
animals tend to respond in proportion to the expected value of different 
patches. Matching behavior has been studied in multiple species from 
honey bees to humans (Bradshaw et al., 1976; Greggers and Mauelshagen, 
1997; Lau and Glimcher, 2005; Gallistel et al., 2007). However, many of 
these laboratory studies effectively remove the spatial element of forag-
ing from the task by looking at different intervals of reinforcement on 
two levers or buttons; in this setting, animals quickly detect changes in 
reinforcement intervals (Mark and Gallistel, 1994) and the motor effort in 
switching between spatial patches has been examined (Baum, 1982). In 
nature, foraging is spatially extended, and the hidden-target search para-
digm could serve as an effective environment for examining an explicitly 
spatial foraging task in the context of matching behavior. For example, a 
version of our hidden-target search paradigm with a bimodal distribution 
could explore changeover behavior and motor effort by varying the sizes 
of the two distributions and distance between them (Baum, 1982).

Neural Basis of Search

The neurobiology of eye movement behavior offers an alternative 
perspective on the similarities of visual search behavior and foraging. The 
question of where to look next has been explored neurophysiologically, 
and cells in several regions of the macaque brain seem to carry signatures 
of task components required for successful visual search. The lateral inter-
parietal (LIP) area and the superior colliculus (SC) are two brain regions 
that contain a priority map representing locations of relevant stimuli that 
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could serve as the target of the next saccade. Recordings in macaque area 
LIP and the SC have shown that this priority map integrates information 
from both external (“bottom-up”) and internal (“top-down”) signals in 
visual search tasks (Fecteau and Munoz, 2006; Bisley and Goldberg, 2010).

Recently, Bisley and coworkers (Mirpour et al., 2009) have used a 
foraging-like visual search task to show that area LIP cells differentiated 
between targets and distracters and kept a running estimate of likely sac-
cade goal payoffs. Area LIP neurons integrate information from different 
foraging-relevant modalities to encode the value associated with a move-
ment to a particular target (Platt and Glimcher, 1999; Klein et al., 2008). 
The neural mechanisms serving patch stay-leave foraging decisions have 
recently been characterized in a simplified visual choice task (Hayden 
et al., 2011), providing a scheme for investigations of precisely how prior 
information and other task demands mix with visual information avail-
able in the scene. Subthreshold microstimulation in area LIP (Mirpour 
et al., 2010) or the SC (Carello and Krauzlis, 2004) also biases the selec-
tion saccades toward the target in the stimulated field. Taken together, 
these results suggest that area LIP and the SC might be neural substrates 
mediating the map of likely next saccade locations in our task, akin to the 
value map in our RL model.

We asked how subjects learn to choose valuable targets in a novel 
environment. Recent neurophysiological experiments in the basal ganglia 
provide some suggestions on how prior information is encoded for use 
in choosing the most valuable saccade target in a complex environment 
(Nakahara and Hikosaka, 2012). Hikosaka and coworkers (Yasuda et al., 
2012) have identified signals related to recently learned, and still labile, 
value information for saccade targets in the head of the caudate nucleus 
and more stable value information in the tail of the caudate and substantia 
nigra, pars reticulata. Because the cells carrying this stable value informa-
tion seem to project preferentially to the SC, these signals are well placed 
to influence saccade choices through a fast and evolutionarily conserved 
circuit for controlling orienting behavior. These results provide a neu-
rophysiological basis for understanding how experience is learned and 
consolidated in the service of the saccades we make to gather information 
about our environment about three times each second.

CONCLUSIONS

In our eye-movement search task, subjects learned to choose saccade 
goals based on prior experience of reward that is divorced from specific 
visual features in a novel scene. The resulting search performance was 
well described by an RL model similar to that used previously to examine 
both foraging animal behavior and neuronal firing of dopaminergic cells. 
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In addition, the search performance approached the theoretical optimum 
for performance on this task. By characterizing how prior experience 
guides eye movement choice in novel contexts and integrating it with 
both model and theory, we have created a framework for considering 
how prior experience guides saccade choice during natural vision. The 
primate oculomotor system has been well studied, which will make it 
possible to uncover the neural mechanisms underlying the learning and 
performance of the hidden-target task, which may be shared with other 
search behaviors.

METHODS

We defined a spatial region of an image as salient by associating it 
with reward to examine how participants used their prior experience of 
finding targets to direct future saccades. We took advantage of the fact 
that the goal of saccadic eye movements is to obtain information about the 
world and asked human participants to “conduct an eye movement search 
to find a rewarded target location as quickly as possible.” Participants 
were also told that they would learn more about the rewarded targets 
as the session progressed and that they should try to find the rewarded 
target location as quickly as possible. The rewarded targets had no visual 
representation on the screen and were thus invisible to the subject. The 
display screen was the same on each trial within a session and provided 
no information about the target location. The location and the spread of 
the rewarded target distribution were varied with each session. 

Each trial began with a central fixation cross on a neutral gray screen 
with mean luminance of 36.1 cd/m2 (Fig. 14.1). The search screen spanned 
the central 25.6° of the subject’s view while seated with his or her head 
immobilized by a bite bar.

Participants initiated each trial with a button press indicating that 
they were fixating the central cross. The same neutral gray screen served 
as the search screen after 300 ms of fixation of the cross. Once the fixa-
tion cross disappeared, participants had 20 seconds to find the rewarded 
location for that trial before the fixation screen returned. On each trial 
an invisible target was drawn from a predefined distribution of possible 
targets. The shape of the distribution was Gaussian with the center at an 
integer number of degrees from the fixation region (usually ±6° in x and 
y) and spread held fixed over each experimental session. The targets only 
occurred at integer values of the Gaussian. The probability associated 
with a rewarded target location varied between 4 percent and 0.1 percent 
and was given by the spread of the distribution (0.75°, 2°, and 2.75° SD). 
When a subject’s gaze landed within 2° of the target in both the x and y 
directions, a reward tone marked the successful end of the trial. For the 
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target to be “found,” fixation (monitored in real time as detailed below) 
needed to remain steady within the target window for at least 50 ms. This 
duration ensured that the target was never found simply by sweeping 
through during a saccade. If at the end of 20 seconds the target was not 
found, the trial ended with no tone and a fixation cross appeared indicat-
ing the beginning of a new trial. 

Trial timing and data collection were managed by the TEMPO soft-
ware system (Reflective Computing) and interfaced with the stimulus 
display using an extension of the Psychophysics Toolbox (Brainard, 1997) 
running under MATLAB (MathWorks). Eye movement data were obtained 
using a video-based eye tracker (ISCAN), sampled at 240 Hz for humans. 
Eye data were calibrated by having the participants look at stimuli at 
known locations. Eye movements were analyzed offline in MATLAB. We 
detected saccades and blinks by using a conservative velocity threshold 
(40°/s with a 5-ms shoulder after each saccade) after differentiating the 
eye position signals. Periods of steady fixation during each trial were then 
marked and extracted for further analyses. Eye positions off of the search 
screen were discounted from analysis. Visual inspection of individual tri-
als confirmed that the marked periods of fixation were indeed free from 
saccades or blinks.

Turning Points

In addition to saccades identified by speed criteria, the eye tracking 
data were processed to estimate the step-size distribution of all eye move-
ments, even within a fixation. To that end, blinks were first removed by 
removing samples off the screen. Next, we considered the data points three 
at a time, xt−1, xt, and xt+1, where x are the 2D data points and t indexes 
the time samples, to construct two segments of the eye track a = xt−1 − xt 
and b = xt − xt+1. We then tested whether the cosine of the angle between 
these two was greater or less than 0.95. If the cosine was greater than 0.95, 
then the center point, xt, was marked as a “turning” point. In addition, 
some of the large steps slowly curved and this introduced extraneous 
points (i.e., dividing a long step into two short steps). To overcome this 
problem, we took advantage of the fact that two long steps almost never 
occur one after the other without a dense fixation region in between, and 
any point with no neighbors within 0.5° was assumed to be extraneous 
and was removed. This resulted in points at which the eye made a sig-
nificant deviation from ballistic motion and was used to generate the step 
size distributions in Fig. 14.5.
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On average, we urban dwellers spend about 90 percent of our time 
indoors, and share the intuition that the physical features of the places 
we live and work in influence how we feel and act. However, there is 
surprisingly little research on how architecture impacts behavior, much 
less on how it influences brain function. To begin closing this gap, we 
conducted a functional magnetic resonance imaging study to examine 
how systematic variation in contour impacts aesthetic judgments and 
approach-avoidance decisions, outcome measures of interest to both 
architects and users of spaces alike. As predicted, participants were more 
likely to judge spaces as beautiful if they were curvilinear than if they 
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were rectilinear. Neuroanatomically, when contemplating beauty, curvi-
linear contour activated the anterior cingulate cortex exclusively, a region 
strongly responsive to the reward properties and emotional salience of 
objects. Complementing this finding, pleasantness—the valence dimen-
sion of the affect circumplex—accounted for nearly 60 percent of the 
variance in beauty ratings. Furthermore, activation in a distributed brain 
network known to underlie the aesthetic evaluation of different types 
of visual stimuli covaried with beauty ratings. In contrast, contour did 
not affect approach-avoidance decisions, although curvilinear spaces 
activated the visual cortex. The results suggest that the well-established 
effect of contour on aesthetic preference can be extended to architecture. 
Furthermore, the combination of our behavioral and neural evidence 
underscores the role of emotion in our preference for curvilinear objects 
in this domain.

On average, Americans spend approximately 90 percent of their 
time indoors (Klepeis et al., 2001), and there is evidence to suggest 
that a similar pattern exists worldwide (Ott, 1989). Coupled with 

our intuition that the physical features of the built environments in which 
we live and work influence our psychological states, one would expect to 
find a large empirical literature linking variations in physical features of 
architecture to psychological states. However, despite some evidence sup-
porting the impact of specific physical architectural features (e.g., building 
facades and height) on perceptions and preferences (Stamps, 1999; Lindal 
and Hartig, 2013), there is surprisingly little systematic research on this 
relationship. One reason for this gap in research could be methodologi-
cal. Arguably, built environments in their common form do not reduce to 
a few easily manipulated variables in a laboratory. This limitation partly 
explains the heavy emphasis on case studies in architecture (Jones and 
Canniffe, 2007). However, some architects might also be skeptical about 
the extent to which empirical data gathered by behavioral scientists can be 
used to optimize the planning, designing, and building of spaces (Weber, 
2012). This study represents an attempt to overcome these methodologi-
cal and principal/philosophical constraints by establishing an empirically 
driven dialogue between architecture and psychology via neuroscience.

Specifically, we argue that neuroscientific data have an important role 
to play in bridging the conceptual gap between architecture and psychol-
ogy by elucidating some of the underlying mechanisms that explain how 
systematic variations in architectural features lead to behavioral out-
comes. This argument is bolstered by current knowledge about the neural 
underpinnings of basic mental processes that underlie our responses to 
architecture, including visual perception, spatial navigation, and memory 
(Sternberg and Wilson, 2006). Thus, coupled with a burgeoning literature 

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


Aesthetic Judgments and Approach-Avoidance Decisions in Architecture / 265

on neuroaesthetics—the field devoted to the study of neural systems 
that underlie aesthetic judgments and preference formations (Skov and 
Vartanian, 2009; Chatterjee, 2011)—there exists the tantalizing possibility 
that our intuitions about how we feel and act in built environments can be 
linked to systematic variations in physical features of those environments. 
In turn, such evidence could be used to optimize the design of spaces, and 
possibly improve health (Goldstein, 2006).

Because this must be considered an exploratory study, an important 
objective was narrowing the potentially very large number of physical 
features that could be manipulated within the context of architecture 
down to a manageable set. For the purposes of the present study, our key 
variable of interest was the contour of architectural spaces. We selected 
contour because historically architects have consistently considered it to 
be an important physical feature in planning, designing, and building 
spaces (Le Corbusier, 1948). Furthermore, the selection of contour was 
empirically motivated because a number of previous studies have demon-
strated that it affects aesthetic judgments. Specifically, early psychological 
investigations going back almost 100 years examined the effect of contour 
on feelings (Lundholm, 1921; Poffenberger and Barrows, 1924; Hevner, 
1935). In the spirit of early empiricists, experimenters manipulated con-
tour using simple stimuli, such as lines or abstract displays composed of 
curves or angles. The results of these early studies, confirmed later using 
typography (Kastl and Child, 1968), converged to show that curvilinear 
forms are experienced as softer and more pleasant, whereas angular forms 
are experienced as harder and more serious.

Modern researchers have extended the focus of those early studies 
to also include preferences. The results have demonstrated consistently 
that people typically prefer curvilinear to rectilinear objects, be they geo-
metric forms, household objects, furniture, or car interiors (Leder and 
Carbon, 2005; Bar and Neta, 2006; Dazkir and Read, 2012), and that this 
effect persists even when controlling for symmetry, prototypicality, and 
balance (Silvia and Barona, 2009). Furthermore, much like the earlier 
studies, contemporary studies have shown that curvature elicits pleasant 
emotions (Leder and Carbon, 2005; Dazkir and Read, 2012). This finding 
is important because it suggests that the impact of contour on judgment 
in the form of greater preference for curvilinear objects might be driven 
by an affective response to curvature. Interestingly, a similar conclusion 
was drawn over a century ago by the psychologist Kate Gordon, who 
stated that “curves are in general felt to be more beautiful than straight 
lines. They are more graceful and pliable, and avoid the harshness of some 
straight lines” (Gordon, 1909). Note in Gordon’s definition not only the 
observation of a preference for curvilinear forms, but also their grounding 
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in feelings. We aimed to measure this affective response in architecture 
using both behavioral and neural methods.

In terms of behavior, we focused on aesthetic judgments and approach-
avoidance decisions, the selection of which was based on two reasons. 
First, both outcomes are of interest to architects and users of spaces alike. 
Second, from an evolutionary perspective, there is reason to believe that 
the environmental signals that give rise to aesthetic judgments might be 
borne out of those that regulate biologically more fundamental behav-
iors, such as approach-avoidance decisions. This idea is based on what 
the geologist Jay Appleton called “habitat theory,” according to which 
the aesthetic satisfaction one derives from contemplating a natural land-
scape is proportional to the extent to which its physical features signal 
environmental conditions favorable or unfavorable to survival (Appleton, 
1975/1996). Similar ideas have been voiced elsewhere (Nasar, 1988; Sagan 
and Druyan, 1992; Kellert and Wilson, 1993), grounded in the argument 
that our relationship with our natural environment is influenced by our 
evolutionary history. As Appleton said eloquently, “Habitat theory pos-
tulates that aesthetic pleasure in landscape derives from the observer 
experiencing an environment favorable to the satisfaction of his biologi-
cal needs.” He further added that, “The point at which we always seem 
to run against a brick wall is in understanding more precisely how the 
actual ingredients of landscape operate on the aesthetic sense” (Appleton, 
1975/1996).

Essentially, in habitat theory not only do we see a clear link between 
aesthetic judgments and assessments that are more fundamental to sur-
vival, but also a mechanism that describes this relationship.

Extending Appleton’s landscape-based theory to built environments, 
the architect Grant Hildebrand has proposed that an analogous argument 
can be put forth regarding our relationships with constructed spaces 
(Hildebrand, 1999). Specifically, Hildebrand has argued that given our 
relatively recent shift to built environments, it is likely that features that 
evolved to regulate our relationships with our natural habitats continue to 
exert their influence on our interactions with constructed spaces (Kaplan, 
1987, 1992). This theory suggests that in the context of constructed spaces 
one can explore the degree of overlap between observers’ behavioral and 
neural responses when asked to make aesthetic judgments and approach-
avoidance decisions. Furthermore, we believe that contour might be one 
of the “actual ingredients” (Appleton, 1975/1996) that operates on our 
aesthetic sense and decisions to approach certain built environments and 
to avoid others.

Aside from contour, we also introduced ceiling height and openness 
as two control variables into our design. We opted to explicitly control for 
them within each level of contour because some evidence exists that they 
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can influence cognition and emotion in the context of architecture (Franz 
et al., 2005; Meyers-Levy and Zhu, 2007). These aspects were not entered 
as independent variables of focal interest in the present study because 
previous empirical evidence linking them specifically to our two outcome 
measures is absent or limited.

Our study consisted of presenting participants in a functional MRI 
(fMRI) scanner with photographs of interior spaces that varied in contour 
(Fig. 15.1). The study was presented in two runs, administered counterbal-
anced across participants. In the beauty-judgment run, participants were 
instructed to respond “beautiful” or “not beautiful” upon viewing each 
stimulus. In the approach-avoidance run, participants were instructed to 
respond “enter” or “exit” upon viewing each stimulus, to indicate whether 
this was a space they would like to enter or leave. We hypothesized 
that spaces with curvilinear contours would more likely elicit “beauti-
ful” judgments in the beauty judgment run and “enter” decisions in the 
approach-avoidance run, than spaces with rectilinear contours. This result 
would extend earlier findings regarding preferences for curved objects to 
the domain of architecture, and determine the extent to which aesthetic 
judgments and approach decisions (as a function of contour) are corre-
lated. In addition, following the completion of fMRI scans, we collected 
“beauty” and “pleasantness” ratings for all stimuli, enabling us to conduct 
parametric analyses to further probe the link between brain activation and 
aesthetic assessment.

FIGURE 15.1 Examples of stimuli used in the study. The focal aim of the study 
involved a comparison of contour (i.e., curvilinear vs. rectilinear spaces), although 
we also controlled for ceiling height (high, low) and openness (open, enclosed) 
within our two conditions of interest (Methods).
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At a neurobiological level, we made dissociable predictions for beauty 
judgments and approach-avoidance decisions. Regarding the former, a 
large body of literature in neuroaesthetics has demonstrated that aesthetic 
judgments activate a distributed neural network (Nadal et al., 2008), 
including the brain’s reward and affective circuitry (Kawabata and Zeki, 
2004; Vartanian and Goel, 2004; Ishai, 2007; Chatterjee et al., 2009; Di Dio 
and Gallese, 2009; Ishizu and Zeki, 2011). Indeed, based on the results of 
the largest meta-analysis of neuroimaging studies of aesthetic appraisal 
to date, S. Brown et al. (2011) defined a “core circuit for aesthetic pro-
cessing.” Not unlike what has been proposed for the experience of core 
affect in emotion (Barrett and Wager, 2006; Barrett et al., 2007), this cir-
cuit includes four structures: orbitofrontal cortex (OFC), basal ganglia, 
anterior insula, and cingulate cortex. Each structure has a specific role: 
OFC’s role in reward processing is well established (Kringelbach, 2005). 
Here, the role underlies the perception of the sensory and reward-based 
qualities of objects. The anterior insula represents bodily responses in the 
form of inputs from the interoceptive cortex. The anterior cingulate cortex 
(ACC), given its strong resting state connectivity with both the OFC and 
the anterior insula, is proposed to underlie emotional salience monitor-
ing (Taylor et al., 2009). Finally, basal ganglia’s role involves processing 
hedonic information (Berridge and Kringelbach, 2008). Because previous 
behavioral studies have demonstrated that curvature elicits pleasant emo-
tions (Leder and Carbon, 2005; Dazkir and Read, 2012), we hypothesized 
that compared with viewing rectilinear spaces, viewing curvilinear spaces 
would activate structures coextensive with the brain’s reward and emo-
tions networks, with specific interest in the regions highlighted in Brown 
et al.’s meta-analysis of aesthetic appraisal. In turn, we hypothesized that 
the reverse contrast (i.e., rectilinear-curvilinear) would activate the amyg-
dala. This specific prediction was derived from an earlier fMRI study in 
which it was shown that viewing rectilinear everyday objects activated 
the amygdala, suggesting that sharpness might serve as an early warning 
signal for potential danger (Bar and Neta, 2007).

Regarding approach-avoidance decisions, two distinct bodies of evi-
dence informed our predictions. First, the neural systems for approach-
avoidance motivations have been shown to be lateralized: approach moti-
vations are lateralized predominantly to the left hemisphere, whereas 
avoidance emotions are lateralized predominantly to the right hemisphere 
(Murphy et al., 2003; Rutherford and Lindell, 2011). Furthermore, electri-
cal stimulation of different regions of the brain can unconditionally elicit 
approach and avoidance behavior (Olds and Fobes, 1981; Shizgal, 1997; 
Panksepp, 1998; Knutson and Greer, 2008). For example, electrical stimu-
lation of brain regions that receive projections from midbrain dopamine 
neurons—including the nucleus accumbens as well as mesial prefron-
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tal cortex—elicits approach behavior. In turn, electrical stimulation of 
the anterior insula and basolateral amygdala elicits avoidance behavior. 
Aside from this evidence on the motivational bases of approach-avoidance 
behavior, contemplating approach or avoidance might also activate brain 
regions implicated in motor imagery or planning of voluntary motor 
movement, as the person considers entering or exiting the space (Decety, 
1996; Crammond, 1997; Deiber et al., 1998; Grush, 2004; Hanakawa et al., 
2008). We therefore hypothesized that compared with viewing rectilinear 
spaces, viewing curvilinear spaces would activate networks associated 
with approach motivation or regions implicated in motor imagery or 
execution. In addition, we hypothesized that the reverse contrast (i.e., 
rectilinear-curvilinear) would activate networks associated with avoid-
ance motivation.

RESULTS

Behavioral

We analyzed the effect of contour on beauty judgments and approach-
avoidance decisions made by participants during the scanning session 
separately. A Wilcoxon Signed Ranks Test demonstrated that contour 
had a significant effect on beauty judgments, Z = -2.13, P < 0.05. Specifi-
cally, participants were more likely to judge spaces as beautiful if they 
had curvilinear rather than rectilinear contours (Fig. 15.2). In contrast, 
contour had no effect on approach-avoidance decisions, Z = -1.27, P = 
0.21 (Fig. 15.2).

Following the completion of fMRI scanning, participants were pre-
sented with all of the stimuli that they had viewed in the scanner 
once again, and asked to rate each stimulus on pleasantness (using a 
five-point scale with anchors “very unpleasant” and “very pleasant”) and 
on beauty (using a five-point scale with anchors “very ugly” and “very 
beautiful”). Specifically for the stimuli that had been presented in the 
beauty judgment run, pleasantness ratings (collected outside of the scan-
ner) predicted beauty ratings (collected outside of the scanner), b = 0.73, 
P < 0.001 (Fig. 15.3). In fact, pleasantness ratings accounted for 58 per-
cent of the observed variance in beauty ratings. We then ran a binary 
logistic regression where we regressed beauty judgments obtained inside 
the scanner (i.e., “beautiful” or “not beautiful”) onto pleasantness 
ratings collected outside of the scanner. Pleasantness was once again a 
significant predictor of beauty judgment, b = -1.30, P < 0.001. Finally, 
because we obtained pleasantness ratings for all stimuli (and not just 
those that were presented in the beauty judgment run), we also ran a 
binary logistic regression where we regressed approach-avoidance deci-
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FIGURE 15.2 Effect of curvilinear and rectilinear spaces on beauty judgments 
and approach-avoidance decisions. The y axis represents the sum of responses.

sions obtained inside the scanner (i.e., “enter” or “exit”) onto pleasantness 
ratings collected outside of the scanner. Pleasantness was a significant 
predictor of approach-avoidance decisions, b = –1.13, P < 0.001. 

Although we had no a priori prediction about response latency, we 
nevertheless explored the effect of contour on reaction time involving 
beauty judgments and approach-avoidance decisions. We conducted this 
analysis because when rating facial attractiveness, people tend to view 
more attractive faces for longer periods of time (Quinsey et al., 1996; 
Shimojo et al., 2003). Our results demonstrated that participants viewed 
spaces that they opted to “enter” for longer periods compared with 
spaces that they opted to “exit,” t(17) = 2.60, P < 0.05 (Fig. 15.4). In con-
trast, there was no difference in reaction time related to judging a space 
as “beautiful” or “not beautiful,” t(17) = -0.84, P = 0.41. In addition, 
contour had no effect on reaction time in the context of beauty judgments 
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FIGURE 15.3 Pleasantness ratings predict beauty ratings. The y axis represents 
the sum of responses.

FIGURE 15.4 Effect of choice on response latency for beauty judgments and 
approach-avoidance decisions.
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[t(17) = -0.72, P = 0.48] or approach-avoidance decisions [t(17) = 1.29, 
P = 0.21].

Neural

To analyze the fMRI data, we contrasted conditions of interest cor-
responding to each level of contour by assigning values of 1 and -1 
to the regressors of interest, and 0 to all other regressors (Methods). For 
the beauty judgment run, the contrast of curvilinear-rectilinear spaces 
revealed significant activation in ACC exclusively (Z = 3.54, x = -6, y = 42, 
z = -6, k = 11) (Fig. 15.5). The reverse contrast did not reveal any significant 
area of activation. To further explore the role of reward and emotion 
in beauty judgment, we conducted two sets of parametric analyses to 
investigate the covariation of brain activations in relation to (i) beauty 
ratings and (ii) pleasantness ratings (both collected outside of the scan-
ner, see above). The first set of analyses involved first-order polynomial 
expansions exploring linear relationships. The results demonstrated that 
activation in a distributed network including the frontopolar cortex, supe-
rior frontal gyrus, globus pallidus, precuneus, parahippocampus, and the 
middle occipital gyrus covaried in relation to beauty ratings (Table 15.1). 
In addition, activation in precuneus, middle frontal gyrus, and ACC 
covaried in relation to pleasantness ratings (Table 15.1). In our second set 

FIGURE 15.5 Curvilinear spaces activate the anterior cingulate cortex in beauty 
judgments. SPM rendered into standard stereotactic space and superimposed on 
to sagittal MRI in standard space. Bar represents magnitude of t-score.[NOTE: 
Figure can be viewed in color in the PDF version of this volume on the National 
Academies Press website, www.nap.edu/catalog.php?record_id18573.]
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of analyses we explored second-order polynomial expansions but failed 
to find any evidence for nonlinear relationships between brain activations 
and beauty or pleasantness ratings.

For the approach-avoidance run, the contrast of curvilinear-rec-
tilinear contours revealed significant activation in a single cluster 
(k = 340) in the visual cortex that included left lingual gyrus (Z = 3.83, 
x = -20, y = -94, z = 8), as well as two regions within the right calcarine 
(Z = 3.71, x = 2, y = -76, z = -4 and Z = 3.65, x  =  10 ,  y  = -74, z = -2) 
(Fig. 15.6).

Finally, to test Appleton’s theory, we conducted a conjunction analy-
sis involving the “beautiful–not beautiful” contrast and the “enter-exit” 
contrast (Methods). In other words, we examined whether judging a 
space as beautiful activates the same neural system as deciding to enter 
a space. This conjunction analysis did not reveal any area of significant 
activation.

DISCUSSION

Our results demonstrated that participants were more likely to 
judge curvilinear than rectilinear spaces as beautiful (Fig. 15.2). In addi-
tion, this effect is likely driven by pleasantness, the valence dimension of 

FIGURE 15.6 Curvilinear spaces activate the lingual gyrus and calcarine in ap-
proach-avoidance decisions. SPM rendered into standard stereotactic space and 
superimposed on to transverse MRI in standard space. Bar represents magni-
tude of t-score.[NOTE: Figure can be viewed in color in the PDF version of 
this volume on the National Academies Press website, www.nap.edu/catalog.
php?record_id18573.]
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the affect circumplex (Russell, 2003) (Fig. 15.4). These results are consis-
tent with evidence from previous studies establishing a preference 
for curved objects ranging from simple lines to furniture and car interiors 
(Gordon, 1909; Lundholm, 1921; Poffenberger and Barrows, 1924; Hevner, 
1935; Kastl and Child, 1968; Leder and Carbon, 2005; Bar and Neta, 2006; 
Silvia and Barona, 2009; Dazkir and Read, 2012) and the grounding of 
that preference in affect (Leder and Carbon, 2005; Dazkir and Read, 2012), 
and extend them to the domain of architecture. Neuroanatomically, our 
results demonstrated that judging the beauty of curvilinear spaces was 
associated exclusively with an increase in ACC activity over and above 
judging the beauty of rectilinear spaces (Fig. 15.5). As discussed earlier, 
ACC is part of S. Brown et al.’s (2011) core circuit for aesthetic process-
ing, and its activation here is consistent with the wealth of behavioral data 
that point to the involvement of emotion and reward in preference 
for curved objects. Lesion and neuroimaging studies have demon-
strated the contribution of ACC to reward and emotional processing 
(Kringelbach and Rolls, 2004; Liu et al., 2011), as have recent functional 
connectivity studies based on neuroanatomical parcellation, confirming 
its role in affective processing (Yu et al., 2011). Along with its rich intercon-
nections with the adjacent OFC (Kringelbach and Rolls, 2004), the ACC 
is hypothesized to form a functional network underlying sensory con-
sumatory behavior (Van Hoesen et al., 1993). In combination, our results 
suggest that judgment of beauty for curvilinear spaces is underpinned by 
emotion and reward, consistent with the role that emotion is known 
to play in aesthetic experience (Leder et al., 2004).

Interestingly, contrary to expectation, we did not observe activation 
in the amygdala for the reverse contrast (i.e., rectilinear-curvilinear). This 
finding suggests that in architecture, sharp contour might not serve as 
an early warning signal for potential danger as it might elsewhere, an 
observation that would be consistent with the amygdala’s well-estab-
lished role in fear conditioning (LeDoux, 1998; Phelps, 2006). However, 
a closer examination of the context within which our data were col-
lected and our analytic method might provide additional explanations 
for the lack of activation observed in the amygdala. In terms of the 
former, our daily experiences provide us with ample exposure to recti-
linear spaces. Arguably, through conditioning, sharp contours might 
have lost their value as signals for threat within built environments, for 
example through mere exposure (Marks and Dar, 2000). Recently, Leder 
et al. (2011) provided support for the role of context in moderating the 
effect of contour on preference. Specifically, the authors used positive 
(e.g., cake, chocolate) and negative (e.g., snake, bomb) stimuli to exam-
ine if emotional valence modulates preferences for curved objects. The 
authors found a preference for curved objects if the context was positive, 
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but not if it was negative. A cross-cultural approach would appear to 
provide one avenue by which the role of past experience as a modera-
tor of amygdala activation in response to architectural stimuli could 
be investigated.

From a methodological perspective, amygdala activation in response 
to rectilinear stimuli (Bar and Neta, 2007) has been observed with very 
brief presentation times (85 ms). In contrast, our participants viewed 
each stimulus for 3,000 ms. It is possible that a longer exposure dura-
tion might have triggered additional cognitive processing that served to 
depress the initial, rapid response in the amygdala frequently observed 
in relation to fearful stimuli (LeDoux, 1998). In addition, there is also 
evidence to suggest that the amygdala exhibits a nonlinear response 
profile in relation to facial beauty by responding maximally to extremely 
attractive and unattractive faces, and relatively less so to faces of aver-
age attractiveness (Winston et al., 2007). Insofar as judgment of beauty 
tracks variations in contour, this finding would suggest that activation 
in the amygdala could be maximal in relation to maximally curvilinear 
and maximally rectilinear spaces, although our data do not allow us 
to examine activation in the amygdala in response to gradations of 
contour. Future studies in which degree-of-curvature is manipulated 
systematically could certainly address this possibility.

In addition to the above categorical contrasts involving beauty judg-
ment, we also conducted two parametric analyses involving beauty and 
pleasantness ratings collected outside of the scanner. The results dem-
onstrated that in the beauty judgment run, brain activation within two 
distributed networks covaried linearly with beauty and pleasantness rat-
ings (Table 15.1). Importantly, the activation pattern in relation to beauty 
ratings consisted of structures known to contribute to aesthetic assess-
ments of visual objects. For example, the frontopolar (BA 10) region has 
been shown to be activated when subjects are instructed to judge the 
beauty of geometric patterns (Jacobsen et al., 2006), consistent with its 
more general role in evaluative judgments involving one’s thoughts and 
feelings (Zysset et al., 2002; Christoff et al., 2003). In addition, activations 
in the parahippocampus, middle occipital gyrus, precuneus, and supe-
rior frontal gyrus have been observed in previous studies involving 
aesthetic assessments of paintings, sculptures, and scenes (Vartanian and 
Goel, 2004; Di Dio et al., 2007; Yue et al., 2007; Fairhall and Ishai, 2008; 
Vessel et al., 2012). Interestingly, the structures activated in relation to 
pleasantness, including the middle frontal gyrus, precuneus, and ACC, 
have also been shown to be activated for aesthetic assessments of paint-
ings (Vartanian and Goel, 2004; Vessel et al., 2012). The results from the 
parametric analyses of beauty and pleasantness ratings suggest that in 
the context of judging beauty in architecture these two variables activate 
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largely dissociable aspects of the same common network that underlies 
aesthetic assessment of visual stimuli.

In contrast to its effect on beauty judgments, contour had no effect 
on approach-avoidance decisions (Fig. 15.2). There could be a number 
of reasons for this result. First, the risk associated with judging a space 
as beautiful is less than the risk associated with the decision to enter 
that space, however hypothetical. It is therefore possible that the com-
putation underlying approach and avoidance decisions is weighted 
differently as a function of this hypothetical risk than judgments of 
beauty. Consistent with this interpretation, whereas a decision to enter 
a space was associated with significantly higher response latency than 
a decision to exit a space, there was no difference in reaction time as a 
function of response in the beauty judgment condition (Fig. 15.4).

Second, it is also possible that our design might have lacked the 
degree of fidelity necessary to simulate approach-avoidance decisions 
that determine behavioral choices in real-life settings. As such, the 
task would not have fully engaged the decision maker, resulting in a 
null effect for contour. Methodologically, we opted to use a binary 
response format for both beauty judgments and approach-avoidance 
decisions to make comparisons between the two runs possible. As 
a consequence, our design could not incorporate tasks that, when 
used in isolation, would appear more ecologically valid for investigating 
approach-avoidance behavior, such as a visual navigation task.

Finally, the observed behavioral dissociation between beauty judg-
ment and approach-avoidance decisions could also reflect a differ-
ence between the impact of contour on “liking” versus “wanting,” well 
established in the neuroscience of reward (Berridge, 1995). In other words, 
contour may have a genuinely stronger effect on like or dislike for curvi-
linear spaces than it has on a desire to actually enter or exit these spaces. 
However, this observed dissociation must be interpreted with some care 
in light of previous evidence suggesting that in the context of architecture, 
there may in fact be a close correlation between aesthetic judgments and 
approach decisions. Specifically, Ritterfeld and Cupchik (1996) instructed 
their participants to rate photographs of interior spaces on semantic, 
structural, and connotative dimensions. Their results demonstrated 
that a willingness to live in a space was determined most strongly by 
the beauty rating assigned to that space. Also note that in the present 
study, pleasantness ratings predicted not only beauty judgments but also 
approach decisions. Taken together, our results suggest that although 
contour affected aesthetic judgments and approach-avoidance decisions 
differently, the two outcome measures might nevertheless be influenced 
by some of the same underlying mechanisms.
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When participants made approach-avoidance decisions, the curvi-
linear-rectilinear contrast activated the visual cortex (Fig. 15.6). We did 
not observe the predicted activations in areas known to be involved 
in planning voluntary motor movement. Also notable is the bilateral 
activation observed in the visual cortex. Indeed, 59 percent of all deci-
sions made in the approach run involved decisions to “exit” spaces 
(P < 0.001, Binomial Test) (Fig. 15.2), based on which one would predict 
relatively greater involvement of the right hemisphere as a reflection 
of avoidance motivation (Rutherford and Lindell, 2011; Murphy et al., 
2003). As alluded to above, the observed pattern could be attributable to 
the specific task used in the present study, given that it might have not 
have engaged processes that motivate approach-avoidance sufficiently.

In his now classic book The Experience of Landscape, the geologist 
Jay Appleton (1975/1996) defined the problem by asking “What is it 
that we like about landscape, and why do we like it?” In the book, 
Appleton attempted to reestablish what he perceived to be the lost link 
in modern society between preferences for certain landscapes and the 
latter’s ability to satisfy the biological and survival needs of humans. 
By extending habitat theory to built environments and focusing on 
contour, we asked whether curvilinear spaces would affect beauty 
judgments and approach decisions in similar ways, and whether the 
neural systems underlying judgments of “beautiful” and decisions 
to “enter” a space would overlap. Although the evidence presented 
here suggests that they might not overlap, we have also noted limita-
tions in our design that suggest further experimentation is necessary to 
more definitively determine the degree of overlap between their neural 
bases. Of course our observation could simply be a function of context. 
Specifically, built environments and landscapes might not be comparable 
in the extent to which they promote an evaluation of their ingredients 
for biological survival. Based on this argument, manipulating contour 
in the context of landscapes might impact approach decisions and their 
neural correlates differently than what was observed for built environ-
ments here.

Critical to understanding the role of context in the perceptual analy-
sis of visual scenes of interiors, are studies of how recruitment of spe-
cific structures differs between experts in architecture and laypeople in this 
process. A number of studies have already begun to address this issue. 
For example, it has been shown that among architects, neural activation 
in the OFC and subcallosal cingulate gyrus was higher when assessing 
the aesthetic value of buildings compared with nonarchitects (Kirk et al., 
2009), suggesting that expertise moderates the neural representation of 
value in the reward network. Furthermore, compared with nonarchi-
tecture students, architecture students recruit fewer brain structures for 
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encoding and detecting building stimuli (Wiesmann and Ishai, 2011), sug-
gesting that their expertise might confer an advantage in terms of neural 
efficiency in processing domain-specific content. These studies serve to 
connect studies of expertise in architecture to the broader literature on 
expertise in empirical aesthetics (Hekkert and van Wieringen, 1996; Müller 
et al., 2010; Vartanian and Kaufman, 2013). This area would appear to be 
fertile ground for future research.

CONCLUSION

Long ago, Le Corbusier (1948) opined that “The business of Archi-
tecture is to establish emotional relationships by means of raw materi-
als.” Le Corbusier was deeply aware of the knowledge that architecture 
drew from science and engineering toward achieving this goal, mediated 
as it was by how architectural forms “work physiologically upon our 
senses.” This awareness suggests that neuroaesthetics lies close to the 
kernel of modern architecture. Given our increasing propensity to spend 
time indoors (Klepeis et al., 2001), our results suggest that a systematic 
evaluation of how the physical features of built environments affect 
human behavior, emotion, and brain function is both timely and within 
reach. Not only is there the prospect that this interdisciplinary enter-
prise could lead to the design of more pleasant work and life spaces 
(Goldstein, 2006; Sternberg and Wilson, 2006), but these data could also 
shed light on perhaps a more fundamental question: Why it is that we 
have come to prefer the places that we do?

METHODS

Participants

The participants provided written informed consent under the guid-
ance of the The Universidad de La Laguna REB board–El Comité de Ética 
de la Investigación y de Bienestar Animal (CEIBA). We recruited 18 (12 
females, 6 males) neurologically healthy participants (M = 23.39 years, SD 
= 4.49) with normal or corrected-to-normal vision. All participants were 
right handed, as determined by a standard questionnaire (M = 74.72, SD 
= 19.29) (Oldfield, 1971).

Materials

The stimuli for this study consisted of 200 photographs of architec-
tural spaces (Fig. 15.1). Half of the photographs were used in the beauty 
judgment run and the other half for the approach-avoidance run. The 
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stimuli were culled from larger architectural image databases available 
to L.B.F. at the Department of Architecture, Design, and Media Technol-
ogy in University of Aalborg, Denmark, and to N.R. at The Royal Danish 
Academy of Fine Arts, Schools of Architecture, Design and Conservation, 
School of Architecture. Half of the spaces were designated rectilinear 
and the other half curvilinear. Within each level of contour we also con-
trolled for ceiling height and openness. In other words, within each of the 
curvilinear and rectilinear sets we included 25 open high-ceiling images, 
25 closed high-ceiling images, 25 open low-ceiling images, and 25 closed 
low-ceiling images. L.B.F. and N.R. reached interrater consensus for the 
inclusion of each image in the final set. All images were standardized 
in terms of size and resolution. This procedure was adopted because no 
available dataset of architectural stimuli existed that provided 100 rectilin-
ear and 100 curvilinear images, balanced for ceiling height and openness. 
To obtain the stimulus set please contact O.V.

Procedures

In the course of structural MRI acquisition, participants were familiar-
ized with the task via exposure to trials involving beauty judgments and 
approach-avoidance decisions. During fMRI scanning the beauty judg-
ment and approach-avoidance runs were administered in counterbal-
anced order across participants. The task was presented using E-Prime. 
Each trial within the runs had identical structure: it began with a 
fixation point “X” presented for 1,000 ms, followed by a stimulus pre-
sented for 3,000 ms (during which a response was collected), followed 
by variable intertrial interval (ITI). The average duration of ITI across 
all trials was 4,000 ms (selected randomly without replacement from a 
finite bin varying among 3,000, 4,000, 6,000, and 7,000 ms). Immediately 
after exiting the fMRI scanner, participants rated all stimuli on pleasant-
ness (using a five-point scale with anchors “very unpleasant” and “very 
pleasant”) and on beauty (using a five-point scale with anchors “very 
ugly” and “very beautiful”).

fMRI Acquisition

A 3-Tesla MR scanner with an eight-channel head coil (Signa Excite 
HD, 16.0 software; General Electric) was used to acquire T1 anatomical 
volume images (1.0 × 1.0 × 1.0-mm voxels). For functional imaging, T2*-
weighted gradient echo spiral-in/out acquisitions were used to produce 
35 contiguous 4-mm-thick axial slices [repetition time (TR) = 2,000 ms; 
echo time (TE) = 21.4 ms; flip angle (FA) = 90°; field of view (FOV) = 260 
mm; 64 × 64 matrix; voxel dimensions = 4 × 4 × 4.0 mm], positioned to 
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cover the whole brain. The first 10 volumes were discarded to allow 
for T1 equilibration effects. The number of volumes acquired was 430 
(+10 dummies).

fMRI Analysis

Data were analyzed using Statistical Parametric Mapping (SPM8). 
Head movement was less than 2 mm in all cases. We implemented slice 
timing to correct for temporal differences between slices within the same 
volume, using the first slice within each volume as the reference slice. All 
functional volumes were spatially realigned to the first volume of the first 
run. A mean image created from realigned volumes was spatially normal-
ized to the Montreal Neurological Institute (MNI) echo planar imag-
ing brain template using nonlinear basis functions. The derived spatial 
transformation was applied to the realigned T2* volumes, and spatially 
smoothed with an 8-mm full-width at half-maximum isotropic Gauss-
ian kernel. Time series across each voxel were high-pass filtered with a 
cutoff of 128 seconds, using cosine functions to remove section-specific 
low-frequency drifts in the blood-oxygen level-dependent (BOLD) signal. 
Condition effects at each voxel were estimated according to the general lin-
ear model and regionally specific effects compared using linear contrasts. 
The BOLD signal was modeled as a boxcar, convolved with a canonical 
hemodynamic response function. Each contrast produced a statistical 
parametric map consisting of voxels where the z-statistic was significant 
at P < 0.001. We adopted a combination of voxel-level and cluster-size 
correction to control against false positives. Specifically, using a ran-
dom-effects analysis, we reported activations that survived whole-brain 
voxel-level intensity threshold of P < 0.001, and a minimum cluster size of 
10 voxels, uncorrected for multiple comparisons. Previous analyses have 
demonstrated that this combination adequately controls against false 
positives for both 2D and 3D volumes (Forman et al., 1995; Lieberman 
and Cunningham, 2009).

We conducted three sets of analyses. The first analysis was a test of 
our focal hypothesis, and consisted of comparing curvilinear to recti-
linear trials, separately for beauty judgment and approach-avoidance 
runs. The second analysis geared toward testing Appleton’s theory was 
based on a conjunction analysis involving the beautiful–not beautiful 
contrast and the enter-exit contrast. To ensure that (i) both analyses were 
run based on the same design matrix and (ii) explicitly included our con-
trol variables, within each run we created 16 regressors corresponding to 
a crossing of four variables: contour (rectilinear, curvilinear) × ceiling 
height (high, low) × openness (open, enclosed) × response (enter-exit 
or beautiful–not beautiful). Our two focal analyses were conducted by 
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assigning weights of “1” or “-1” to the relevant regressors. Although 
incorporated into the design, motor response and ITI were modeled out 
of the analyses by assigning null weights to their respective regressors. 
Our third analyses were parametric and involved first-order polynomial 
expansions exploring linear relationships as well as second-order polyno-
mial expansions exploring nonlinear relationships in relation to beauty 
and pleasantness ratings (collected outside of the scanner).

In addition to the aforementioned two focal analyses, for the beauti-
ful–not beautiful contrast we also used small volume correction in SPM8 
to conduct region-of-interest analyses by creating spheres with a 15-mm 
radius around the principal activation-likelihood estimation foci extracted 
in a recent meta-analysis of studies of visual aesthetics [supplemental 
table 3 in Brown S et al. (2011)]. We were particularly interested in 
exploring activations in the anterior insula, the amygdala, and specific 
structures in the basal ganglia. This region-of-interest exploration did 
not yield additional areas of activation.
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Neuroimage experiments have been essential for identifying active brain 
networks. During cognitive tasks as in, e.g., aesthetic appreciation, such 
networks include regions that belong to the default mode network 
(DMN). Theoretically, DMN activity should be interrupted during cog-
nitive tasks demanding attention, as is the case for aesthetic appreciation. 
Analyzing the functional connectivity dynamics along three temporal 
windows and two conditions, beautiful and not beautiful stimuli, here we 
report experimental support for the hypothesis that aesthetic apprecia-
tion relies on the activation of two different networks, an initial aesthetic 
network and a delayed aesthetic network, engaged within distinct time 
frames. Activation of the DMN might correspond mainly to the delayed 
aesthetic network. We discuss adaptive and evolutionary explanations 
for the relationships existing between the DMN and aesthetic networks 
and offer unique inputs to debates on the mind/brain interaction.
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Since the appearance of the first neuroimaging articles on aesthetics 
(Cela-Conde et al., 2004; Kawabata and Zeki, 2004; Vartanian and 
Goel, 2004), a considerable number of studies have drawn a complex 

picture of the neural processes underlying people’s aesthetic preference 
for visual and auditory stimuli. Many brain regions seem to be relevant for 
aesthetic appreciation. However, three sets of regions are often reported in 
the experimental results—those related to (i) reward/pleasure and emo-
tion, (ii) judgment/decision making, and (iii) perception.

Most experiments have aimed at identifying brain regions whose 
activity varies with the aesthetic experience. Some studies, however, like 
Jacobsen et al. (2006) and Vessel et al. (2012), have reported brain activity 
in terms of putative networks, pointing to a network consisting of medial 
parts of frontal cortex (FMC), precuneus (PCUN), and posterior cingulate 
cortex (PCC), among other regions. These interconnected regions partly 
match the default mode network (DMN), corresponding to a baseline 
state of the human brain in awake but resting conditions (resting state) 
(Raichle et al., 2001).

BRAIN CONNECTIVITY RELATED TO DMN

The argument that a brain network exists lies in the assumption that 
some kind of connectivity exists between the areas involved. Following 
von der Malsburg and Schneider (1986), connectivity is associated with 
the presumable synchronization of neuronal assemblies—synchronous 
“firing.” Distributed local networks of neurons would, eventually, be 
transiently linked by reciprocal dynamic connections (Varela et al., 2001).

“Functional connectivity” (Friston et al., 1993, 1995) is defined as 
the statistically temporal dependency of neuronal activation patterns of 
anatomically separated brain regions (van den Heuvel and Hulshoff Pol, 
2010). To uncover such dependency, temporal series of activation/deac-
tivation of hypothetically synchronized brain regions must be compared. 
Such temporal series can be obtained, for instance, by detecting changes 
in blood oxygen content (blood oxygen level dependent signals) (Ogawa 
et al., 1990) due to neural activity.

Raichle et al. (2001), using positron emission tomography (PET), were 
able to identify the DMN, subsequently confirmed with functional mag-
netic resonance imaging (fMRI) (Greicius et al., 2003). Several variables 
affect DMN activity, such as age, experience, and disease (Raichle et al., 
2001). Despite this variability, resting-state studies using different subjects, 
different methods, and different types of acquisition protocols have con-
sistently reported that the DMN consists at least of the precuneus, medial 
frontal, inferior parietal, and medial temporal areas (van den Heuvel 
and Hulshoff Pol, 2010). The breadth of the DMN has been extended to 

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


Dyamics of Brain Networks in the Aesthetic Appreciation / 285

include ventral anterior cingulate cortex, bilateral inferior parietal cortex, 
left inferolateral temporal cortex (Greicius et al., 2004), and even the hip-
pocampus (Greicius et al., 2004; Rosazza and Minati, 2011).

Although, as we will see later, some relationships between DMN 
and executive tasks—particularly involving working memory—exist, the 
activity of the DMN is curtailed when participants perform attention-
demanding, goal-directed activities (Raichle et al., 2001; Greicius et al., 
2003; Fox et al., 2005). Tasks asked by Jacobsen et al. (2006) and Vessel 
et al. (2012) of their participants required cognitive processes that rely on 
attentional resources. Consequently, the engagement of the DMN during 
aesthetic appreciation seems surprising.

PROCESSES RELATED TO AESTHETIC APPRECIATION

In neuroaesthetic experiments, the tasks usually required from par-
ticipants involve at least the processes of (i) viewing stimuli, (ii) appreci-
ating their aesthetic qualities, (iii) rating their value, and (iv) formulating 
a response. These cognitive processes seem not to occur simultaneously. 
By means of electroencephalography (EEG), Jacobsen et al. reported that 
descriptive judgments of symmetry are performed faster than evaluative 
appreciation of their beauty (Jacobsen and Höfel, 2003). In turn, Locher 
et al. (2007, p. 55), drawing from behavioral experiments and semantic 
judgments, interpreted that perception of art “begins with the rapid gen-
eration of a gist reaction followed by scrutiny of pictorial features.” Simi-
larly, Winkielman and Cacioppo (2001) held that beautiful objects, at least, 
elicit positive emotions before subjects make overt judgments. In a differ-
ent domain, Haidt (2001) proposed the existence in moral judgments of a 
quick, unconscious, and automatic evaluation (moral intuition), followed 
by a posterior reasoning process in which subjects search for justification 
of their intuitive judgment (moral reasoning). Although Haidt’s model 
is grounded in behavioral experiments, this is particularly interesting 
because several authors—including Jacobsen et al. (2006)—have posited 
the eventual existence of brain mechanisms shared by aesthetic and moral 
judgments (Agnati et al., 2007; Tsukiura and Cabeza, 2011; Zaidel and 
Nadal, 2011; Avram et al., 2012). Thus, coincidence between moral and 
aesthetic brain networks might occur.

Regarding aesthetic perception, the following null hypotheses can be 
expressed:

(i) An initial, general appraisal of the aesthetic qualities, consisting of 
the perception of a visual stimulus as “beautiful” or “not beautiful,” is per-
formed very quickly. The neural correlates of such aesthetic appreciation 
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constitute a network. We call this general process “aesthetic appreciation 
sensu stricto” and the network it relies on the “initial aesthetic network.”

(ii) Particular appraisals of detailed aspects of beauty, such as gaug-
ing the extent to which the stimulus is moving, whether it is interesting 
or original, how to rate it, the reasons for considering it attractive, and 
so forth, are performed later. We call these detailed processes “aesthetic 
appreciation sensu lato.” Putative networks formed by the neural corre-
lates of such detailed aspects might be reduced to just one: the “delayed 
aesthetic network.”

To which network would the DMN correspond: initial, delayed, both, 
or none? To give an answer, it is necessary to empirically determine the 
brain networks involved in aesthetic appreciation, as well as the time 
frame in which they are active. Once this has been clarified, the possible 
coincidence between the DMN and one or more aesthetic networks can 
be ascertained.

EXPERIMENT ON BRAIN CONNECTIVITY 
DURING AESTHETIC APPRECIATION

Our null hypotheses refer to cognitive processes taking place in a 
short timescale, compared with the relatively stable condition of subjects’ 
brain activity during the resting state. Some studies have focused on the 
dynamic changes in brain networks, using fMRI (Bassett et al., 2011), but, 
when the whole brain is considered, their time windows cover several 
seconds. Therefore, to test our hypotheses we are forced to use higher 
temporal-resolution techniques.

With a temporal resolution of milliseconds, magnetoencephalography 
(MEG), which detects changes in the magnetic fields generated by the 
postsynaptic activity of neurons, is one of such techniques. By means of 
MEG, we have obtained temporal series of brain activity for 24 partici-
pants during the resting state and during aesthetic appreciation of visual 
stimuli. Four hundred stimuli were successively projected and partici-
pants decided whether each stimulus was beautiful or not beautiful.

The MEG signals were split into three time windows and two evalu-
ative conditions. Artifact-free time windows of 500 ms before stimuli 
projection were manually extracted for further connectivity analysis, con-
stituting time window (TW0). After each stimulus onset, 1,500-ms artifact-
free epochs were divided into two additional time windows: TW1, 250–750 
ms; and TW2, 1,000–1,500 ms (Fig. 16.1, Upper). The length of the windows 
was determined by taking into account the time span in which brain activ-
ity can reach frontal areas during aesthetic appreciation (Cela-Conde et al., 
2004). Before 250 ms, cognitive processes related to aesthetic appreciation 
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rely mostly on visual-processing occipital areas (Mormann, 2000). In turn, 
MEG signals corresponding to the participants’ stimuli appreciation were 
grouped, constituting the beautiful and not beautiful conditions.

Two different comparative strategies were carried out. Interwindows 
comparisons evaluated differences in connectivity between temporal win-
dows along each condition (Fig. 16.1, Lower Left). Interconditions com-
parisons evaluated differences in connectivity between beautiful and not 
beautiful stimuli in each temporal window (Fig. 16.1, Lower Right). We 
estimated the synchronization of temporal series in the beta band by 
means of Pearson’s correlation coefficient and phase locking value (PLV) 
(Pereda et al., 2005; Wang et al., 2012). In all cases, P < 0.05.

RESULTS

Our analyses measure phase synchronization and amplitude correla-
tion between time traces of activation of MEG sensors. In our case, con-
nectivity is expressed by a bounded [0–1] weight, related to the amount of 
channelwise synchronization. We infer functional connectivity from these 
measures. Thus, “connectivity” and “synchronization” can be taken here 
as equivalent concepts from the point of view of brain communication, 
despite the lack of information about the anatomical connectivity between 
neuronal regions and their precise localization. Although correlation takes 
into account the amplitude of a signal, phase synchronization can be 
observed even in the absence of amplitude synchronization.

FIGURE 16.1  Temporal windows, conditions, and comparative analyses used in 
our experiment.
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Interwindows Analyses

Differences in synchronization appear in Table 16.1. 

TW0 vs. TW1

Compared with TW1, TW0 shows more synchronized pairs of MEG 
sensors in both conditions (Table 16.1). The higher TW0 connectivity 
extends contralaterally from anterior occipital to anterior parietal, linking 
both hemispheres (Fig. 16.2, Upper).

In turn, TW1 > TW0 show similar numbers for both conditions 
(Table 16.1), with the higher TW1 connectivity placed in occipital regions 
(Fig. 16.2, Lower).

TW0 vs. TW2

Connectivity differences are fewer in TW0 > TW2 compared with the 
TW0 > TW1 case (Table 16.1). TW2 > TW0 does not show any difference 
(Table 16.1).

TW1 vs. TW2

TW1 > TW2 connectivity is more apparent in the not beautiful stimuli 
(Table 16.1). The higher TW1 synchronization appears in occipital–pari-
etal links under both conditions. Moreover, in the not beautiful condi-
tion it extends from the occipital and parietal to the orbitofrontal region 
(Fig. 16.3, Upper Right).

TW2 > TW1 synchronization reveals the opposite trend: The number 
of links and sensors that are more activated is higher for the beautiful 

TABLE 16.1 Number of Sensors (S) and Links (L) More Synchronized in the Interwindows 
Comparisons at P < 0.05

Windows

Beautiful Not Beautiful

S L S L

TW0 > TW1 117 1,012 98 695

TW1 > TW0 58 310 58 328

TW0 > TW2 13 8 23 15

TW2 > TW0 0 0 0 0

TW1 > TW2 51 282 63 389

TW2 > TW1 112 1,087 83 431
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FIGURE 16.2 Differences of synchronization between TW0 and TW1. (Left) Under 
the beautiful condition (brain regions more connected before stimuli qualified as 
beautiful by participants). (Right) Under the not beautiful condition. (Upper) TW0 
> TW1 synchronization. (Lower) TW1 > TW0 synchronization.

condition (Table 16.1). Also, the pattern of synchronization differs. TW2 
> TW1 bilaterally reveals higher synchronization shared along parietal 
to temporal regions. In the beautiful condition, it is more medially and 
frontally placed. In the not beautiful condition, apart from being reduced, 
it is more laterally placed (Fig. 16.3, Lower).

Interconditions Analyses

Differences in synchronization appear in Table 16.2.

TW0

Intercondition comparisons show minimal significant differences 
either in beautiful > not beautiful or in the opposite case (Table 16.2).
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FIGURE 16.3 Synchronization in TW1 and TW2 under beautiful (Left) and not 
beautiful (Right) conditions.

TABLE 16.2 Number of Sensors and Links More Synchronized in the Intercondition 
Comparisons at P < 0.05

Windows

Beautiful > Not Beautiful Not Beautiful > Beautiful

Sensors Links Sensors Links

TW0  6  3 0 0

TW1  2  1 0 0

TW2 19 10 0 0
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TW1

Also, intercondition comparisons show minimal significant differ-
ences either in beautiful > not beautiful or in the opposite case (Table 16.2).

TW2

In TW2, not beautiful > beautiful does not manifest differences either. 
On the contrary, beautiful > not beautiful analysis shows 19 sensors more 
connected (Table 16.2), with links extending from occipital and parietal to 
frontal regions in the left hemisphere (Fig. 16.4, Lower).

FIGURE 16.4 Intercondition differences in synchronization at TW1 and TW2. 
(Left) Higher synchronization for the beautiful condition. (Right) Higher synchro-
nization for the not beautiful condition.

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


292 / Camilo J. Cela-Conde et al.

DISCUSSION

If we compare interwindow and interconditions analyses, the most 
conspicuous difference appears in the number of sensors and links implied 
(Tables 16.1 and 16.2 and Figs. 16.3 and 16.4). Interwindows differences 
affect extended networks in all cases, whereas interconditions differences 
are few. This is an expected outcome. Interwindows analyses refer to the 
dynamics of a cognitive process, that of appreciating beauty, which, as our 
hypotheses hold, may suffer considerable changes along the different time 
windows. This means that distinct brain networks will be activated in each 
case, leading to strong differences in connectivity. In turn, interconditions 
analyses refer, in the same time window, to the process of appreciation of 
beauty. Differences will appear only after reaching its result, beautiful or 
not beautiful, implying subtle changes in connectivity because most of the 
cognitive resources are the same when an object is considered beautiful 
or not beautiful.

Resting-State Issue

Both recent experience and consolidated abilities leave memory traces 
that affect the resting-state brain networks (Waites et al., 2005; Rosazza 
and Minati, 2011). This is particularly important regarding the specific 
conditions of TW0, taken as the resting state of our experiment. Partici-
pants were quickly aware of the upcoming cognitive task to be performed, 
on the grounds of their recent experience. Moreover, they were soon 
habituated to the task of judging the beauty of stimuli. Thus, probably 
our participants had a TW0 network organization biased by the cognitive 
tasks to be developed.

However, our subjects could not anticipate the condition of the incom-
ing picture. Thus, TW0 synchronization should be similar under beautiful 
and not beautiful stimuli. Interconditions analysis for TW0 indicates this 
coincident synchronization (Table 16.2). The few random differences that 
appear (Table 16.2) can be attributed to statistical fluctuations caused by 
the small number of sampled individuals.

Fig. 16.2, Upper shows in sagittal view how TW0 is more connected 
than TW1 mainly in occipital, temporal, and parietal areas. In turn, inter-
windows TW0 > TW1 analysis manifests a curtailing of the resting-state 
connectivity during TW1, affecting both conditions (Table 16.1). As is well 
known, the DMN fades when attentional tasks, such as seeing the pro-
jected stimuli, are performed. Our results support this curtailing in TW1.

Brain network differences present in the TW0 to TW1 dynamics disap-
pear when TW0 is compared with TW2 (Table 16.1). This result indicates 
that the brain networks active during the resting state and diminished in 
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TW1 are somehow reestablished in TW2. We will come back to this point 
when discussing the delayed aesthetic network.

Twofold Model of Aesthetic Appreciation

TW1, compared with TW2, shows a different pattern of synchroniza-
tion under beautiful and not beautiful conditions (Fig. 16.3). The results, 
thus, support our hypothesis about the existence of distinct cognitive 
events taking place at different time spans—what we call aesthetic appre-
ciation sensu stricto and aesthetic appreciation sensu lato processes. Identi-
fication of such processes highlights the existence of a dynamical structure 
embedded within the whole episode of aesthetic appreciation. Also, a 
distinct network is related to each process—initial aesthetic network/
aesthetic appreciation sensu stricto vs. delayed aesthetic network/aesthetic 
appreciation sensu lato. This twofold model of aesthetic appreciation is 
probably the main achievement of our work.

Initial Aesthetic Network

Comparisons between TW0 and TW1 reflect, under both conditions 
of beauty, that the brain connectivity present in the resting state is substi-
tuted during aesthetic appreciation sensu stricto by a network that mainly 
connects occipital regions: the initial aesthetic network. The task of iden-
tifying cognitive processes related to these network dynamics is not easy. 
Compared with TW2, TW1 synchronization is higher in the not beauti-
ful case (Table 16.1). It includes links extending from occipital to frontal 
regions, particularly the orbitofrontal cortex (OFC) (Fig. 16.3, Upper Right). 
The activation of OFC has been related to not beautiful stimuli apprecia-
tion (Munar et al., 2012), so the lack of frontal synchronization in the beau-
tiful condition in the TW1 > TW2 comparison may suggest that beautiful 
stimuli do not activate OFC during TW1. However, this conclusion would 
lie in a misunderstanding. As we have already mentioned, our analyses 
are grounded in comparisons of connectivity, so equally synchronized 
regions do not yield differences. An OFC equally connected in TW1 and 
TW2 will not appear in the comparison between these windows. To check 
the eventually distinct degree of synchronization in OFC—or any other 
area—before beautiful vs. not beautiful stimuli we must use the intercon-
ditions analysis.

Interconditions analyses of synchronization during TW1 give almost 
no significant difference between beautiful and not beautiful stimuli 
(Fig. 16.4, Upper). This means that, during TW1, all brain regions reached 
by our analysis—OFC among them—would be equally synchronized in 
both conditions. TW1 > TW2 connectivity in frontal regions for the not 
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beautiful condition must, then, be grounded on a curtailing during TW2. 
We can state that the aesthetic appreciation sensu stricto (that one corre-
sponding to TW1) implies common, shared cognitive processes regardless 
of the stimuli beauty or lack of it, giving OFC an important role in the 
initial aesthetic network.

The activation of OFC has been consistently related to reward and 
punishment (Bechara et al., 2000; Kringelbach and Rolls, 2004; Nadal et al., 
2008). It processes information about the identity and reward value, asso-
ciating visual stimuli to taste and touch primary reinforcers (Rolls, 2004). 
However, our concerns refer to its linking paths. OFC, medial prefrontal, 
and the central nucleus of the amygdala form part of the central autonomic 
network, which controls appetitive (approach) and aversive (withdraw) 
behavior (Agnati et al., 2011). Primate OFC receives information about the 
sight of objects from the temporal lobe cortical visual areas, contributing 
to stimulus-reinforcement association learning (Rolls, 1999, 2004; Kable 
and Glimcher, 2009; Rolls and Treves, 2011). As Elliott et al. (2000) stated, 
the OFC is likely to be activated when the problem of “what to do” before 
a visual stimulus is best solved by taking into account the likely reward 
value rather than its identity or location.

Emotional mechanisms related to OFC activation, such as those iden-
tified in many neuroaesthetics experiments, could also contribute to the 
increase of attentional resources, having an important role in decision 
making (Bechara et al., 2000; Rushworth et al., 2008; Kable and Glimcher, 
2009). S. Brown et al. (2011) have pointed out that aesthetic pleasure is an 
object-related emotion, thus leading to pleasure and repulsion, whereas 
outcome-related emotion leads to happiness and disappointment. Visual 
stimuli, such as those normally used in neuroaesthetics, would be exam-
ples of “objects,” whereas actions used in neuroethics—see Greene et al. 
(2001), for instance—would constitute “outcomes.” Appraisal of objects is 
strongly associated with OFC (Rushworth et al., 2008), something that is 
consistent with the idea that this region is “a form of higher-level sensory 
cortex receiving input from ‘what’ sensory pathways involved in object 
processing” (Brown S et al., 2011, p. 251).

Assessment of beauty seems to appear in the dynamic transit from 
TW1 to TW2, because later latencies manifest—as we will immediately 
see—differences in synchronization depending on the putative previous 
results of beauty appreciation. The initial aesthetic network is visible dur-
ing early latencies (250–750 ms). If this early process follows a parallel 
with Haidt’s moral intuition, it would be performed automatically, in an 
unconscious manner, although easily accessible to consciousness.

In the Light of Evolution: Volume VII: The Human Mental Machinery

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18573


Dyamics of Brain Networks in the Aesthetic Appreciation / 295

Delayed Aesthetic Network

TW2 > TW1 connectivity is reflected by the pattern and number of 
sensors/links synchronized under the beautiful and not beautiful condi-
tions, showing important differences between each case (Table 16.1). The 
scope and meaning of these differences are better understood by means 
of the interconditions analyses for TW2. Table 16.2 and Fig. 16.4, Lower, 
show TW2 beautiful > not beautiful connectivity. The inverse not beautiful 
> beautiful synchronization gives no result (Table 16.2). Moreover, it does 
not appear at any level of significance between P < 0.01 and P < 0.1. These 
results support our second hypothesis of existence of a delayed aesthetic 
network that is active only during the aesthetic appreciation sensu lato of 
beautiful stimuli. Fig. 16.5 shows the delayed aesthetic network under 
different perspectives.

The delayed aesthetic network consists of synchronized activity 
mainly present along left regions. Medial occipital, lateral occipital, lat-
eral posterior parietal, medial parietal, medial frontal, and prefrontal in 
the left hemisphere are linked in it. It is important to underline that (i) we 
are focusing on MEG sensors connectivity, and (ii) just sensors more 
synchronized in the beautiful condition, compared with the not beautiful 
one, are identified.

Keeping in mind these limitations, relationships between the delayed 
aesthetic network and regions previously reported as active during the 
aesthetic appreciation can be stated. Many examples of activation in fron-
tal, parietal, and occipital regions exist. However, few studies on func-

FIGURE 16.5 Delayed aesthetic network in the intercondition (TW2, beautiful > 
not beautiful) analysis.
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tional connectivity during aesthetic appreciation have been carried out, 
thus far. S. Brown et al. (2011, p. 256) proposed a model of aesthetic pro-
cessing consisting of “interaction between interoceptive and exteroceptive 
processing via recurrent connectivity between anterior insula and OFC,” 
pointing out that this circuit “is in no way restricted to aesthetic process-
ing, but may be related to all cognitive processes that involve viscerality 
. . . . We propose that recurrent connectivity between the anterior insula 
and the OFC can mediate . . . the assignment of valence to objects.” Thus, 
Brown et al.’s model would better correspond to the initial aesthetic net-
work, where, incidentally, as we have seen, OFC has an important role. 
Similar patterns of functional connectivity along the reward circuit were 
offered by Tsukiura and Cabeza (2011), Lacey et al. (2011), and Faivre et 
al. (2012). Lacking more accurate dynamic studies, all these works seem to 
cover aesthetic appreciation sensu stricto processes, in which resting-state 
synchronization is greatly diminished. What happens with the putative 
coincidence of the DMN with aesthetic networks?

DMN Role in Aesthetic Appreciation

As we have seen, the dynamic scenario during the aesthetic apprecia-
tion implies a late recovering, during TW2, of the TW0 brain synchroni-
zation. The DMN would thus coincide with some of the networks active 
during this late episode.

Under TW2 > TW1 comparison, beautiful and not beautiful conditions 
share a bilateral synchronization linking lateral regions along frontal–pari-
etal–temporal–occipital areas (Fig. 16.3, Lower). In turn, the differences of 
synchronization in favor of beautiful stimuli seem to affect mainly medial 
parts of the brain. These differences are better shown in the TW2 intercon-
dition analysis (Figs. 16.4, Lower and 16.5). On the basis of the combined 
interconditions and interwindows analyses, it seems that, despite the 
moderate spatial accuracy of MEG signals at the sensors level, the delayed 
aesthetic network matches frontal, parietal, and temporal medial parts 
belonging to the DMN (Figs. 16.3 and 16.4). Moreover, this coincidence 
takes place only in TW2, and only under the beautiful condition. Fig. 16.6 
shows in different perspectives more synchronized networks in TW2 vs. 
TW1 for each condition.

An intriguing question affects the recovering of part of the TW0 
connectivity during TW2 when not beautiful stimuli are involved. As 
we have mentioned, in TW2 > TW1 comparison both conditions share a 
higher synchronization that is bilaterally expressed along temporal–pari-
etal–occipital links (Fig. 16.3, Lower). This pattern matches the similar 
bilateral synchronization during TW0 (Fig. 16.2, Upper). These TW0 and 
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TW2 highly connected regions, due to their lateral position, should have 
scarce relationship with the medially placed DMN.

According to He et al. (2009), during the resting state the brain func-
tional network consists not only of the DMN. Also, four other modules 
are active. Among them, module III mainly includes lateral parts of frontal 
and parietal regions, being involved in attention processing (He et al., 
2009).

Two different networks related to attention have been indicated as 
relevant to guide conduct before stimuli of special importance. A dorsal 
frontoparietal network in the right hemisphere maintains endogenous 
signals based on expectation of seeing an object at a particular location, 
linking relevant stimuli to responses (Corbetta et al., 2008). A second sys-
tem, the ventral frontoparietal network, responds along with the dorsal 
network when behaviorally relevant objects or targets are detected. This 
second network disappears when attention is focused, to prevent distrac-
tion, but is reactivated during reorienting events such as those needed by 
the unexpected appearance of objects (Corbetta et al., 2008). These kinds 
of tasks, also engaged in aesthetic appreciation, would be responsible for 
the activation of a putative reorienting network during TW2, shared by 
both beautiful and not beautiful conditions (Fig. 16.7). However, due to 
the lack of spatial accuracy of MEG at the sensor level, its coincidence with 
He et al.’s (2009) module III is tentative.

FIGURE 16.6 TW2 > TW1 synchronization in beautiful (Upper) and not beautiful 
(Lower) conditions.
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Activation of the DMN has been proposed to occur during moral deci-
sion making (Greene et al., 2004; Amodio and Frith, 2006; Reniers et al., 
2012), thus supporting the existence of brain mechanisms shared between 
moral and aesthetic appreciation sensu stricto. These common resources 
would strengthen the links between our hypotheses and Haidt’s (2001) 
model of moral processes. Early episodes (moral judgment and aesthetic 
appreciation sensu stricto) do seem to have common features. However, 
the later moral reasoning, with its role as a self-justifying device, differs 
from our delayed aesthetic appreciation sensu lato. The latter seems to be 
quicker, not having any justificatory purpose. In actual fact, to decide to 
what point brain networks active during moral reasoning and aesthetic 
appreciation sensu lato are equivalent we would need to get both brain 
connectivity and its dynamics in moral judgment processes. Although 
some results on the presence of brain networks during moral reasoning 
exist (Xue et al., 2013), their dynamic analyses are currently lacking.

FIGURE 16.7 Dynamics in the appreciation of beauty. TW0 networks (illustrated 
by the TW0 > TW1 comparison) fade during TW1, being substituted by a similar 
network shared by beautiful and not beautiful conditions (illustrated by the TW1 
> TW0 comparison under the beautiful condition). During TW2, not beautiful 
stimuli activate a bilateral reorienting network, whereas beautiful stimuli add 
the delayed aesthetic network, more medially placed (in each condition, TW2 
networks are illustrated by TW2 > TW1 comparison).
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Adaptive Issues

It is well established that the brain is a metabolically expensive organ. 
In the awake resting state, the brain consumes 20% of the total oxygen 
in the body, despite that it represents only 2 percent of body weight 
(Gusnard et al., 2001). To explain evolutionary changes in the brain, costs/
benefits ratios should be clarified (Aiello and Wheeler, 1995). Thus, the 
adaptive advantages of any brain activity must be explained. What might 
the adaptive value of aesthetic appreciation be?

It has been held that aesthetics could be just an exaptation (Kaplan, 
1987). Focusing on positive-valence aesthetic appraisals, S. Brown et al. 
(2011, p. 257) argued that “[aesthetic processing] evolved first for the 
appraisal of objects of survival advantage, such as food sources, and was 
later co-opted in humans for the experience of artworks for the satisfaction 
of social needs.” Obviously, this hypothesis is difficult to test—although it 
seems reasonably sound when trying to relate aesthetic appreciation to the 
adaptive advantages of emotions. However, the way in which this exapta-
tion occurred still remains unexplained. The DMN–aesthetic appreciation 
link might help to justify it.

Raichle et al. (2001, p. 681) posited that the function of the first region 
of the DMN, formed by the posterior cingulate cortex and adjacent precu-
neus, was to “continuously gather information about the world around, 
and possibly within us.” Regarding the second region of the DMN, the 
medial prefrontal cortex would reflect “a dynamic interplay between 
ongoing cognitive processes and the emotional state of the subject [playing 
a role] in the integration of emotional and cognitive processes” (Raichle 
et al., 2001, p. 682). Both functional capacities of the DMN seem adaptive 
enough to justify its metabolic costs. A different question is that of explain-
ing how this link between the DMN and aesthetic appreciation appeared 
or, in other words, what characteristic of the DMN might lead to the sud-
den experiences of a picture’s or a landscape’s beauty.

An added function of the DMN relates it with “mind wandering” 
processes. Mind wandering refers to images, thoughts, voices, and feelings 
that the brain spontaneously produces in the absence of external stimuli 
[stimulus-independent thought (SIT)] (Mason et al., 2007). This SIT is what 
we might call the mind talking with itself.

SIT could be a by-product of a general ability to manage concurrent 
mental tasks, acquired during human evolution (Mason et al., 2007). 
Nevertheless, Mason et al. (2007) offered two possible explanations for 
the functional meaning of mind wandering. SIT would enable subjects to 
maintain an optimal level of arousal, as well as adding coherence to one’s 
past and present experience.
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DMN Activation During Executive Tasks

Remembering the past and imagining the future are processes that 
activate the DMN (Schacter and Addis, 2007). In principle, mental simu-
lations of the future are decoupled from achieving a particular goal, 
something that fits well with the fact that the DMN decreases its activity 
during attentional or executive tasks. However, when subjects are pre-
sented with imaginary scenarios in which they need to solve specific prob-
lems, some coactivity between the DMN and executive regions appears 
(Gerlach et al., 2011). It seems that simulating how to solve a problem 
in the future allows “task-positive network regions to be coactive with 
default network regions without suppressing the contribution of either 
network” (Gerlach et al., 2011, p. 1823). To do so, the DMN seems to cover 
two seemingly contrasting functions: spontaneous cognition and monitor-
ing the environment. They need not be mutually exclusive, because they 
“represent complementary instances of conscious experiences occurring 
during idle moments of daily life” (Mantini and Vanduffel, 2013, p. 76). 
There is a growing body of evidence showing the complex relationships 
existing between inner thought and the processing of external events. It 
shows that traditional dichotomies, such as on-task vs. off-task, goal-free 
vs. goal-directed, or mind wandering vs. mental target are inadequate to 
describe some processes of thought.

This seems to be the case of aesthetic appreciation.
Aesthetic appreciation is not an example of stimulus-independent 

thinking. Except when recalling past experiences or imaging objects or 
places, detecting beauty depends on external stimuli. However, aesthetic 
appreciation might be a by-product of the capacity for mind wandering. 
Mind wandering is a general, extended process of perception neither 
guided by any goal nor directed to any particular aspect. A close-to-mind-
wandering capacity for assigning beauty or ugliness to visual stimuli 
could thus lead to continuous and fast processes of aesthetic appreciation. 
The combination of EEG and fMRI (Kounios and Beeman, 2009) allows us 
to relate the sudden comprehension that accompanies solving a problem 
or a perceptual ambiguity—known as the “Aha! moment”—with the 
culmination of a series of cognitive events starting at the resting state. 
Regarding aesthetic appreciation, our current study suggests that the 
appreciation of beauty might also be an Aha! moment, the sudden result 
of a complex process to which the DMN and other networks contribute.

Aesthetic appreciation processes can be reached even if no previ-
ous purpose to evaluate beauty exists. The human capacity for aesthetic 
appreciation could be tentatively described as something like seeing the 
world continuously, in a not-oriented way, with an unconscious capacity 
for perceiving beauty that can almost instantaneously become conscious, 
constituting an Aha! moment. Everyday life perception of images and the 
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ability to contemplate objects as likely to be seen as beautiful are different 
orientations that can lead to distinct cognitive processes (Cupchik et al., 
2009). Nevertheless, we can posit that the Aha! moment also appears 
under experimental conditions when stimuli to be judged in aesthetic 
terms are expected to be seen. Natural and experimental conditions refer 
to processes that must rest on the same phylogenetically fixed cognitive 
mechanisms of appreciation of beauty, which include cooperation of the 
DMN with other perceptual, decisional, and emotional networks. On 
the grounds of our results, the Aha! moment would have a place when 
the results of aesthetic appreciation sensu stricto become conscious. If the 
DMN helps in this achievement, the Aha! moment might constitute an 
early episode during aesthetic appreciation sensu lato, i.e., in TW2. The 
first consideration that subjects perform, at the beginning of TW2, could 
be the awareness of the actual beauty or ugliness of stimuli.

The eventual relationship of this aesthetic Aha! moment with other 
episodes, such as that of problem solving, cannot be determined thus far. 
The cognitive processes related to problem solving and beauty apprecia-
tion seem very different from each other. Therefore, different brain net-
works might be implied. Nevertheless, once again, we need further studies 
of other Aha! synchronization dynamics to be able to check their eventual 
coincidence against the aesthetic networks identified by us.

Pathologic Alterations

Aesthetic appreciation compound complexity is supported by patho-
logic alterations of cognition. The DMN decreases its resting-state activity 
in patients with Alzheimer’s disease (Greicius et al., 2004; Zhou et al., 2010; 
Bai et al., 2011). Crucial components of the DMN are damaged, impairing 
cognitive tasks related with explicit memory. Despite this, patients with 
Alzheimer’s disease are still able to enjoy the aesthetic qualities of objects 
and express their aesthetic preference in a consistent manner, indicated 
by highly similar ordering at different moments in time of representa-
tional, quasi-representational, and abstract picture cards, according to 
their preference (Halpern et al., 2008). Halpern et al.’s (2008) results show 
that patients with Alzheimer’s disease are well aware of their personal, 
intrinsic appreciation of beauty and that they are also able to communicate 
its content. This fact implies that such patients (i) appreciate beauty in 
pictures, (ii) can compare pictures according to their beauty, and (iii) can 
order them consequently. The process affects not only aesthetic apprecia-
tion sensu stricto. Ranking the beauty of each stimulus, comparing them all, 
rating them, and reporting their response form part of aesthetic apprecia-
tion sensu lato and are realized in a stable manner over time. The capacity 
for appreciating beauty despite the impairment of DMN components 
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supports the idea that aesthetic appreciation is achieved by means of a 
quite general coactivity of distinct networks across the brain. Although 
patients with Alzheimer’s disease would probably have an altered experi-
ence of beauty, they keep enough cognitive resources to reach the aesthetic 
appreciation even in advanced stages of the illness (Graham et al., 2013).

Comparative Synthesis

Combining the previous results obtained with our current MEG 
results, the following panorama appears:

(i) A fast aesthetic appreciative perception (aesthetic appreciation 
sensu stricto) is formed within the 250- to 750-ms time window (TW1), 
activating the initial aesthetic network.

(ii) Further cognitive processes—aesthetic appreciation sensu lato—
are subsequently performed within the 1,000- to 1,500-ms time window 
(TW2), relying on the delayed aesthetic network.

(iii) The initial aesthetic network is involved in both conditions (beau-
tiful and not beautiful), OFC having an important role in it.

(iv) The delayed aesthetic network is composed of more synchronized 
links in the beautiful condition. It can be posited that matching with the 
DMN occurs only then, during the aesthetic appreciation sensu lato.

(v) Initial and delayed aesthetic networks appear to be clearly sepa-
rated in our analysis. However, this might be a result of the time-windows 
distribution. Because we have considered TW0, TW1, and TW2 to be 
separated by 250-ms time spans, an eventual gradual transition from the 
aesthetic appreciation sensu stricto to the aesthetic appreciation sensu lato 
would be hidden by the lack of information corresponding to the tempo-
ral borders. To decide the gradual or abrupt character of the transition, 
precisely identifying the Aha! moment event, more accurate analyses 
should be carried out.

Hard Problem

The internal but stimulus-dependent visual appreciation of beauty is 
a subjective experience, what philosophers call a “quale.” How far have 
we come in understanding how the brain produces this mental result?

The soft problem of the mind/brain issue (Crick and Koch, 1990), con-
sisting in our case of the localization of brain areas active when subjects 
gauge the beauty of a visual object, has already been clarified many times 
under different tasks and experimental conditions.

Combining results of fMRI, MEG, and behavioral studies, we seem to 
have begun scratching the surface of the hard problem (Crick and Koch, 
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2003), that is, the way in which the experience of beauty could dynamically 
arise from the actions of the brain. This point has been only partly solved, 
thus far. It seems that the structure of the quale, consisting of a description 
of mental processes, can be accessed by means of scientific procedures 
regarding brain connectivity and its flow along time. Hopefully, we have 
offered some genuine inputs into the dynamics of aesthetic appreciation. 
However, for the time being, the content of the quale—that is, the even-
tual result of beauty, or its absence, as an inner sensation—is still out of 
our reach. Many personal circumstances, from previous experiences to 
character traits, plus health, age, and maybe sex, as well as cultural and 
historical particularities of each subject and epoch, surely contribute to 
the Aha! experience of appreciating beauty.
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